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LAY ABSTRACT

Adaptations of skeletal muscle to loading and unloading are variable between
individuals. Herein, we employed a unilateral approach to better understand the drivers of
this variability by assessing the influence of resistance training (RT) and disuse on muscle
protein turnover and gene expression. First, we validated the use of ultrasound for
measuring changes in muscle size in response to loading and unloading. We then
identified thousands of genes regulated by loading status and discovered many that were
correlated with lean mass gain — some of which would not have been detected without our
model. We also demonstrated that RT-induced increases in muscle protein synthesis were
not associated with changes in muscle size; however, reductions in muscle protein
synthesis were associated with the degree of muscle atrophy observed in response to
disuse. Together, these studies contribute significantly to our understanding of how

skeletal muscle size is regulated by muscle loading and unloading.
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ABSTRACT

Skeletal muscle is a plastic tissue capable of responding to environmental
perturbations. Increased loading via resistance exercise (RE) activates muscle protein
synthesis (MPS) and, to a lesser extent, muscle protein breakdown (MPB). The ingestion
of protein further stimulates MPS and suppresses MPB, inducing a positive net protein
balance and protein accretion — i.e., muscle hypertrophy. In contrast, muscle unloading
reduces MPS, which is thought to be the key driver underpinning skeletal muscle atrophy.
The degree of muscle hypertrophy and atrophy in response to loading and unloading
varies significantly between individuals and provides an opportunity to investigate the
molecular regulators of skeletal muscle remodelling. To that end, we developed a novel
unilateral model in which one leg was subjected to RE to induce hypertrophy (Hyp) and
the contralateral limb was immobilized to induce atrophy (At). In study 1, we
characterized the morphological changes induced by our HypAt model and validated the
use of ultrasonography to measure changes in muscle size in both limbs. We discovered
that by assessing the differential change in muscle size between legs we reduced the
coefficient of variation between subjects. This enabled a more in-depth means-based
characterization of the molecular regulators of skeletal muscle remodelling. Indeed, we
discovered significantly more genes regulated by muscle remodelling than similarly-sized
studies. We also identified a transcriptional signature that scaled with lean mass gains in
three independent cohorts and included RNA species that were only modulated at their
untranslated regions. Finally, in study 3 we simultaneously measured MPS and MPB in

response to short-term immobilization (4 days) and demonstrated for the first time that
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MPB is statistically unchanged by unloading. Taken together, these studies contribute
significantly to our understanding of skeletal muscle remodelling under different loading

states and provide a valuable hypothesis-generating resource for future research in the

field.
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1.1 The importance of skeletal muscle

Skeletal muscle is critical for the promotion and maintenance of metabolic health
and for providing the force necessary to complete activities of daily living. Although
individual variation exists, skeletal muscle accounts for ~40% of total body mass' in
humans and is one of the largest contributors to basal metabolic rate.? Skeletal muscle is
also the primary depot site for blood-borne glucose in the postprandial state,® and is the
largest reservoir of amino acids that can be liberated into the systemic circulation in the
postabsorptive state. Therefore, it is unsurprising that depletion of skeletal muscle beyond
a certain point is incompatible with life.

Skeletal muscle is hierarchically organized. The primary contractile units of
muscle are sarcomeres, which are linked to one another in series to form myofibrils.
Myofibrils, in turn, are suspended in a sarcoplasmic matrix and enveloped in a lipid
bilayer membrane (i.e., sarcolemma) to form muscle fibres. Because of their unusually
long length,* muscle fibers are multinucleated with each nuclei governing the
transcription of a defined sarcoplasmic volume. Importantly, muscle fibers are post-
mitotic, implying that their repair and regeneration rely on resident stem cells, called
satellite cells,’ that reside between the sarcolemma and basement membrane. Several
other mononuclear cells (i.e., immune cells, fibroblasts, fibroadipogenic cells, endothelial
cells, etc.) reside within and contribute to skeletal muscle homeostasis by responding to
mechanical and/or humoral stimuli.

Muscle fibers are clustered into groups to form fascicles, which are bundled

together to form the muscle. Each level of organization is enveloped in a connective
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tissue layer: muscle fibers are surrounded by endomysium, fascicles by perimysium, and
the whole muscle by epimysium. These connective tissue structures are important for the
transmission of contractile force and are dynamically regulated to enable either the
growth or loss of muscle mass in response to environmental perturbations including
loading and unloading.

1.2 The influence of loading on skeletal muscle size

Skeletal muscle hypertrophy is a defining physiological adaptation following
resistance training (RT). Intuitively, muscle hypertrophy results from exercise-induced
contractile (i.e., myofibrillar) protein accretion; however, changes in myofibrillar protein
concentrations are rarely measured in response to RT. Instead, changes in whole-muscle
cross-sectional area (CSA), muscle volume, and/or muscle thickness are frequently
quantified to assess the radial growth of the whole muscle, or immunohistochemical
methods are used to measure individual muscle fibre CSA. These methods do not directly
measure myofibrillar protein accretion per se, but a composite of connective tissue,
sarcoplasmic, and myofibrillar protein accretion. For the purposes of this thesis, muscle
hypertrophy will be defined as the radial expansion of skeletal muscle at a fibre- or
whole-muscle level.

The rate of muscle hypertrophy is most rapid during the first 8 weeks of a
resistance training (RT) program, proceding at progressively slower rates thereafter.
Indeed, quadriceps CSA increases by ~5%, ~10%, and ~12% after 2, 4, and 6 months of
progressive resistance training, respectively.® In bodybuilders with 5 years of RT

experience, a 24-week training program failed to increase elbow flexor CSA further,’
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indicating that a plateau in hypertrophic potential is eventually reached. Although protein
accretion could conceivably occur following the first few RE bouts, the exact point in
time when true muscle hypertrophy is detectable using current methods is debated.
DeFreitas et al.® observed significant increases in quadriceps muscle CSA after only two
RE bouts in untrained men, leading the authors to conclude that muscle hypertrophy
occurs within the first 1-3 weeks of RT; however, our laboratory subsequently
demonstrated that the 'hypertrophy' reported by DeFreitas and colleagues was actually
due to edema and muscle swelling rather than muscle hypertrophy per se,” which is
thought to occur after 3 weeks of RT.!? In addition to changes in whole-muscle CSA,
chronic RT alters the pennation angle of muscle fibres!'! and induces a fibre-type shift
from type IIx to type IIa.!? Together, these phenotypic adaptations alter the functional
characteristics of skeletal muscle to enable a more efficient defence against future
perturbations to homeostasis induced by resistance exercise (RE).

Although hypertrophy is consistently observed after RT on average, there is
marked variability in the degree of response between individuals.!*!*> Hubal and
colleagues were the first to formally study individual responses to 12 weeks of upper
body RT in a large cohort in men and women and observed biceps brachii hypertrophy
ranging from -2% to +59%, independent of sex.!® Interindividual heterogeneity was also
observed at the myofibre level in response to 16 weeks of knee extensor RT with the
average change in myofibre CSA of -16 um? (£ 99 um?), +1,111 pm? (+ 46 um?), and
+2,475 um? (+ 140 um?) in 'non-', 'moderate-', and 'extreme-responders', respectively. !¢

Finally, our laboratory has observed a ~4-fold greater increase in lean body mass in



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

'higher' versus 'lower' responders following 12-weeks of whole-body resistance
exercise.!” Taken together, it is clear that RT leads to heterogeneous responses at the
whole-body, whole-muscle and muscle fibre levels. It is common practice to ‘collapse’
these differences across participants and perform means-based comparisons on the data;
however, response variability presents a unique opportunity to study the molecular
regulators of muscle growth,'® especially when combined with global ‘omics’ profiling
technology.
1.3 The influence of unloading on skeletal muscle size

Muscle disuse occurs for several reasons, including clinically mandated bed rest,
immobilization, limb suspension, or a voluntary reduction in physical activity (i.e.,
sedentary behaviour). In contrast with muscle hypertrophy, which is a relatively slow and
progressive process, muscle atrophy occurs within days of unloading and follows an
exponential decay, reaching a plateau after several weeks.!??° Indeed, whole-quadriceps
CSA is reduced by ~2.6%,'° 3.9%,?! and 7.2%!° after 2, 5, and 7 days of limb
immobilization, respectively, equating to ~0.8%-1.3% per day. When assessed after 2-4
weeks of limb immobilization, atrophy rates are approximately half of what they are
during the first week, progressing at ~0.3 — 0.7% per day.???® A similar pattern of
atrophy is also observed when assessing quadriceps volume, albeit at marginally slower
rates (0.7-0.85% per day during the first 2-7 days of unloading, and 0.2 — 0.6% in
response to 2-5 weeks of unloading).!®2"-? Finally, and per whole-muscle morphological

data, myofibre atrophy proceeds more precipitously in response to 2 weeks vs. 5 weeks of
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immobilization (~0.7% per day and ~0.5% per day, respectively), with minimal
differences between fibre type.?>27:29-30

Disuse-induced muscle atrophy is also markedly heterogeneous between
individuals.?**!32 For example, Chen and colleagues®? observed an average decline of
~10% in medial gastrocnemius CSA following 4-6 weeks of ankle immobilization in
young men and women who had sustained an injury to their lower limb. However,
grouping participants into different responder categories using an a priori-defined criteria
revealed non-significant muscle atrophy in designated 'low' responders (0.1 %) and ~15%
atrophy in 'high' responders.?? Resembling the heterogeneous responses to RT, the high-
and low-responders to muscle disuse also demonstrated distinct molecular profiles,
providing unique insight into the molecular regulation of muscle atrophy. Nonetheless,
‘response’ criteria was arbitrarily defined and included only participants at the extremes
of adaptive responses — an approach that would not be feasible for invasive physiology
studies that recruit a limited number of participants. Instead, a better approach would be
to identify molecular events that scale with the degree of physiological response observed
—1i.e., considering all participant data.
1.4 Regulation of muscle protein turnover

Changes in muscle size are mediated, in part, by changes in muscle protein
turnover, the rate of which is dependent on the balance between two opposing yet
interrelated kinetic processes: MPS and MPB. In the fasted state, MPB predominates as
intact muscle proteins are catabolized to supply amino acids for energy production and

protein synthesis of acute phase proteins, resulting in skeletal muscle catabolism.*?
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Exposure to anabolic stimuli — namely dietary protein and skeletal muscle loading —
acutely and chronically influences MPS, MPB and, eventually, skeletal muscle protein
abundance.** Thus, quantifying these processes provides insight into the regulation of
skeletal muscle size not possible with static molecular readouts.
1.4.1 Muscle protein synthesis

Muscle protein synthesis is the coordinated series of events in which messenger
RNA (mRNA) is translated into a polypeptide chain. The translation process can be
divided into three steps: initiation, elongation, and termination. Translation initiation
involves the formation of a 43S preinitiation complex (PIC), consisting of the 40S
ribosomal subunit, a ternary complex consisting of e[F2-GTP-Met-tRNA, and a suite of
initiation factors.?> Once formed, the 43S PIC is recruited to the 5'cap of mRNA through
interactions with the eIF4F complex comprised of e[F4E, elF4A, and eIlF4G. Upon
binding to the 5'cap, the 43S PIC scans the 5'UTR until encountering an AUG start codon,
at which time eIF2-GTP is hydrolyzed and released along with several initiation factors.*>
The 60S subunit then binds to the 40S subunit, forming the 80S ribosomal complex.
During elongation, the ribosome translocates along the mRNA one codon at a time and
incorporates the corresponding amino acid into the growing polypeptide structure. This
series of reactions proceeds until the ribosome encounters a stop codon, at which point
termination factors trigger the release of the 80S ribosome from the mRNA template.
Each step requires energy in the form GTP, however, translation initiation is considered a

key rate-limiting step and thus a nodal point for regulation of MPS.%
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At the molecular level, MPS can be altered by modulation of translational
efficiency and/or translational capacity. Translational efficiency represents the rate at
which mRNA is translated (initiation, elongation, and termination) into protein per
ribosome. Increases in translational capacity are manifest as increases in the cellular
machinery (predominantly ribosomes) available to synthesize proteins from mRNA
template and so could increase the rate of MPS. Both translational efficiency and capacity
are modulated primarily by the serine/threonine protein kinase known as the mechanistic
target of rapamycin complex 1 (mMTORC1). mTORCI regulates several downstream
effectors of anabolism and catabolism; however, the most relevant substrates for
modulating translation efficiency include 4EBP1 and p70S6K 1. Phosphorylation of
4AEBP1 on Thr36/47 leads to its dissociation from eIF4E,*¢7 enabling the formation of
the eIF4F complex and the recruitment of the 43S PIC to the 5'cap of mRNA. p70S6K1 is
phosphorylated on Thr389 by mTORCI1,?® leading to inhibition of PDCD4*° — an
upstream inhibitor of e[F4A — and activation of eI[F4B.* Collectively, these
phosphorylation events increase translation initiation and elongation. mTORCI1 also plays
an important role in modulating translational capacity. Indeed, mMTORC1 phosphorylates
UBF*! and TIF-1A,* leading to increased RNA polymerase-1-dependent rRNA
transcription. Because an increase in ribosomal biogenesis requires purine and pyrimidine
nucleotides, it is unsurprising that mTORCI also regulates the synthesis of these
molecules. Purine synthesis is regulated at the transcriptional level through mTORC1-
mediated regulation of ATF4, which activates the mitochondrial tetrahydrofolate cycle

leading to the production of precursors needed for purine synthesis.** Moreover,
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p70S6K1 phosphorylates and activates carbamoyl-phosphate synthetase 2, aspartate
transcarbamoylase, dihydroorotatase (CAD), which catalyzes the initial steps of
pyrimidine synthesis needed for ribosome production.** Taken together, nTORC]I is a
key regulatory hub that integrates signals from growth factors, amino acids, and
mechanical stimuli to regulate downstream effectors of translational efficiency and
capacity.

As myofibre hypertrophy ensues, the cytoplasmic volume governed by existing
myonuclei expands. It is thought that the expansion of the 'myonuclear domain' results in
a ‘strain' on the capacity of existing myonuclei to provide mRNA templates to synthesize
proteins. Continued myofibre growth beyond a certain point, therefore, is thought to
require nuclear donation from resident muscle stem cells — i.e., satellite cells — to
maintain a given myonuclear doman size. Indeed, once SCs become activated by
mechanical and humoral signals, they proliferate and, depending on the transcriptional
factors activated, can return to a quiescent state and/or undergo differentiation and donate
their nuclei to muscle fibres. In this manner, the myonuclear domain can be maintained in
the presence of myofibre hypertrophy. It has also been hypothesized that myonuclear
accretion is required to supply rDNA substrate for ribosomal biogenesis;* however, this
view has been challenged on the basis that each cell contains hundreds or even thousands
of rDNA repeats, implying that copy number is not a limiting factor for ribosomal
biogenesis.***” SCs also communicate with other cell types in skeletal muscle, including
endothelial cells and fibroblasts, implicating their involvement in angiogenesis and

extracellular matrix remodelling, respectively.*® Therefore, nTORC1 signalling,
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ribosomal biogenesis, and satellite-cell mediated myonuclear accretion and signalling all
appear to be important components involved in MPS and, by extension, muscle
hypertrophy.
1.4.2 Muscle protein breakdown

Muscle protein breakdown (MPB) occurs via the coordinated activity of four
interdependent proteolytic pathways. The ubiquitin-proteasome system (UPS) degrades
the majority of cellular proteins.*’ Degradation by the UPS begins with the ATP-
dependent activation of ubiquitin by a single ubiquitin-activating enzyme (E1), which is
subsequently transferred to one of several ubiquitin carrier proteins (E2).>° Finally, E3
ubiquitin ligase enzymes catalyze the transfer of ubiquitin to the lysine residue of the
target protein.>® Subsequent iterations of this cycle results in the polyubiquitination of
target proteins, enabling their interaction with, and subsequent degradation by, the 26S
proteasome. An estimated 500-1000 E3 ligases exist in humans;>! however, research
attention has primarily focused on MuRF1 and MAFBx (atrogin-1) because they are
muscle-specific, and their genes are consistently expressed in several pre-clinical models
of muscle wasting and atrophy.>? Nonetheless, this myopic approach has hindered our
understanding of muscle atrophy in contexts devoid of perturbations of these two E3
ligases.

Despite its centrality in protein breakdown, the UPS does not degrade intact
myofibrillar proteins directly,>® implying that a preceding step is required for their initial
release from the structured lattice. Caspases are activated by pro-apoptotic stimuli and

cleave actomyosin complexes in vitro, which significantly accelerates ATP-dependent
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proteolysis.>* Furthermore, the Ca**- dependent calpains are also important for the initial
liberation of myofibrillar proteins because they degrade proteins that maintain the
structural integrity of the sarcomere, including nebulin, titin, a.-actinin and desmin.>?
Finally, the autophagy-lysosomal system is responsible for degrading damaged organelles
(i.e., ribosomes, peroxisomes, and mitochondria), long-lived proteins, and protein
aggregates.’® Macroautophagy begins with the formation and nucleation of an isolation
membrane, followed by its elongation and closure to form an autophagosome.>® The
autophagosome subsequently fuses with the lysosome, and cathepsin proteases degrade
the engulfed protein cargo within the acidic lysosomal lumen. Selective breakdown of
organelles, including the mitochondria (i.e., via mitophagy), is accomplished by specific
adaptor proteins that interact with the autophagy machinery and molecules on the
damaged organelle.’® Although several investigations have probed individual components
of these proteolytic pathways to infer changes in MPB, such approaches cannot

adequately capture the dynamic nature of these processes during loading and unloading.

1.5 Measuring muscle protein turnover using stable isotopes

The ability to quantify the dynamic synthesis and degradation of proteins was
made possible via the application of isotope tracers. An isotope of an element varies not
in the number of protons contained within the nucleus but in the number of neutrons,
resulting in mass variants that, when incorporated into certain chemical compounds (i.e.,
amino acids), can be used to trace the metabolic fate of that compound into various
macromolecular structures (i.e., skeletal muscle protein). Prior to the pioneering work of

Rudolf Schoenheimer in the 1930's, tissue proteins were thought to be inert in weight-
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neutral adults. However, Schoenheimer demonstrated that amino acids containing the
isotopes '°N and ?H were incorporated into the tissue protein of rats, which could only
have occurred if peptide bonds were being broken and reformed.’”>® Two years later,
Hans Ussing measured protein synthesis rates in different organ tissues using deuterium
oxide (D20) and demonstrated that the small intestine, liver and kidney incorporated
deuterium more rapidly than proteins in the skin and skeletal muscle.’® These pioneering
studies revealed the underlying dynamic nature of proteins in mammalian organisms and
sparked an interest in using radioactive and stable isotopes to study protein turnover in
humans.

To measure MPS, isotope labels are introduced into the body using one of two
strategies. The most frequently used approach, until recently, involves infusing an
isotopically-labelled amino acid tracer into the circulation, which is then actively
transported across the sarcolemma to enrich the muscle intracellular free (MIF) pool.
Once isotopic steady-state is achieved in either the arterial or MIF pools, serial muscle
biopsies are obtained, usually, several hours apart, and the change in protein-bound tracer
enrichment is measured to calculate the fractional synthetic rate (the fraction of a pool
synthesized per unit time; see Figure 1).°° While this approach is highly sensitive to the
acute stimulation of MPS in response to protein ingestion and muscle contraction, it is
limited by a requirement for highly controlled laboratory conditions and may not
generalize to free-living conditions.

A second approach that circumvents many of the above limitations involves

introducing deuterium (*H) into the body via orally ingested deuterated water (D,0).°!

12



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

Through intermediary reactions, deuterium is introduced into amino acids at carbon-
hydrogen bonding sites. Although all amino acids become labelled at their alpha-
hydrogens through transaminase reactions, alanine is the most frequently studied amino
acid probe because it can be labelled at 4 positions, thus increasing analytical sensitivity.
When compared to labelled amino acid tracer infusions, D>O has the advantage of being
relatively non-invasive and easily administered (i.e., via oral ingestion), which, when
combined with its half-life of 7-11 days, enables assessments of free-living MPS (i.e.,
incorporating diet as well as periods of sedentary and increased activity). For these

reasons, D20 is increasingly employed to quantify MPS.
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Figure 1. Schematic showing a simplified overview of how muscle protein synthesis is
assessed using stable isotope tracers. A tracer is introduced into the system using either
infused- (shown in the diagram) or orally-ingested stable isotopes. Isotope enriches the
intracellular free amino acid pool in skeletal muscle (‘Precursor Pool’) and is
incorporated into bound protein via protein synthesis. Muscle biopsies are taken at
multiple time points (two are shown in the diagram inset, t0 and t1) after the precursor
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pool had reached equilibrium. The change in protein-bound tracer enrichment relative to
the precursor pool enrichment is calculated to derive a measure of MPS rates.

In contrast to MPS, the measurement of MPB is more complex. The precursor-
product relationship that MPS measurements rely on is also applicable to the
measurement of MPB, although the definitions are reversed. For MPS measurements, the
muscle intracellular free amino acid (MIF) pool supplies the precursor that enriches
bound proteins with tracer. When quantifying MPB, the dilution of tracer enrichment in
the MIF pool is the measured ‘product’ (see Figure 2); however, because the pool is
diluted from two principal sources (the arterial pool and protein breakdown), there is
added complexity of the resultant calculations.5?3 Furthermore, the method involves the
pulsed injection of two additional amino acid tracers, which increases study cost, and
requires multiple blood and muscle biopsy samples to model enrichment decay yielding
rate of MPB. As a result of the technical complexity involved, few investigations have
simultaneously measured the influence of increased or decreased muscle loading on rates
of MPB and MPS, which is necessary if we are to develop an understanding of the

relative contributions of each process to skeletal muscle adaptation.
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Figure 2. Schematic showing a simplified overview of the process of measuring muscle
protein breakdown using stable isotope tracers. Tracer is first infused until enrichment in
arterial and intracellular free amino acid pools reaches equilibrium. At this point, tracer
infusion is stopped and the decay in tracer enrichment is monitored in the intracellular
free amino acid pool (‘Product Pool) and arterial pool at multiple time points (here, two
times point, t1 and t2 are shown). Tracer decay occurs due to dilution from two sources:
tracee release from protein breakdown and tracee being delivered from the arterial pool.
Thus, by determining the decay of tracer in the intracellular free amino acid and arterial
pools, the contribution from MPB can be estimated.

1.5.1 The influence of loading on muscle protein turnover

Resistance exercise potently stimulates MPS ~2-3 fold above basal levels,* which
remains elevated for ~48 hours post-RE.%* RE also induces a concomitant rise in MPB;
however, the magnitude and duration of stimulation are less than half that of MPS.
Nonetheless, in the fasted state, depite the anabolic nature of RE, net protein balance
increases but remains negative in the absence of exogenous amino acid intake.** Protein

ingestion, and the ensuing hyperaminoacidemia and hyperinsulinemia, transiently
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stimulates MPS and suppresses MPB, respectively.®$” However, solely ingesting protein
also does not result in muscle hypertrophy because MPS returns to basal levels within 2-3
hours after consumption, despite sustained hyperaminoacidemia (the 'tank-full'
effect).5%%% Combining protein consumption and RE results in an additive increase in
MPS that effectively delays the 'tank-full' phenomenon for up to 24 hrs,* promotes a
positive net protein balance and results in protein accretion over several weeks (i.e.,
muscle hypertrophy).

During the transition from exercise-naive to ‘resistance-trained’, the MPS
response to exercise is refined. In the untrained state, an acute bout of RE increases both
myofibrillar and mitochondrial protein synthesis rates; however, only myofibrillar protein
synthesis is increased after acute RE in the trained state.”’ Furthermore, the stimulation of
MPS after acute RE is more pronounced in the trained state, but the overall response is
shorter-lived.”! A greater stimulation of MPS after acute RE in the untrained state may at
first appear paradoxical, however, it ostensibly reflects the turnover of chemically-
damaged or misfolded proteins in addition to myofibrillar proteins. Indeed, our laboratory
has demonstrated that peri-workout MPS is highest following the first bout of RE, when
muscle damage is greatest, and progressively wanes after the 3™ and 10" weeks of
training.”> MPB also exhibits a similar adaptive decline with continued resistance
training, at least in the fasted state, rendering net protein balance less negative than pre-
RT.” Taken together, increased protein turnover appears necessary, especially during the
early resistance-training period, to facilitate skeletal muscle remodelling and to lay the

foundation for subsequent muscle protein accretion with progressive training.
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At the molecular level, translational efficiency and capacity are increased and
contribute to the observed RE-induced increases in MPS. Chesley and colleagues were
the first to demonstrate an increase in RNA activity (protein synthesized per unit of total
RNA, the majority of which is ribosomal RNA or rRNA e.g., translational efficiency) 4hr
and 24hr following acute RE without a change in RNA concentration (i.e., translational
capacity).” Since then, numerous other investigations have demonstrated increased
phosphorylation of mTORCI1 substrates within hours following an acute bout of RE.
Importantly, the acute rise in MPS following loading is partially inhibited by rapamycin
administration,’”>’® implying some degree of dependency on mTORC1 activity. RE also
enhances the peripheral colocalization of mTOR with eIF3f,”” a key protein involved in
assembly and docking of the 43S PIC on mRNA. Thus, RE enhances translational
efficiency during the early post-exercise recovery period.

In constrast, changes in translational capacity are not immediate. The expression
of 478 pre-rRNA, commonly used as a readout of ribosomal biogenesis, is increased
within 4hr following a single bout of RE and remains elevated for 24-48 hours; however,
there is not a corresponding increase in RNA content.”* Given that rRNA comprises ~80-
90% of total RNA, subtle changes in total RNA content driven by ribosomal biogenesis
may not be detectable until several days following acute RE. Consistently, Bickel e al.
observed an increase in total RNA content several days after the second bout of RE,’® and
others have observed increases after 4-12 weeks of progressive RT.*7379-82 Importantly,
the magnitude of increase in RNA content with RT may be quantitatively linked with

subsequent muscle hypertrophy.*-%2

17



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

1.5.2 The influence of unloading on muscle protein turnover

Muscle atrophy occurs due to an imbalance between MPS and MPB, favouring
the net catabolism of muscle proteins. Accelerated catabolism may arise via the
suppression of MPS, an increase of MPB, or a combination of both. The dominant
mechanism underpinning disuse-induced skeletal muscle atrophy is an intensely debated
topic.8*84 The roots of this controversy may stem from conflicting observations from
workers employing distinct models of muscle disuse (i.e., bed rest vs. limb
immobilization) and metabolically distinct species (i.e. juvenile rodents vs. mature
humans),® or inferences made from static measures of proteolytic gene markers.

Researchers employing surrogate models of human disuse (i.e. hindlimb
suspension in rodents) have demonstrated increased proteolysis during muscle
unloading.®® In humans, however, proteolysis only appears to be a significant mechanism
leading to muscle protein loss in pathological muscle wasting conditions (i.e., cancer
cachexia, sepsis, burns, uremia) characterized by overt hypodynamia (bed-rest),
hypercortisolemia and hypercytokinemia.’” Indeed, work in healthy humans demonstrates
that disuse-induced muscle loss can be mostly, if not entirely, accounted for by reductions
in MPS. Seminal work® completed 30 years ago in young men undergoing 7 weeks of
immobilization found a significant reduction in postabsorptive MPS rates (-25%).
Considering the observed loss of muscle mass and the associated reductions in
postabsorptive MPS, Gibson et al*® concluded that MPB must have remained unchanged
or even adaptively decreased during the immobilization period. Consistent with these

findings, Paddon-Jones and colleagues detected a ~33% blunted postabsorptive MPS and
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no observable change in MPB after 28 days of bed rest, using the A-V balance
technique.® de Boer and colleagues demonstrated that the decrements in postabsorptive
MPS occur within the first 10 days of disuse and remain depressed with prolonged disuse
but without further reductions. Interestingly, recent work has demonstrated that disuse-
induced reductions in MPS occur within days of unloading, being depressed by 16%,
41%, and 44% after 2, 5, and 7 days of lower-limb immobilization, respectively. These
decrements in fasted MPS may be due to a concomitant reduction in translational
capacity,®*?? but reductions in RNA content are not always found in humans undergoing
muscle disuse suggesting other mechanisms are involved.

Unloading also induces anabolic resistance to protein ingestion. Indeed, our
laboratory has demonstrated an attenuated myofibrillar protein synthetic response to the
infusion of both high- and low-dose amino acid infusion in young adults following 14
days of limb immobilization.?* An impaired induction of myofibrillar protein synthesis
has also been demonstrated in response to an oral protein bolus following 5 and 14 days
of disuse (31% and 53% lower induction of MPS relative to control limb,
respectively).?!?> Taking the observed decrements of postabsorptive and postprandial
MPS into account, combined with estimates of time spent in each phase throughout the
day, reductions in MPS rates are considered to be responsible for the subsequent loss of
muscle observed following muscle disuse.”! To objectively support this assertion,
however, more work is required exploring the association between integrative
measurements of protein synthesis (i.e., methods that incorporate both fasting and fed

periods) and the observed losses of skeletal muscle in response to disuse.
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Despite convincing evidence implicating disuse-induced reductions in MPS as the
key driver of muscle atrophy, transient activation of MPB within days of unloading
cannot be definitively ruled out. Using tissue microdialysis, Tesch and colleagues
observed a ~44% increase in interstitial 3-methylhistidine concentration,”? which is a
post-translationally modified breakdown product of actin and myosin, after 3 days of
lower limb suspension. Furthermore, MAFBx and MuRF1 expression are increased after

3-5 days of immobilization,?!”

potentially indicating an early induction of the UPS, and
therefore MPB. However, it is equally likely that these factors do not stimulate bulk
protein breakdown per se but rather selectively target specific initiation factors involved
in MPS. As an example, MAFBx selectively degrades elF3f,’*°> which plays an
important role in translation initiation and the assembly of the ternary complex,
recruitment of e[F4G to the 5> m’-GTP cap of mRNA molecules and as a scaffold linking
mTORCI1 and p70S6K1.%%7 Thus, it is difficult to establish the role (if any) that MPB
plays in the early disuse-induced atrophy programme from static readouts of purported
genetic regulators of proteasomal activity. To address our knowledge gap on the role of
MPB in atrophic muscle loss in response to disuse, there is a need to simultaneously
quantify MPS and MPB after a unloading.
1.6 Mechanisms of muscle plasticity: insights from ‘omics’ technologies

In addition to the increased synthesis of myofibrillar protein, skeletal muscle
plasticity involves remodelling the extracellular matrix to accommodate muscle fibre

expansion, angiogenesis to ensure adequate oxygenation and nutrient provision, and

satellite cell-mediated myonuclear accretion. However, the underlying molecular
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regulators of these processes are still relatively undefined. Exercise regulates more than
2,000 gene transcripts in skeletal muscle®® and alters the abundance® and ratio of post-
translationally modified to native protein species.!?%1%! These regulated molecules interact

rt!92:103 and are difficult to model

within larger network structures of hierarchical impo
using targeted analytical approaches (i.e. PCR and immunoblotting). Furthermore,
mechanistic discoveries made using non-physiological mechanical stimuli in rodents
often fail to translate to humans. Recently, ‘omic’ technologies have been employed in
humans to overcome these limitations, as they provide a theoretically unbiased
perspective of the molecular perturbations induced by the dynamic loading of skeletal
muscle.

Although proteins are considered the biological workhorses of the cell, mRNA
expression is commonly measured as a surrogate for protein abundance because it is
easier to quantify on a global scale. Nonetheless, this approach has been challenged!®*
based on experimental evidence demonstrating only a moderate relationship between
these molecular species.!®® When properly modelled, however (i.e., when the method-
specific error is taken into account), variation in mRNA expression can explain ~75% or
more of the variance in protein abundance.!?® Furthermore, skeletal muscle is a complex
tissue with only a limited proportion of its proteome currently quantifiable (i.e. <500
proteins reliably quantified in all participants!?”) compared to the ~30,000 RNA species

that can be reliably measured using microarray technology.!®®

Thus, many important
regulatory molecules, including signalling proteins and transcription factors, are less

likely to be identified.!” For these reasons, transcriptome profiling represents a promising
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strategy to uncover the molecular regulators of muscle plasticity when sensibly measured

and linked to the degree of physiological changes that occur.

1.6.1 Effects of chronic RT on the skeletal muscle transcriptome

Endurance and resistance training induce divergent adaptations,” yet both
phenotypes have substantial overlap in their respective transcriptional profiles.!!%!2 One
approach to identifying uniquely important regulators of muscle growth is to compare
gene expression differences between individuals exhibiting variable degrees of muscle
hypertrophy in response to RT.!® While theoretically effective, existing studies using this
approach!!® have employed small sample sizes (<30) that limit reliable correlational
analysis,!'* in turn affecting the reproducibility of the results. For example, Raue and
colleagues identified >600 genes that correlated with muscle growth and strength changes
after 12 weeks of RT, including growth factor genes (i.e. VEGFA, PDFGFA), cell cycle-
related genes (i.e. CDK4, EIF4E), cytokine signalling genes (i.e. MAP3K 14, NFKBIA)
and several genes involved in UPS and substrate metabolism.!!* However, subsequent
analysis by Phillips e al.’!’ demonstrated that many of these ‘growth’ genes are actually
generic features of exercise adaptation (i.e. also influenced by endurance training). This
example highlights the importance of independently validating gene signatures, a process
rarely attempted in exercise physiology research. As a result, the field lacks a
reproducible signature of potential muscle growth-regulating genes.

Higher responders are also ostensibly ‘primed’ at baseline to mount an effective
hypertrophic response to subsequent RT.!* Specifically, higher responders have a greater

expression of genes involved in myogenic signalling, including the satellite cell markers
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PAX7 and SOX8,'* which is consistent with the greater number of satellite cells observed
at baseline in these individuals.!? Other pathways differentially regulated between high
and low responders to RT include fuel utilization, skeletal muscle development, ECM
remodelling and transcriptional regulation.'* Within these categories, expression of
NAPILI was >17-fold higher in skeletal muscle at baseline in high vs. low responders.'4
The protein product of NAPILI regulates chromatin compaction, thus influencing
transcription, but it also interacts with and regulates the nuclear shuttling!!® of another
gene upregulated in high responders'*, DGKZ. DGKZ encodes a protein that is important
for load-induced hypertrophy in rodents.!!® These examples demonstrate the utility of
considering individual differences in responsiveness to RT when mining transcriptional
profiles,!8 rather than averaging responses across a cohort of individuals.”® Nonetheless,
results derived from such analyses should be independently validated to ensure they are

reproducible and not simply an artifact of the cohort that was studied.

1.6.2 Effects of muscle disuse on the skeletal muscle transcriptome

Muscle disuse rapidly alters both the size and metabolic characteristics of skeletal
muscle to limit the inefficient consumption of cellular energy. Consistently, unloaded
skeletal muscle exhibits a robust downregulation of mitochondrial transcripts and protein
abundance.’>!1-122 Abadi et al. demonstrated that genes involved in oxidative
phosphorylation, mitochondrial regulation and -oxidation are rapidly suppressed within
48 hours of knee immobilization, implying a widespread impairment in mitochondrial
function.!'” PGC-1a, an important regulator of mitochondrial biogenesis,'?* is

98,117,124

consistently reduced in unloaded muscle , possibly via increased methylation in its
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promoter region'!? or altered upstream activity of MEF2C.!?! Intriguingly, modulation of
PGC-1a expression is important for preserving muscle mass during prolonged periods of
muscle inactivity in hibernating mammals.!?> NR4A43 is another transcriptional
coactivator!2® that is consistently downregulated by inactivity and reduces basal and
maximal oxygen consumption when silenced in myotubes.”® These mitochondrial
impairments are associated with reductions in fatty acid transporter and oxidative gene

H819 a5 well as increased SREBP1 expression!?* — the master controller of

expression,
lipid synthesis. Together, these changes may lead to an increased synthesis of lipid
intermediates (i.e. diacylglycerol and ceramides) linked to insulin resistance!?” and may
also be related to the attenuation of MPS in response to protein ingestion that is observed
in response to disuse.??

Muscle disuse is also associated with a reduction in myofibrillar protein
content,!?* which can be attributed primarily to reductions in myofibrillar protein

synthesis as described above 27103128

Genes involved in MPB are not consistently
featured in the transcriptional profile of unloaded skeletal muscle after 48 hours of
unloading.!!'” Only after 14 days of immobilization are protein degradation genes
differentially regulated. After 14 days of immobilization, the unloaded transcriptional
profile reflects impaired protein synthetic capacity, including downregulation of tRNA
synthesizing enzymes, ribosomal subunits and translation initiation factors.!!” These
transcript-level changes are largely consistent at the level of the proteome!?? and together

argue against a primary role of protein breakdown in muscle disuse atrophy. Instead, it is

likely that the early induction of atrogenes (i.e., MAFBx and MuRF1) during muscle
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disuse may serve to reduce protein synthetic capacity. An example in support of this
hypothesis described above is the targeted degradation of eIF3f by MAFBx.!3? Targeted
profiling of skeletal muscle and measurement of MPB within the first few days of
unloading will help address the more generalizable validity of this hypothesis.
1.6.3 Leveraging network analyses to understand muscle remodelling

An ongoing challenge with transcriptomic analyses is parsing through long lists of
differentially expressed genes to identify those that are important mediators of adaptation.
The discussion above has introduced several purported regulators of muscle hypertrophy
and atrophy; however, these discoveries are often drawn from small sample sizes (<30),
and, as a result, the reproducibility of existing signatures is currently low.!*! One
approach to improve reproducibility is to perform gene expression meta-analyses, which
leverage the growing repository of publicly available gene expression datasets.!*! Pillon
and colleagues were the first to apply this approach to investigate the gene expression
responses to acute and chronic endurance and resistance training studies; however, their
analysis did not consider the divergent hypertrophic outcomes across participants and
therefore collapsed many potentially important gene expression events to zero or non-
significance. Therfore, an approach that considers response heterogeneity has the
potential to increase our understanding of the molecular regulators of muscle remodelling.

Another approach to increase our understanding of skeletal muscle plasticity is to
consider the broader context that genes function within. Instead of considering and
ascribing importance to individual genes, we need to consider the network of interactions

between several genes via network analysis (using tools such as Ingenuity pathway
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analysis (IPA)). A drawback of tools like IPA, however, is that they rely on the
function(s) of a gene product being known a priori, thus genes coding for proteins with
an unknown function are essentially functional deadends.!3? This limitation can be
overcome by using data-driven network (DDN) analysis, an approach that constructs
networks based on experimentally derived gene co-expression similarities without any a
priori knowledge of gene function. Clarke and colleagues '°? used this approach to
construct gene networks from pre- and post-training muscle transcriptome samples
obtained from the HERITAGE study'*} (endurance-based training) and identified EIF6 as
a highly interconnected exercise-responsive gene. EIF6 was therefore predicted, based on
being highly connected to other regulated genes, to play an important role in the
adaptation to endurance training. Indeed, the subsequent development of a mutant EIF6
murine model affected many of the same signalling pathways predicted by the
HERITAGE study 92133 that affect phenotype. At present, a DDN approach has not been
employed to study how the molecular regulators of muscle remodelling might interact in
vivo, possibly because of the large sample sizes required to construct reproducible
networks, but there is tremendous potential for this approach to advance our
understanding of skeletal muscle adaptation in response to loading and unloading.
1.7 Methods to assess changes in muscle size

Unravelling the mechanisms of muscle growth and atrophy also depends on the
ability to accurately measure changes in muscle size. In theory, measuring changes in
muscle size is a tractable research problem given the advancements in imaging

technologies; however, uncertainties surrounding the exact definition of muscle
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hypertrophy render the problem more nuanced. Indeed, Haun and colleagues critically
examined the construct of muscle hypertrophy and suggested that what most researchers
refer to as ‘hypertrophy’ is an umbrella term for three specific underlying processes:
connective tissue, sarcoplasmic, and myofibrillar hypertrophy.!3* Although not explicitly
covered by Haun and colleagues, the definition of muscle ‘atrophy’ could be similarly
deconstructed. Thus, if different laboratories are using different methods to measure
hypertrophy and atrophy, results may be discordant because the underlying construct
being measured by each laboratory may be different. One approach to overcome this
limitation is to combine methods to assess muscle size — i.e., at the whole-muscle and
microscopic levels — to obtain a composite score of muscle growth and/or atrophy.
Concordance between methods would suggest that the underlying changes are real and
robust. However, this approach may not be feasible due to cost, equipment availability,
and burden on research participants. Furthermore, different methods — such as myofibre
CSA and whole-muscle CSA measurements — often yield different outcomes due to
confounding factors such as regional hypertrophy/atrophy and fibre-type specific
changes.*! Thus, a method that is both sensitive to changes in muscle size and available
for routine use by researchers outside of clinical settings is needed.

Commonly used methods to assess changes in muscle mass and/or size include
bioelectrical impedance analysis (BIA), dual-energy x-ray absorptiometry (DXA),
magnetic resonance imaging (MRI), computed tomography (CT) and, more recently,
ultrasonography (US).!3 BIA measures the impedance of an electrical current as it passes

through the body. Tissues with a high-water content (i.e., skeletal muscle) impede
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electrical flow less than tissues with a low water content (i.e., adipose tissue), which is
used in predictive equations to estimate body composition parameters, including lean soft
tissue mass.'*% In contrast, DXA quantifies bone mineral and soft tissue mass (fat and fat-
free mass) by measuring the differential absorption of two x-ray beams as they pass
through an individual.!3” Although BIA and DXA have the advantage of being relatively
low-cost and time-efficient methods, neither directly assesses skeletal muscle mass, and
both are influenced by confounding factors such as hydration status.

MRI and CT are considered the gold-standard methods for assessing muscle
cross-sectional area. Although both technologies produce high-quality images and data,
MRI is generally preferred because it does not expose individuals to ionizing radiation
and instead produces a signal based on interactions between hydrogen atoms present in
tissues and an external magnetic field. However, MRI has a high operating cost combined
with a limited availability and requirement for highly trained personnel limits its routine
usage in physiology research. An alternative approach that overcomes many of the
limitations of MRI is brightness-mode (B-mode) ultrasonography (US). In B-mode US,
high frequency sound waves (i.e., ultrasound) are emitted from a handheld probe and
travel through the tissue of interest. As the sound wave propagates throug a tissue, it
encounters different boundaries (i.e., connective, adipose, and skeletal muscle tissues)
that reflect sound waves to variable degrees (i.e., ‘echoes’). The time taken for the sound
wave to return to the probe is converted into a brightness signal that is then used to
construct a two-dimensional image. Relative to MRI, which costs an estimated $424 per

scan, an ultrasound scan costs ~$88.'3® Furthermore, US has been demonstrated to
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accurately quantify skeletal muscle CSA compared to MRI (at single time points) in both
young and older adults. Nonetheless, existing comparisons provide no insight on the
ability of US to detect changes in muscle CSA.

The ability to quantify changes in muscle CSA is arguably more important than
cross-sectional comparisons because the former allows researchers to test the efficacy of
various interventions on muscle hypertrophy and/or atrophy. Franchi and colleagues
demonstrated a significant correlation between unidimensional muscle thickness (MT)
measurements obtained using US and changes in quadriceps CSA using MRI following
12 weeks of RT.!3 However, no relationship was observed between changes in MT and
changes in quadriceps volume. It is possible that a two-dimensional US-based assessment
of muscle CSA would more closely relate to changes in muscle CSA and muscle volume
measured by MRI. Prior research using US to quantify muscle CSA has also not
considered the influence of the probe pressure on changes in muscle size despite it being
recognized as a potential confounding variable.!*® Thus, more work is needed to assess
the suitability of B-mode US for measuring changes in muscle size induced by loading

and unloading of skeletal muscle.

1.8 Objectives and Hypotheses:

The overarching objective of the experiments conducted as part of this thesis was
to study the molecular regulators of skeletal muscle remodelling in response to increased
(hypertrophy) and decreased (atrophy) loading. To accomplish this objective, we first
validated a novel unilateral model whereby one limb resistance-trained to induce

hypertrophy, and the other limb underwent a period of immobilization to induce atrophy
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(study 1). This model provided us with a platform to study the molecular regulators of
muscle remodelling by contrasting the response to these diverse loading states in the same
individual, thus reducing variation associated with between-subjects’ comparisons (study
2). Finally, to shed light on a possible role for MPB in short-term disuse atrophy, we
employed an acute and chronic tracer approach that allowed us to quantify fasted MPS

and MPB as well as integrated MPS (study 3).

Study 1: Methodological considerations for and validation of the ultrasonographic
determination of human skeletal muscle hypertrophy and atrophy

We tested the validity of our HypAt model to measure changes in vastus lateralis
CSA (VLCSA) in response to loading and unloading of skeletal muscle compared to
MRI. Cross-sectional data has demonstrated a high correlation between US- and MRI-
derived VLCSA in young and older adults. However, no data exists on the concordance
between methods when assessing the change in VLCSA. Furthermore, it is likely that
probe pressure — and the resultant depression of the skin and underlying muscle belly —
significantly influences measurements obtained by US. However, no study has attempted
to quantify the degree to which probe pressure influences measures of muscle size. We
hypothesized that US-derived measurements of the change in VLCSA would show
concordance with the criterion method in response to the loading and unloading of
skeletal muscle. Secondly, we hypothesized that probe pressure would significantly affect

the resultant measurements of muscle size.
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Study 2: Molecular transducers of human skeletal muscle remodelling under
different loading states

In study 2, we sought to investigate and uncover potential transcriptional
regulators of muscle growth. Several studies have attempted to quantify the genes most
important for muscle growth, but the results have not been reproducible.!'? The lack of
reproducibility likely stems from the small sample sizes used, lack of independent
validation, and collapsing of data across participants showing marked variability in the
degree of muscle hypertrophy/atrophy observed. We employed the HypAt model from
study 1, whereby one leg was subjected to a loading stimulus (Hyp) and the other to an
unloading stimulus (At). We hypothesized that this model would reduce response
variation and enable the discovery of a greater number of differentially expressed genes
(DEGs) compared to similarly-sized clinical trials. Finally, we investigated which DEGs
were correlated with muscle growth using 3 independent clinical cohorts to identify a
transcriptional signature of muscle growth. Using several genes and in vitro cell culture,
we then demonstrated that knocking down (using RNA inhibition - RNA1) genes

supressed MPS and cellular signalling to a normally robust anabolic stimulus.

Study 3: Fasted/fed-state declines in muscle protein synthesis account for short-term
muscle disuse atrophy in humans in the absence of increased muscle protein
breakdown

In study 3, we investigated the effect of short-term muscle disuse on MPS and

MPB. Despite extensive literature suggesting that decrements in MPS are the primary
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driver of disuse-induced muscle loss in humans,>!->3->°-27%! there is no evidence derived

from studies directly measuring MPB within the first few days of unloading. However,

markers of MPB are upregulated in some studies, which implies an early induction of

proteolysis. Furthermore, having established the suitability of US to measure changes in

muscle size, we employed US in conjunction with DXA-derived measures of lean mass to

quantify changes in muscle size following 4 days of unloading. We hypothesized that

fasted and integrated rates of MPS would be reduced with unloading and quantitatively

related to changes in muscle size, with no significant change in rates of MPB.
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Abstract

Magnetic resonance imaging (MRI) is the current gold standard for measuring
changes in muscle size (cross-sectional area [CSA] and volume) but can be cost-
prohibitive and resource-intensive. We evaluated the validity of B-mode ultrasonog-
raphy (US) as a low-cost alternative to MRI for measuring muscle hypertrophy and
atrophy in response to resistance training and immobilization, respectively. Fourteen
young men performed 10wk of unilateral resistance training (RT) to induce muscle
hypertrophy. In the final two weeks of the 10wk, the subjects’ contralateral leg was
immobilized (IMB). The cross-sectional area of the vastus lateralis (VLCSA) was
measured at the mid-thigh before and after each intervention using MRI (VLCSA ;)
and US (VLCSAyg). The relationship and agreement between methods were as-
sessed. Reliability of US measurements ranged from good to excellent in all compari-
sons (ICC >0.67). VLCSA significantly increased after 10 weeks of RT (VLCSAyq:
7.9 +3.8%; VLCSAyr;: 7.8 +4.5%) and decreased after 2 weeks of IMB (VLCSA yq:
—8.2%+5.8%; VLCSAygr;: —8.7 = 6.1%). Significant correlations were identified
between MRI and US at each time point measured (all r > 0.85) and, importantly,
between MRI- and US-derived changes in VLCSA. Bland-Altman analysis revealed
minimal bias in US measurements relative to the MRI (—0.5 + 3.0%) and all meas-
urements were within the upper and lower limits of agreement. Our data suggest that
B-mode ultrasonography can be a suitable alternative to MRI for measuring changes

in muscle size in response to increased and decreased muscle loading in young men.
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1 | INTRODUCTION

Skeletal muscle generates the forces necessary to perform ac-
tivities of daily living and is a reservoir of amino acids that
can be mobilized to supply gluconeogenic substrates during
catabolic states (Wolfe, 2006). Muscle atrophy occurs with
aging (Janssen et al., 2000, 2002), muscle disuse (Glover
et al., 2008; Holloway et al., 2019; Yasuda et al., 2005), and/
or disease (Powers et al., 2016), and is associated with func-
tional impairment and metabolic dysregulation. Resistance
training (RT) is potently anabolic and results in hypertro-
phy (Stokes et al., 2020). Additionally, RT is an effective
non-pharmacological strategy to prevent or attenuate muscle
atrophy during catabolic conditions (Devries et al., 2015;
Fernandez-Gonzalo et al., 2020; Moore et al., 2018; Oates
et al., 2010), in part due to its potent hypertrophic effect on
skeletal muscle.

A reproducible observation with both increased and de-
creased loading of skeletal muscle is the substantial inter-
individual heterogeneity of the hypertrophic response with
loading (Davidsen et al., 2011; Hubal et al., 2005; Stokes
et al., 2020) and atrophy with unloading (Chen et al., 2017;
Glover et al., 2008; Stokes et al., 2020; Yasuda et al., 2005).
Interestingly, the ability to accurately quantify changes in
muscle size in response to hypertrophy-inducing loading has
recently been identified as being more complex than once
thought, with substantial variability between methods (Haun
et al., 2019). We propose a similar critique would be true
when describing the response to unloading-induced atrophy.
Microscopic assessments of myofiber cross-sectional area
(CSA) are the only available method for the assessment of
muscle fiber size; however, few laboratories have the capac-
ity to obtain biopsy specimens and the invasive nature of the
procedure may preclude measurements in certain populations
(i.e., the frail elderly; (Wilson et al., 2018). These difficulties
inevitably complicate the comparison of research findings
between laboratories. Thus, cheaper and more readily acces-
sible, non-invasive methods to assess muscle hypertrophy
and atrophy are warranted.

Magnetic resonance imaging (MRI) is a non-invasive and
non-radioactive means to determine muscle CSA (and vol-
ume) that offers unparalleled tissue differentiation capabil-
ities and has a high correlation with the cadaver-measured
determination of muscle (Mitsiopoulos et al., 1998). For
these reasons, MRI is considered the gold standard for as-
sessing changes in muscle size. However, obtaining MRI im-
ages requires highly specialized personnel and is otherwise
limited by operation cost, availability, and time-consuming
post-acquisition image processing. A potential low-cost and
more readily available alternative to MRI is B-mode ultra-
sonography (US)(Parker et al., 2008). US has been shown
to accurately quantify muscle CSA in both young (Franchi,
Longo, et al., 2018; Lixandrao et al., 2014) and older adults
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(Nijholt et al., 2017; Reeves et al., 2004) when measured at
a single-time point. Moreover, changes in muscle thickness
obtained by US correlated with MRI-derived changes in ana-
tomical CSA, but not muscle volume, after 12 weeks of isoki-
netic RT (Franchi, Longo, et al., 2018).

No study, to date, has assessed the efficacy of US, relative
to MRI, to accurately capture changes in vastus lateralis CSA
(VLCSA)—a muscle routinely sampled by needle biopsy—
before and after muscle hypertrophy and atrophy-inducing
stimuli. It is plausible that a two-dimensional assessment of
muscle size (i.e., VLCSA) will produce stronger correlations
between MRI-derived measurements of VLCSA and, per-
haps, muscle volume compared to unidimensional thickness
measurements. Thus, the purpose of this study was to eval-
uate the relationship and methodological agreement between
US and MRI measured changes in VLCSA after 10 weeks
of unilateral RT and 2 weeks of brace-mediated immobiliza-
tion (IMB). We hypothesized that US would show good con-
cordance with the criterion measure for muscle size, MRI,
showing similar changes in VLCSA in response to RT (hy-
pertrophy) and immobilization (atrophy).

2 | METHODS
2.1 | Participants for methodological
development

Prior to conducting the main study, we were interested in
objectively quantifying the effect of applied force on an ul-
trasound probe to derive muscle thickness measurements.
We studied 34 male participants from a previously published
investigation (Age, 23 + 3 yrs; Body Mass, 86.6 + 13.5 kg;
BML, 26.4 + 3.3 kg/m’; (Morton et al., 2016)). Muscle thick-
ness measurements were taken, as described below (see
Ultrasonography), from the vastus lateralis prior to and upon
the completion of 12 weeks of whole-body resistance train-
ing at four different applied probe forces (0.2, 0.5, 0.7, and
1.ON).

2.2 | Participants for validation trial

For a detailed description of the participant recruitment strat-
egy and screening procedures for the main trial, please refer
to a previous report from the same participants (Stokes et al.,
2020). Briefly, 14 recreationally active men (18-30 y) who
were free of chronic disease and/or not currently taking med-
ications known to influence protein metabolism volunteered
to participate in the study. All procedures complied with the
ethical standards outlined in the Tri-Council Policy state-
ment for research involving humans and were approved by
the Hamilton Integrated Research Ethics Board (REB Project
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#14-333 and #2867 for the methodological and validation tri-
als, respectively). Prior to participation, all subjects read and
signed an informed consent form.

2.3 | Experimental protocol

For a schematic overview of the main experimental design,
refer to Figure 1. Participants performed 10 weeks of uni-
lateral resistance training, which consisted of thrice weekly
leg press and leg extension training sessions under supervi-
sion. During the last two weeks of the study, a knee brace
(DonJoy) was applied to the contralateral limb to induce
immobilization as previously described (Holloway et al.,
2019). Mid-thigh VLCSA was assessed before (day 0) and
after the study (day 70) using B-mode ultrasonography
(VLCSAyg) and MRI (VLCSAyRp). An additional ultra-
sound scan of VLCSA was obtained at week 8 to confirm
that no changes in muscle size had occurred in the free-liv-
ing limb prior to undergoing immobilization. Muscle vol-
ume and peak quadriceps CSA were also measured using
MRI at day O and day 70.

2.4 | Unilateral resistance exercise

Following a brief warmup on a cycle ergometer, participants
performed three sets of unilateral leg extension followed by
three sets of leg press. Loading was set at ~80% of 1-RM,
which was predetermined using three successive familiariza-
tion sessions prior to commencing the study. This intensity
led to muscle failure between 8 and 12 repetitions (defined
as an inability to execute another repetition through a full
range of motion). If the participant successfully completed
less than 8 or more than 12 repetitions, the load for subse-
quent sessions was adjusted accordingly. After each exercise

 Sotiety

session, participants ingested 25 g of whey protein isolate
(Leprino Foods, Denver, CO, USA).

2.5 | Immobilization

Immobilization was accomplished by applying an X-ACT
ROM knee brace (DonJoy, Vista, CA, USA) on the contralat-
eral non-training leg during the last two weeks of the study
(i.e., weeks 9 and 10). Prior to brace application, the leg ran-
domly assigned to be immobilized was only subjected to ac-
tivities of daily living. The angle of the brace was adjusted
to permit toe clearance during ambulation with crutches
without active hamstring flexion (~60° of flexion). The angle
was subsequently locked into place with tabs provided by the
manufacturer and secured with ties to prevent angle unlock-
ing. Tape was wrapped around the brace and an investigator's
signature was written such that if the brace was removed, the
tape would be damaged. The brace was briefly removed at
each exercise visit by an investigator and the (unweighted)
leg was inspected for signs of a deep vein thrombosis fol-
lowing a procedure previously described (Oates et al., 2010).
There were no reports of swelling or pain in the immobilized
limb, and only minor skin chaffing occurred.

2.6 | Magnetic resonance imaging

Participants underwent a fasted MRI scan of both thighs
on day 0 and upon study completion (day 70) for the as-
sessment of mid-thigh VLCSA, peak quadriceps CSA and
muscle volume. Each scan was performed in a 3-Tesla HD
Scanner (SIGNA MRI System; GE Medical, Milwaukee,
Wisconsin) at the Imaging Research Center (St. Joseph's
Healthcare, Hamilton, ON). Participants rested in a supine
position for ~10-15 minutes prior to scanning to normalize

Unilateral Resistance Training (3 days/week) ‘

Leg
Randomization

[ |

Study Week

Immobilization

8 10
" L |
' + i
=
= =

Ultrasound if

FIGURE 1

Schematic overview of the study. Subjects had one leg randomly assigned to perform 10 weeks of unilateral resistance exercise

training three days per week. The contralateral leg performed habitual activities during the first 8 weeks of the study and was immobilized from

week 8-10
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fluid shifts in the body. Axial (transverse) MR images were
obtained from both thighs from the distal end of the femur
to greater trochanter. A fast-recovery, fast spin-echo pulse
sequence was used, along with iterative decomposition of
water and fat with echo asymmetry and least-squares esti-
mation post-processing to obtain water-only, fat-only, in-
phase, and out-of-phase images of the thighs. The following
parameters were used: repetition time = 2000 msec, echo
time=30 msec, refocusing flip angle = 111 degrees, echo
train length = 6, Array coil spatial sensitivity encoding (par-
allel imaging factor) = 2, field of view = 42x21 c¢m, acquisi-
tion matrix = 512 X 256, 3 mm slice thickness, and 0 mm
slice gap. An average of 140 slices was acquired from each
participant. The acquisition was completed in two sections:
a lower stage and an upper stage, which were subsequently
stitched together by an MR technician. The total scan time
for both stages was approximately 11 min.

Images were downloaded from a secure server and
VLCSA was manually traced using the polygon selec-
tion tool in ImagelJ. For comparisons with the ultrasound,
mid-thigh VLCSA was analyzed from the image slice
corresponding to 50% of the distance between the greater
trochanter and lateral epicondyle of the femur, identified
using a coronal image as a reference. Peak quadriceps
CSA (i.e., the cross-sectional MRI image slice for which
the quadriceps CSA was maximal) and quadriceps volume
were quantified using semi-automatic software, Analyze
14.0 (AnalyzeDirect, Overland Park, NS) as previously
described (Holloway et al., 2019). First, the distal 20% of
thigh images and the proximal 30% of MRI images from
each leg were excluded from analysis due to an increased
difficulty to differentiate muscle groups at these extremes.
Total quadriceps CSA was subsequently traced manually
on every other image slice. The tracings were propagated to
untraced images and used to train an algorithm to differen-
tiate muscle from adipose and connective tissue. These im-
ages were in turn randomly checked for accuracy. Muscle
volume (cm3) was calculated as the sum of CSA values
from all of the analyzed image slices multiplied by the slice
thickness.

el

2.7 | Ultrasonography

Upon arrival to the laboratory after a ~ 10 h overnight fast,
participants lied supine for 10 minutes to normalize fluid
shifts in the body, while their feet were positioned in a cus-
tom foot-hold apparatus that prevented depression of the
thigh against the bed. During the first assessment, a mark
was made with permanent ink at a point equidistant be-
tween the greater trochanter of the femur and the lateral
epicondyle of the knee that was identified by palpation.
The medial border of the vastus lateralis was identified
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along this point and a second mark was made on the leg.
A straight line was then drawn down the leg perpendicular
to the surface of the bed with horizontal markings made
every 2 cm, which served as a guideline for ultrasound
probe placement. Transparent paper was used to trace this
guideline and any identifiable marks on the skin (moles,
birthmarks, scars, etc.) that could be used as reference
points for subsequent scans. To acquire images, a 50 mm
12.5 linear-array ultrasound probe (Vivid Q, GE Medical
Systems, Horten, Norway) was positioned at the start of
the vastus lateralis.

For the methodological trial, muscle thickness measure-
ments were obtained with the probe oriented along the longi-
tudinal axis of the vastus lateralis. To standardize the amount
of force applied on the leg, the ultrasound probe was fixed—
via a 90° angle bracket—to a strain gauge that displayed force
(Dillon Model GL, Fairmont, MN, USA). This apparatus was
in turn fixed to a vertical test stand with a movable clamp that
could be modified based on the size of the participant. Four
muscle thickness measurements were subsequently obtained
from each participant (one at 0.2, 0.5, 0.7, and 1.0 Newtons
(N) of applied force).

For the validation trial, a series of ~4—6 overlapping
images were acquired from the start to the end of the vas-
tus lateralis. To prevent depression of the muscle belly by
the probe—in accordance with data generated in our pilot
work—and to ensure adequate acoustic contact with the
skin, a thick layer of water-based gel (~2 cm) was applied
at the region of scanning and the probe was rested on top.
Muscle thickness and muscle CSA images were converted
from DICOM to.jpeg format using DICOM editing software
(Sante DICOM Editor, version 3.1.2, Athens, Greece) and
randomized by assigning to each image a letter and number
identifier (i.e., “A56”). Muscle thickness was quantified as
the linear distance from the superficial and deep fascial bor-
ders of the vastus lateralis. Images for CSA analysis were
stitched together using open-source image editing software
(GNU Image Manipulation Program v. 2.8.22, Mountain
View, CA, USA) by aligning subcutaneous fat, superficial
and deep aponeuroses, and intramuscular fat deposits be-
tween subsequent images and then traced using the polygon
tool in Imagel.

2.8 | Statistical analyses

All statistical analyses were performed using SPSS Statistics
for Mac, version 23.0 (IBM Corp., Armonk, NY, USA) with
the exception of sample size, which was calculated using
“pwr.r.test” from the “pwr” package in R (version 4.02).
Specifically, to achieve an effect size of 0.69 (Pearson's
r obtained from Franchi, Longo, et al., 2018) at a signifi-
cance level of 0.05 and power of 80%, 13 participants were
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TABLE 1 Participant characteristics,
Parameter
n=14
Age,y
Height, m
Mass, kg

Daily Steps
Activity, kcal-d™!

Energy intake, kcal-d™!
Dietary Protein, g-kg-d7l

En% Protein
En% CHO
En% Fat

required. Changes in muscle thickness over time and at dif-
ferent probe pressures were measured using a two-way re-
peated measures ANOVA. VLCSA(g was analyzed using a
two-way repeated-measures analysis of variance (ANOVA)
with time (3) and leg (2) as within-subjects’ factors. Changes
in VLCSAyj; were analyzed using a two-way repeated
measures ANOVA with time (2) and leg (2) as within-
subjects’ factor. If the ANOVA test revealed a significant
interaction, a Tukey's HSD post hoc test was employed to
interrogate pairwise differences between legs and across time
points. Pearson's correlations were run to assess the relation-
ship between the various measurements of muscle size (%
change from pre- to post- intervention) obtained by ultra-
sonography and MRI. Bland-Altman plots were constructed
to assess the agreement between ultrasonography with MRI.
Inter- and intra-rater reliability of VLCSAyg image analy-
ses were examined using a random series of 36 images and
a two-way random-effects model with absolute agreement
[i.e., ICC(2,2)] (Koo & Li, 2016). Two investigators (T.S
and T.T) independently stitched together and traced pre- and
post-intervention images to assess inter-rater reliability. One
investigator analyzed a randomized series of the same im-
ages from the same subjects ~8 weeks apart for the measure-
ment of intra-rater reliability. Interpretation of the strength
of each ICC was determined by referencing recommended
threshold values (Koo & Li, 2016). We also calculated the
95% Minimal Detectable Change (MDC) using the equation
discussed in (Weir, 2005):

MDC (95%) = SEM # /2 # 1.96

where SEM (Standard Error of the Measurement) and is equal
to the standard deviation of the change score between the first
and second stitching trial.

Data are plotted as box plots showing the group mean and
median, interquartile range (box), and maximum and mini-
mum (whiskers) values. Data are reported as means =+stan-
dard deviation (SD), and results were considered statistically
significant when p < 0.05.
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3 | RESULTS
3.1 | Methodological study

We could not consistently obtain forces of 0 N. That is,
even resting the probe on a relatively thick (~2 cm) layer of
gel produced variations in applied forces ranging from 0 N
to 0.2 N. Thus, to standardize force measurements, we set
0.2 N as the baseline “reference” force which, importantly,
did not visibly depress the skin overlying the vastus lateralis
at the point of measurement but ensured sufficient acoustic
contact with the gel for image quality. At this applied ref-
erence force, muscle thickness pre-RT was 28.8 + 4.3 mm.
However, muscle thickness values were significantly lower
(p < 0.05) when 0.5 N (28.1 & 4.4 mm), 0.7 N (27.6 = 4.5),
and 1.0 N (26.8 + 4.4 mm) of force was applied. Moreover,
significant differences in muscle thickness (p < 0.05) were
observed when 1.0 N versus 0.2 N of force were applied at
pre- and post- time points, respectively. We determined that
this increase was likely due to the greater relative force (and
thus the depression of the muscle) at the pre-RT time point
because, in the subset of subjects studied, we did not observe
a significant increase in muscle thickness when both pre- and
post-RT measurements were obtained at a force of 0.2 N
(p > 0.05). Thus, for the primary analysis (below) we elected
to obtain CSA images by resting the ultrasound probe on the
gel layer without depressing the underlying skin and mus-
cle—which corresponded to an applied probe pressure of less
than or equal to 0.2 N. Representative MRI and ultrasound
images of the vastus lateralis are shown in Figure 2.

3.2 | Validation study

3.2.1 | Participant Characteristics

Participant characteristics are displayed in Table 1. Briefly,
14 participants completed the intervention (21 + 3 years
old). We ascertained that two participants from the 14 were
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non-compliant with the immobilization protocol (changed flex-
ion angle of the brace, which enabled partial weight-bearing,
without authorization by study investigators), but were in-
cluded in the analysis because we were only concerned with
comparing muscle size measurements between US and MRI,
not the degree of atrophy per se. Inclusion or removal of the
non-compliant participants from the analysis did not change the
conclusions drawn from the data.

3.2.2 | Ultrasound Reliability and MDC

Intra-rater reliability was good to excellent with an ICC of
0.940 (95% CI: 0.875 to 0.972). Inter-rater reliability was
moderate to excellent (ICC=0.847; 95% CI: 0.666 — 0.926).
The SEM and MDC for our image stitching technique were

1.09 cm? and 3.03 cm?, respectively.

VLCSAys data are presented in Figure 3. VLCSAyg did not
differ between the RT and IMB limbs at baseline (p > 0.05).
VLCSAys increased from 27.2 + 4.4 to 29.4 + 5.2 cm” after
10 weeks of RT (7.9 + 3.8%; p < 0.05). There was no dif-
ference in VLCSAyy in the IMB leg from weeks 1 to 8,
but VLCSAyg was significantly reduced from 27.6 + 4.5
to 252 + 3.6 cm® in response IMB (weeks 8 to 10)
(—8.2%=+5.8%; p < 0.05).

323 | Mid-thigh VLCSAy;

3.2.4 | Mid-thigh VLCSA g, peak
VLCSA 1, and muscle volume

VLCSAyg; data are presented in Figure 4a. VLCSAypg,
increased from 27.3 + 5.3 to 29.6 + 6.4 cm® after RT

(7.8 + 4.5%; p < 0.05) and decreased from 27.4 + 5.3 to
24.9 + 4.5 cm? after IMB (-8.7 + 6.1%; p < 0.05). Peak
quadriceps CSA (Figure 4b) and quadriceps volume (Figure
4c) increased significantly by 5.9 + 3.9% and 6.4 + 3.7%
after RT, respectively. Relative to Pre-IM, peak quadriceps
CSA (—4.3 + 6.3%) and muscle volume (—4.3 + 6.0%) were
both significantly reduced in response to IMB (p < 0.05).

3.2.5 | Correlations

Statistically significant correlations were observed between
VLCSAyg and VLCSAyg; at baseline and 10 weeks in ac-
cordance with previous research(Franchi, Longo, et al., 2018;
Lixandrao et al., 2014) (r > 0.85 for all comparisons; Figures
5a and b). Furthermore, there were strong correlations be-
tween the percentage change in VLCSAyg and VLCSAyg;
(r = 0.95; Figure 5c¢), peak quadriceps CSA (r = 0.82; data
not shown), and quadriceps muscle volume (r = 0.83; data
not shown) when the data from both legs were combined.
When data were analyzed separately by intervention, the
correlations between the percentage change in VLCSAyg
and VLCSAg; (r = 0.85; Figure 5d), peak quadriceps CSA
(r=0.65; data not shown), and muscle volume (r = 0.67; data
not shown) in the IMB limb remained significant. After RT,
however, only the percentage change in VLCSA g remained
significantly correlated with VLCSAyg; (r = 0.67; Figure
5e).

3.2.6 | Bland-Altman Plots

A Bland-Altman plot showing the agreement between per-
centage change in VLCSAyg and VLCSAy; in response to
RT and IMB is displayed in Figure 6. There was minimal
bias between methods for the measurement of the percentage

FIGURE 2 Representatives images of vastus lateralis CSA (VLCSA) obtained from (a) B-mode ultrasonography, and (b) Magnetic resonance.

VLCSA was manually outlined in both images using open-source (ImagelJ) software by the investigators in a randomized and blinded manner
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FIGURE 3 Box and whisker plots showing (a) absolute values of VLCSA and (b) percentage change in VLCSA after 10 weeks of RT and
2 weeks of IMB. Upper and lower boundaries of the boxes represent the 75th and 25th quartiles, respectively. The whiskers represent the maxima

and minima. The central horizontal line represents the median and the cross represents the mean value. *denotes a statistical difference from Pre

value in the respective leg and # denotes a significant difference between legs at a given time point (p < 0.05)

change in VLCSA (=0.5 + 3.0%; p > 0.05). All measured
values fell within the upper (5.4%) and lower (—6.5%) limits
of agreement for both interventions with no evidence of bias
within the range of measured values.

4 | DISCUSSION
We report for the first time that ultrasound-derived measure-
ments of VLCSA hypertrophy and atrophy induced by resist-
ance training and immobilization are significantly correlated
with MRI-derived measurements when the appropriate care
is taken to avoid depression of skin and muscle. Moreover,
we showed that although changes in VLCSAyg did not cor-
relate with changes in muscle volume in response to RT,
there was a significant relationship between these indices in
response to immobilization. The reliability of our ultrasound
assessment technique was in the range of good to excellent,
and the bias compared to MRI was minimal. These results
suggest that B-mode ultrasonography is a suitable alterna-
tive for the assessment of muscle hypertrophy and muscle
atrophy under conditions of dynamic loading in young men.
MRI is considered to be the gold-standard for non-inva-
sively measuring muscle size. However, it is cost-prohibitive,
which has limited its routine use in physiological research. We
report that, with practice and skilled operation, ultrasonogra-
phy offers comparable tissue differentiation capabilities but it
cannot quantify large muscles like the vastus lateralis in a sin-
gle image because of the field of view limitation of US probes
(Esformes et al., 2002; Franchi, Raiteri, et al., 2018). The in-
troduction of the extended-field-of-view ultrasound technique
(EFOV; also called panoramic ultrasound), which relies on
algorithms to automatically overlap ultrasound images in re-
al-time, has been proposed as a solution and alternative to the
time-consuming process of stitching images together manually.
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This method has demonstrated a high degree of concordance
with MRI when measuring hamstrings CSA in an athletic co-
hort (Franchi et al., 2020), quadriceps muscle hypertrophy in
response to RT (Ahtiainen et al., 2010), and muscle atrophy in
response to bed rest (Scott et al., 2017). However, the EFOV
method is limited by the relative difficulty in applying con-
stant (and minimal) probe pressure throughout the scanning
process (Ahtiainen et al., 2010; Franchi, Raiteri, et al., 2018),
unless specially designed equipment is used to control probe
trajectory (Noorkoiv et al., 2010). In our view, probe pressure
is easier to control using the manual stitching technique that
we elected to use, which allows the operator to reset his/her
posture after capturing each image.

The technique of stitching several images together to over-
come the small field of view of traditional ultrasound probes
was developed ~15 years ago and was shown to provide valid
measurements of VLCSA in a small, homogenous population
of elderly adults (Reeves et al., 2004). Since this pioneering
work, other research groups have confirmed the applicability
and cross-sectional validity of this technique in larger sample
cohorts with a wider range of vastus lateralis CSA (Franchi,
Longo, et al., 2018; Lixandrao et al., 2014). Our data are
in broad agreement with these data (Franchi, Longo, et al.,
2018; Lixandrao et al., 2014), confirming the accuracy of
a single assessment of muscle CSA using ultrasound. More
recently, it was shown that obtaining one-dimensional mus-
cle thickness measurements using ultrasound, obviating the
need for serial image stitching, also correlates strongly with
MRI-derived measurements of VLCSA and muscle volume
(Franchi, Longo, et al., 2018). Together these findings pro-
vide support for the use of ultrasound to assess muscle size at
a single-time point, which has important clinical utility such
as effectively differentiating sarcopenic from non-sarcopenic
older persons (Ismail et al., 2015). However, the ability to
accurately measure changes in muscle size is arguably more
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FIGURE 4 Box and whisker plots showing (a) VLCSA, (b) peak
quadriceps CSA, and (c) quadriceps muscle volume before and after
RT (open box and whisker plots) and IMB (gray box and whisker
plots). Upper and lower boundaries of the boxes represent the 75th
and 25th quartiles, respectively. The whiskers represent the maxima
and minima. The central horizontal line represents the median and the
cross represents the mean value. *denotes a statistical difference from
Pre value in the respective leg and # denotes a significant difference
between legs at a given time point (p < 0.05)

important, as doing so allows researchers to test the efficacy
of dietary or exercise interventions or clinical conditions that
result in either hypertrophy or atrophy.

The use of US to quantify muscle hypertrophy in response to
resistance training is a relatively common practice and has led
to important insights regarding regional hypertrophy and other
morphological adaptations (i.e., changes in the pennation angle
and fascicle length Earp et al., 2015; Mangine et al., 2018; Wells
et al., 2014). However, very few studies have evaluated the va-
lidity of ultrasound against the reference standard to accurately
measure muscle growth. Franchi ef al demonstrated a significant
correlation between changes in muscle thickness assessed by
ultrasound after 12 weeks of unilateral RT and the correspond-
ing changes in VLCSA measured by MRI, indicating that US-
derived MT measurements could serve as a useful surrogate for
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mid-thigh VLCSA hypertrophy (Franchi, Longo, et al., 2018).
However, changes in MT were not correlated with changes in
muscle volume (Franchi, Longo, et al., 2018). In accordance
with these findings (Franchi, Longo, et al., 2018), we observed a
significant correlation between ultrasound- and MRI-measured
changes in mid-thigh VLCSA, but not between VLCSA and
muscle volume in response to RT. The reasons for this lack of
relationship are unclear but could be due to regional differences
in muscle hypertrophy (Earp et al., 2015; Franchi et al., 2014;
Franchi, Longo, et al., 2018; Mangine et al., 2018; Wells et al.,
2014). Indeed, changes in fascicle length—which have been re-
ported to occur—are more likely to affect the growth of distal
regions of the muscle (Jorgenson et al., 2020) and would, there-
fore, be undetected by a single measurement at the mid-point of
the thigh.

To circumvent the potential confounding influence of re-
gional hypertrophy, and strengthen the association between
ultrasound and MRI in future investigations, multiple images
could be obtained along the length of the muscle and volume
estimated using the Cavalieri principle (Infantolino et al.,
2007). Indeed, the measurement of vastus lateralis muscle
volume using ultrasound is largely concordant with volume
estimates derived from the hydrostatic weighing of cadaver
samples when applying this method (Infantolino et al., 2007).
Again, however, these measurements were made at a sin-
gle-time point (Infantolino et al., 2007) and the addition of
repeated measurements to assess changes over time will inev-
itably introduce additional error and likely weaken the asso-
ciation. These errors are likely to be magnified by not taking
into account the impact of probe pressure during serial image
acquisition. Thus, future research is warranted to investigate
whether the derivation of muscle volume from a series of US
images would strengthen the relationship between US and
MRI when assessing muscle hypertrophy.

In comparison to resistance exercise, there is a paucity
of literature assessing the efficacy of ultrasound to detect,
and accurately measure, changes in muscle size associated
with disuse and muscle-wasting conditions. Puthucheary
and colleagues showed that the loss of rectus femoris CSA
measured by ultrasound correlated with the extent of organ
failure and length of stay in critically ill patients admitted
to the ICU (Puthucheary et al., 2013). Thus, although the
authors did not formally assess the relationship between ul-
trasound and MRI measured muscle loss in these patients,
the correlations identified between ultrasound-derived
measurements of muscle size and clinically relevant out-
comes provided evidence that ultrasound might be useful
for quantifying skeletal muscle loss in a patient population
(Paris et al., 2017; Puthucheary et al., 2013). Scott et al re-
cently validated the use of panoramic ultrasound against
MRI for measuring changes in VLCSA in response to
bed-rest with or without an exercise counter-intervention
reporting close agreement between methods (Scott et al.,
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the dotted lines in Panels A through E represent the line of best fit and the 95% confidence intervals, respectively

2017). In line with their findings, we also observed a close
association between methods using image-stitching using
an ultrasound unit lacking automated panoramic capabil-
ities. We also provide novel data showing that the loss of
VLCSA in response to immobilization measured by US is
correlated with the reduction in muscle volume measured
by MRI. These data suggest that, in contrast to muscle hy-
pertrophy, muscle atrophy appears to be more homogenous
through the length of the muscle in response to immobili-
zation. However, whether ultrasound can detect early stage
smaller decreases in muscle size in response to shorter
term disuse (i.e., 3-7 days) requires further investigation.

4.1 | Limitations

The primary limitation of the present study is that we only
measured the vastus lateralis muscle at a single site using US.
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There is evidence that the quadriceps muscle group exhibits
regional muscle hypertrophy (Franchi et al., 2014; Franchi,
Longo, et al., 2018; Mangine et al., 2018; Wells et al., 2014),
which would be missed when only assessing the mid-thigh
region of one muscle. Indeed, as we discussed above, this
may be a major reason for the lack of correlation we observed
between VLCSA measurements by US and MRI-derived as-
sessments of muscle volume in response to RT. Obtaining
multiple measurements of VLCSA at different regions of the
thigh and deriving an estimate of muscle volume would, we
hypothesize, strengthen the association between methods.
Second, while the average changes in VLCSA observed in
our study exceed the minimal detectable change of 3.03 cm®
we calculated, our stitching technique may not be suitable
to detect more subtle changes in muscle size that occur with
other interventions that induce comparatively minor changes
in VLCSA. Finally, our analysis included only younger,
college-aged men, a population with a relatively thin layer
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of subcutaneous adipose tissue overlying the muscle. Future
research is needed to determine how US compares to MRI in
older populations and in overweight/obese individuals with
thicker subcutaneous adipose depots that may reduce the ac-
curacy of our image stitching technique.

5 | CONCLUSIONS

We show that B-mode ultrasonography provides a compara-
ble alternative to magnetic resonance imaging for measuring
changes in muscle size in response to loading-induced hy-
pertrophy and immobilization-induced atrophy of the vastus
lateralis in young men. In addition, we highlight that it is
important to not depress the skin during image acquisition,
and that caution is warranted when comparing ultrasound-
derived muscle CSA and MRI-derived muscle volume.
Further work is required to establish that this conclusion
is valid in women and in older persons or other clinical
scenarios.

ACKNOWLEDGMENTS

TS was funded by the Ontario Graduate Scholarship dur-
ing the conduct of this study. This work was supported
by a National Science and Engineering Research Council
(NSERC) of Canada Discovery grants to SMP and MIM
and a National Science and Engineering Research Council
(NSERC) of Canada Research Tools and Instruments grants
to MIM.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

52

FUNDING INFORMATION

TS was funded by the Ontario Graduate Scholarship dur-
ing the conduct of this study. This work was supported
by a National Science and Engineering Research Council
(NSERC) of Canada Discovery grants to SMP and MIM
and a National Science and Engineering Research Council
(NSERC) of Canada Research Tools and Instruments grants
to MIM.

ORCID

Stuart M. Phillips ‘© https://orcid.org/0000-0002-1956-4098

REFERENCES

Abhtiainen, J. P., Hoffren, M., Hulmi, J. J., Pietikainen, M., Mero, A. A.,
Avela, J., & Hakkinen, K. (2010). Panoramic ultrasonography is a
valid method to measure changes in skeletal muscle cross-sectional
area. European Journal of Applied Physiology, 108, 273-279.

Chen, Y. W., Gregory, C., Ye, F., Harafuji, N., Lott, D., Lai, S. H., Mathur,
S., Scarborough, M., Gibbs, P., Baligand, C., & Vandenborne, K.
(2017). Molecular signatures of differential responses to exercise
trainings during rehabilitation. Biomed Genet Genom, 2.

Davidsen, P. K., Gallagher, I. J., Hartman, J. W., Tarnopolsky, M. A.,
Dela, F., Helge, J. W., Timmons, J. A., & Phillips, S. M. (2011).
High responders to resistance exercise training demonstrate differ-
ential regulation of skeletal muscle microRNA expression. Journal
of Applied Physiology, 1985(110), 309-317.

Devries, M. C., Breen, L., von Allmen, M., Macdonald, M. J., Moore,
D. R, Offord, E. A., Horcajada, M. N., Breuillé, D., & Phillips,
S. M. (2015). Low-load resistance training during step-reduction
attenuates declines in muscle mass and strength and enhances an-
abolic sensitivity in older men. Physiological Reports, 3, 12493,

Earp, J. E., Newton, R. U., Cormie, P., & Blazevich, A. J. (2015).
Inhomogeneous quadriceps femoris hypertrophy in response to
strength and power training. Medicine and Science in Sports and
Exercise, 47, 2389-2397.

Esformes, J. I, Narici, M. V., & Maganaris, C. N. (2002). Measurement
of human muscle volume using ultrasonography. European
Journal of Applied Physiology, 87, 90-92.

Fernandez-Gonzalo, R., Tesch, P. A., Lundberg, T. R., Alkner, B.
A., Rullman, E., & Gustafsson, T. (2020). Three months of
bed rest induce a residual transcriptomic signature resilient to
resistance exercise countermeasures. The FASEB Journal, 34,
7958-7969.

Franchi, M. V., Atherton, P. J., Reeves, N. D., Fluck, M., Williams,
J., Mitchell, W. K., Selby, A., Beltran Valls, R. M., & Narici, M.
V. (2014). Architectural, functional and molecular responses to
concentric and eccentric loading in human skeletal muscle. Acta
Psychologica, 210, 642-654.

Franchi, M. V., Fitze, D. P., Hanimann, J., Sarto, F., & Sporri, J. (2020).
Panoramic ultrasound vs. MRI for the assessment of hamstrings
cross-sectional area and volume in a large athletic cohort. Scientific
Reports, 10, 14144,

Franchi, M. V., Longo, S., Mallinson, J., Quinlan, J. I., Taylor, T,
Greenhaff, P. L., & Narici, M. V. (2018). Muscle thickness cor-
relates to muscle cross-sectional area in the assessment of strength
training-induced hypertrophy. Scandinavian Journal of Medicine
and Science in Sports, 28, 846-853.



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

STOKES ET AL.

oo = Physiological RepOrtsJﬂ

Franchi, M. V., Raiteri, B. J., Longo, S., Sinha, S., Narici, M. V., &
Csapo, R. (2018). Muscle architecture assessment: strengths,
shortcomings and new frontiers of in vivo imaging techniques.
Ultrasound in Medicine and Biology, 44, 2492-2504.

Glover, E. I, Phillips, S. M., Oates, B. R., Tang, J. E., Tarnopolsky, M.
A., Selby, A., Smith, K., & Rennie, M. J. (2008). Immobilization
induces anabolic resistance in human myofibrillar protein syn-
thesis with low and high dose amino acid infusion. Journal of
Physiology, 586, 6049—6061.

Haun, C. T., Vann, C. G., Roberts, B. M., Vigotsky, A. D., Schoenfeld,
B.J., & Roberts, M. D. (2019). A critical evaluation of the biologi-
cal construct skeletal muscle hypertrophy: size matters but so does
the measurement. Frontiers in Physiology, 10, 247.

Holloway, T. M., McGlory, C., McKellar, S., Morgan, A., Hamill, M.,
Afeyan, R., Comb, W., Confer, S., Zhao, P., Hinton, M., Kubassova,
0., Chakravarthy, M. V., & Phillips, S. M. (2019). A novel amino
acid composition ameliorates short-term muscle disuse atrophy in
healthy young men. Frontiers in Nutrition, 6, 105.

Hubal, M. J., Gordish-Dressman, H., Thompson, P. D., Price, T. B.,
Hoffman, E. P., Angelopoulos, T. J., Gordon, P. M., Moyna, N.
M., Pescatello, L. S., Visich, P. S., Zoeller, R. F., Seip, R. L., &
Clarkson, P. M. (2005). Variability in muscle size and strength gain
after unilateral resistance training. Medicine and Science in Sports
and Exercise, 37, 964-972.

Infantolino, B. W., Gales, D. J., Winter, S. L., & Challis, J. H. (2007).
The validity of ultrasound estimation of muscle volumes. Journal
of Applied Biomechanics, 23,213-217.

Ismail, C., Zabal, J., Hernandez, H. J., Woletz, P., Manning, H., Teixeira,
C., Dipietro, L., Blackman, M. R., & Harris-Love, M. O. (2015).
Diagnostic ultrasound estimates of muscle mass and muscle qual-
ity discriminate between women with and without sarcopenia.
Frontiers in Physiology, 6, 302.

Janssen, 1., Heymsfield, S. B., & Ross, R. (2002). Low relative skeletal
muscle mass (sarcopenia) in older persons is associated with func-
tional impairment and physical disability. Journal of the American
Geriatrics Society, 50, 889-896.

Janssen, L., Heymsfield, S. B., Wang, Z. M., & Ross, R. (2000). Skeletal
muscle mass and distribution in 468 men and women aged 18-88
yr. Journal of Applied Physiology, 1985(89), 81-88.

Jorgenson, K. W., Phillips, S. M., & Hornberger, T. A. (2020). Identifying
the structural adaptations that drive the mechanical load-induced
growth of skeletal muscle: A Scoping Review. Cells, 9.

Koo, T. K., & Li, M. Y. (2016). A guideline of selecting and reporting
intraclass correlation coefficients for reliability research. Journal
of Chiropractic Medicine, 15, 155-163.

Lixandrao, M. E., Ugrinowitsch, C., Bottaro, M., Chacon-Mikahil, M.
P., Cavaglieri, C. R., Min, L. L., de Souza, E. O., Laurentino, G.
C., & Libardi, C. A. (2014). Vastus lateralis muscle cross-sectional
area ultrasonography validity for image fitting in humans. Journal
of Strength & Conditioning Research, 28, 3293-3297.

Mangine, G. T., Redd, M. J., Gonzalez, A. M., Townsend, J. R., Wells,
A.J., Jajtner, A. R., Beyer, K. S., Boone, C. H., la Monica, M. B.,
Stout, J. R., Fukuda, D. H., Ratamess, N. A., & Hoffman, J. R.
(2018). Resistance training does not induce uniform adaptations to
quadriceps. PLoS One, 13, 0198304

Mitsiopoulos, N., Baumgartner, R. N., Heymsfield, S. B., Lyons, W.,
Gallagher, D., & Ross, R. (1998). Cadaver validation of skeletal mus-
cle measurement by magnetic resonance imaging and computerized
tomography. Journal of Applied Physiology (1985), 85, 115-122.

53

Moore, D. R., Kelly, R. P., Devries, M. C., Churchward-Venne, T. A.,
Phillips, S. M., Parise, G., & Johnston, A. P. (2018). Low-load re-
sistance exercise during inactivity is associated with greater fibre
area and satellite cell expression in older skeletal muscle. Journal
of Cachexia, Sarcopenia Muscle, 9, 747-754.

Morton, R. W., Oikawa, S. Y., Wavell, C. G., Mazara, N., McGlory,
C., Quadrilatero, J., Baechler, B. L., Baker, S. K., & Phillips, S.
M. (2016). Neither load nor systemic hormones determine resis-
tance training-mediated hypertrophy or strength gains in resis-
tance-trained young men. Journal of Applied Physiology, 121(1),
129-138..

Nijholt, W., Scafoglieri, A., Jager-Wittenaar, H., Hobbelen, J. S. M., &
van der Schans, C. P. (2017). The reliability and validity of ultra-
sound to quantify muscles in older adults: a systematic review. J
Cachexia Sarcopenia Muscle, 8, 702-712.

Oates, B. R., Glover, E. 1., West, D. W., Fry, J. L., Tarnopolsky, M. A., &
Phillips, S. M. (2010). Low-volume resistance exercise attenuates
the decline in strength and muscle mass associated with immobili-
zation. Muscle and Nerve, 42, 539-546.

Paris, M. T., Lafleur, B., Dubin, J. A., & Mourtzakis, M. (2017).
Development of a bedside viable ultrasound protocol to quantify
appendicular lean tissue mass. Journal of Cachexia Sarcopenia
Muscle, 8, 713-726.

Parker, L., Nazarian, L. N., Carrino, J. A., Morrison, W. B.,
Grimaldi, G., Frangos, A.J., Levin, D. C., & Rao, V. M. (2008).
Musculoskeletal imaging: medicare use, costs, and potential for
cost substitution. Journal of the American College of Radiology,
5, 182-188.

Powers, S. K., Lynch, G. S., Murphy, K. T., Reid, M. B., &
Zijdewind, I. (2016). Disease-induced skeletal muscle atrophy
and fatigue. Medicine and Science in Sports and Exercise, 48,
2307-2319.

Puthucheary, Z. A., Rawal, J., McPhail, M., Connolly, B., Ratnayake,
G., Chan, P., Hopkinson, N. S., Phadke, R., Dew, T., Sidhu, P.
S., Velloso, C., Seymour, J., Agley, C. C., Selby, A., Limb, M.,
Edwards, L. M., Smith, K., Rowlerson, A., Rennie, M. J., ...
Montgomery, H. E. (2013). Acute skeletal muscle wasting in criti-
cal illness. JAMA, 310, 1591-1600.

Reeves, N. D.,Maganaris, C.N., & Narici, M. V. (2004). Ultrasonographic
assessment of human skeletal muscle size. European Journal of
Applied Physiology, 91, 116-118.

Scott,J. M., Martin, D. S., Ploutz-Snyder, R., Matz, T., Caine, T., Downs,
M., Hackney, K., Buxton, R., Ryder, J. W., & Ploutz-Snyder, L.
(2017). Panoramic ultrasound: a novel and valid tool for monitor-
ing change in muscle mass. Journal of Cachexia, Sarcopenia and
Muscle, 8, 475-481.

Stokes, T., Timmons, J. A., Crossland, H., Tripp, T. R., Murphy, K.,
McGlory, C., Mitchell, C. J., Oikawa, S. Y., Morton, R. W.,
Phillips, B. E., Baker, S. K., Atherton, P. J., Wahlestedt, C., &
Phillips, S. M. (2020). Molecular transducers of human skeletal
muscle remodeling under different loading states. Cell Reports, 32,
107980.

Weir, J. P. (2005). Quantifying test-retest reliability using the intra-
class correlation coefficient and the SEM. Journal of Strength
Conditioning Research, 19, 231-240.

Wells, A. J., Fukuda, D. H., Hoffman, J. R., Gonzalez, A. M., Jajtner,
A.R., Townsend, J. R., Mangine, G. T., Fragala, M. S., & Stout, J.
R. (2014). Vastus lateralis exhibits non-homogenous adaptation to
resistance training. Muscle and Nerve, 50, 785-793.



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

otiz | Physiological Reports =% N\ Hese STOKES 11 v
Wilson, D., Breen, L., Lord, J. M., & Sapey, E. (2018). The challenges
of muscle biopsy in a community based geriatric population. BMC How to cite this article: Stokes T, Tripp TR, Murphy
Research Notes, 11, 830. K, et al. Methodological considerations for and
Wolfe, R. R. (2006). The underappreciated role of muscle in health and validation of the ultrasonographic determination of

disease. American Journal of Clinical Nutrition, 84, 475-482. human skeletal muscle hypertrophy and atrophy
Yasuda, N., Glover, E. L, Phillips, S. M., Isfort, R. J., & Tarnopolsky,

M. A. (2005). Sex-based differences in skeletal muscle function Physiol Rep. 2021;9:¢14683. https:/doi.org/10.14814/

and morphology with short-term limb immobilization. Journal of hy2.14683
Applied Physiology, 1985(99), 1085-1092.

54



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

CHAPTER 3:

Molecular Transducers of Human Skeletal Muscle Remodelling under Different
Loading States.
Published in Cell Reports 2020. 32(5): 107980

Published under the Creative Commons Attribution License 4.0

55



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

Cell Reports

Molecular Transducers of Human Skeletal Muscle
Remodeling under Different Loading States

Graphical Abstract

10 weeks of
2 weeks of Resistance
Immobilization A A‘u Training

T+ s%h(Htostsn) /T (g

7

\€
Mean difference /
between legs

~7%

¢ -9% (1 to -18%)

-

> 2000 Regulated Genes

+

mmmmmmme |

....................... -
: :
: Independent 1
L APLNR Validation BCAT2
SCap (D oAl =) Dot
SUTR  Codng Seauence  SUTR G &g T“‘"" BUE
Y = i
e RNAI - X
1000000 ) )m ) _ lﬁrss"'\\
bove Protein Synthesis «Q fEFf p
141-Gene B
Growth Signature

S

¢ 7 Gene-Gene Interaction

Endothelial & Angiogenic Genes Mitochondrial Genes

Highlights
e Muscle loading and unloading regulate the untranslated
regions of mMRNA

o Regulated genes form functional networks central to muscle
plasticity

e 141 genes correlate with muscle growth in 3 independent
validation cohorts

e Several growth-correlated network genes directly regulate
myocyte protein synthesis

® Stokes et al., 2020, Cell Reports 32, 107980
) August 4, 2020 © 2020 The Author(s).
https://doi.org/10.1016/j.celrep.2020.107980

56

Authors

Tanner Stokes, James A. Timmons,
Hannah Crossland, ..., Phillip J. Atherton,
Claes Wahlestedt, Stuart M. Phillips

Correspondence
phillis@mcmaster.ca

In Brief

Stokes et al. identify and validate a core
set of genes that are regulated in
proportion to the magnitude of muscle
protein turnover with loading. Several of
these genes correlate with muscle growth
only at their 3’ or 5’ untranslated region,
and a subset directly influences protein
synthesis in vitro.

¢? CelPress



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

Cell Reports @ CellPress

OPEN ACCESS

Molecular Transducers of Human Skeletal Muscle
Remodeling under Different Loading States

Tanner Stokes,” James A. Timmons,? Hannah Crossland,® Thomas R. Tripp,* Kevin Murphy,' Chris McGlory,>
Cameron J. Mitchell,® Sara Y. Oikawa,' Robert W. Morton,” Bethan E. Phillips,® Steven K. Baker,” Phillip J. Atherton,?
Claes Wahlestedt,? and Stuart M. Phillips’-8*

1Department of Kinesiology, McMaster University, Hamilton, ON, Canada

2Center for Therapeutic Innovation, University of Miami Miller School of Medicine, Miami, FL, USA

3School of Medicine, Royal Derby Hospital, University of Nottingham, Derby, UK

“4Faculty of Kinesiology, University of Calgary, Calgary, AB, Canada

5School of Kinesiology and Health Studies, Queens University, Kingston, ON, Canada

8School of Kinesiology, University of British Columbia, BC, Canada

"Physical Medicine and Rehabilitation, Department of Medicine, McMaster University, Hamilton, Canada

8Lead Contact

*Correspondence: phillis@mcmaster.ca

https://doi.org/10.1016/j.celrep.2020.107980

SUMMARY

Loading of skeletal muscle changes the tissue phenotype reflecting altered metabolic and functional de-
mands. In humans, heterogeneous adaptation to loading complicates the identification of the underpinning
molecular regulators. A within-person differential loading and analysis strategy reduces heterogeneity for
changes in muscle mass by ~40% and uses a genome-wide transcriptome method that models each
mRNA from coding exons and 3 and 5 untranslated regions (UTRs). Our strategy detects ~3-4 times
more regulated genes than similarly sized studies, including substantial UTR-selective regulation undetected
by other methods. We discover a core of 141 genes correlated to muscle growth, which we validate from
newly analyzed independent samples (n = 100). Further validating these identified genes via RNAi in primary
muscle cells, we demonstrate that members of the core genes were regulators of protein synthesis. Using
proteome-constrained networks and pathway analysis reveals notable relationships with the molecular char-

acteristics of human muscle aging and insulin sensitivity, as well as potential drug therapies.

INTRODUCTION

Increased loading of skeletal muscle induces muscle fiber hy-
pertrophy requiring the remodeling of myofibrillar and extracel-
lular protein lattices. In contrast, unloading (UL) results in fiber
atrophy, reductions in protein content, and a more fatigable tis-
sue phenotype. In humans, voluntary loading (via resistance ex-
ercise training [RT]) leads to a highly heterogeneous physiolog-
ical adaptation across individuals, which is associated with
differential molecular response (Davidsen et al., 2011; Keller et
al., 2011; Timmons et al., 2005). The implications of this hetero-
geneity are substantial, influencing muscle insulin sensitivity and
age-related musculoskeletal frailty (Timmons et al., 2018; von
Haehling et al., 2012) and potentially underpinning the compro-
mised growth response in older individuals (Da Boit et al., 2016;
Kosek et al., 2006). Less appreciated is the fact that the UL of
human muscle also results in highly variable losses of muscle
mass (Glover et al., 2008; Yasuda et al., 2005). The key regula-
tors of heterogeneous muscle remodeling in response to
loading and UL are unknown.

Collapsing data across individuals showing divergent physio-
logical adaptation, as well as the use of small sample sizes, limits
the reliable discovery of molecular regulators (Sweeney et al.,

2017; Timmons, 2011). In contrast, accounting for physiological
heterogeneity helps identify genes that regulate exercise adap-
tation in humans (Adami et al., 2018; Peter et al., 2014). Small-
scale human physiology studies that focus on in-depth pheno-
typing limit reliable correlation modeling (Cohain et al., 2017;
Schonbrodt and Perugini, 2013), particularly for genome-wide
omics. The increasing use of omics has advanced our under-
standing of the molecular regulators of loading; however, prote-
omics applied to muscle tissue captures a very limited sample of
the protein-coding genome (Camera et al., 2017), which limits
the validity of pathway analysis (Timmons et al., 2015). Unbiased
transcriptome profiling can be more reliable, and variation in
RNA can explain up to 75% of the variation in protein abun-
dance, with some exceptions (Li and Biggin, 2015). Neverthe-
less, it has been reported that RNA does not reliably predict
changes in protein abundance during muscle loading (Robinson
et al., 2017). Typically, RNA guantification relies on technology
that averages across an otherwise complex set of transcripts
from a gene (Shalek et al., 2013) or uses short-read RNA
sequencing that misses significant proportions of the tissue tran-
scriptome (Sood et al., 2016). Thus, suboptimal RNA profiling
may contribute to a discordance between muscle RNA and pro-
tein abundance (Robinson et al., 2017).

Cell Reports 32, 107980, August 4, 2020 © 2020 The Author(s). 1
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We used a paired unilateral loading (10 weeks of progressive RT) and unloading (UL; 2 weeks of UL) model in combination with genome-wide transcriptomic
analysis (Timmons et al., 2018) to study differential expression of gene UTRs and protein coding regions. Probes were subjected to extensive filtering before
downstream analysis (see STAR Methods). Significance analysis of microarrays implemented in the R programming environment (SAMR) was used to detect
significantly regulated genes (Tusher et al., 2001), which were then used as an input list for quantitative network analysis using the MEGENA package for R (Song
and Zhang, 2015). We also determined which genes played a role in regulating dynamic lean tissue growth in independent cohorts (total n = 100). Highly co-
regulated genes and growth-correlated gene lists were used as input in metascape.org and https://www.networkanalyst.ca to characterize protein-protein

interaction networks and drug signatures.

We hypothesized that a method that reduced physiological het-
erogeneity to loading states and improved the fidelity of RNA
quantification (Figure 1) would allow the improved identification
of the molecular regulators of adaptation. We contrasted muscle
subjected to a loading hypertrophic stimulus with the paired
(contralateral) muscle subjected to UL to induce atrophy (a model
called HypAt). The aim of the HypAt model is to measure molecu-
lar responses to loading and UL within an individual to reduce het-
erogeneity and more readily reveal potential regulators. We char-
acterized phenotypic responses to HypAt and implemented an
approach to quantify both full-length mRNA transcripts (FL-
ENST) and the untranslated regions (UTRs) of the same “gene,”
as they can regulate translational efficiency (Mayr, 2017). We es-
tablished key genes regulated during gains in lean mass in three
independent cohorts, some of which directly regulate protein syn-
thesis in vitro. We used proteome-constrained network and
pathway analyses to discover relationships between the trans-
ducers of dynamic muscle remodeling, muscle aging, and insulin
resistance and match molecular signatures to potentially useful
US Food and Drug Administration (FDA)-approved drugs.

RESULTS
Muscle Growth and Integrated Myofibrillar Protein
Synthesis

Participant characteristics for the paired analysis (HypAt) are dis-
played in Table S1 (see STAR Methods for the demographics of
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the additional clinical studies). Dietary macronutrient intakes
were stable during the study (17% + 6% protein, 49% + 15%
carbohydrate, 32% + 12% fat). The protein consumed was 1.5
+0.79g-kg ' - dayand 1.7 £0.2 g - kg~ on training days, suf-
ficient to fully support muscle hypertrophy (Morton et al., 2018).
At baseline, the daily step count averaged 9,900 + 5,100 steps
per day and remained unchanged throughout the study. The
average changes in function were as expected—isometric
maximal voluntary contraction torque (ISO-MVC) increased by
14% after RT (median: 5.6%; range: —2.5% to 50.1%; p <
0.05) and decreased by ~14% following UL (median: —12.7%;
range: —1.3% to —28.3%; p < 0.05). Leg extension strength
increased by 48% (median: 46%; range: 13%-100%) and leg
press by 67% after RT (median: 72%; range: 13%-158%; p <
0.05). Orally administered deuterated water and muscle biopsies
quantified integrated myofibrillar protein synthesis (iMyoPS)
rates (Wilkinson et al., 2014) (deuterium enrichment in saliva
over time is shown in Figure S1E). Pre-intervention iMyoPS
was 1.37% =+ 0.07% day ', consistent with earlier work (Brook
et al., 2016). iMyoPS increased 12.6% after 10 weeks of RT
and decreased 9.5% with 2 weeks of UL (p < 0.05; Figure 2A).
In HypAt, leg lean mass (LLM; by dual-energy X-ray absorptiom-
etry [DXA]) increased by ~5% (median: 4.2%; range: —1.2% to
14.0%; p < 0.05) in response to RT, while the immobilized leg
demonstrated a 3.4% decrease (median: —3.0%; range: 0.5 to
—8.4%; p < 0.05; Figure 2B). In addition, we found, using
magnetic resonance imaging, that mid-thigh vastus lateralis
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cross-sectional area (VLCSA) increased by 8.1% following RT
(median: 8.2%; range: 0.9%-15%; p < 0.05), whereas VLCSA
was reduced in the UL leg by 9.0% (median: —6.8%; range:
0.4 to —18.5%; p < 0.05; Figure S1A). Quadriceps volume (Fig-
ure S1B) and peak quadriceps CSA (Figure S1C) demonstrated
a similar pattern. Calculating the individual physiological re-
sponses, as proposed (HypAt), reduced the inter-subject hetero-
geneity for change in muscle size by almost half (coefficient of
variation [CoV] was 90%, 88%, and 49% for RT, UL, and HypAt,
respectively). Thus, each subject provided a more consistent dif-
ferential change in muscle mass, and hence improved the valid-
ity of any means-based analyses.

Functional RNA Networks Are in High Agreement with
Established Proteome Responses to Exercise

Global muscle transcriptomes were generated from four inde-
pendent clinical studies using the Affymetrix HTA 2.0 array. A
probe set signal, based on ensemble identifiers (Dai et al.,
2005), either represented a FL-ENST or the 5 UTR or the 3’
UTR signal from a FL-ENST. For FL-ENST versus 3' UTR com-
parisons, there were 32,307 probe sets, while for FL-ENST
versus 5’ UTR, there were 28,291. This resulted in 44,358 largely
protein-coding probe sets, representing 11,628 genes. For FL-
ENST differential analysis, 18% of the 11,628 genes had at least
1 FL-ENST regulated (false discovery rate [FDR] <5%, fold
change [FC] >1.2; 1,435 upregulated and 649 downregulated;
Data S1). There were more genes regulated by measuring their
3’ UTR than the FL-ENST (Figure 3A; Data S1). There were
1,162 upregulated and 1,200 downregulated 3’ UTR (fewer 5’
UTRs were regulated; 553 genes upregulated and 206 downre-
gulated; Data S1). Compared with clinical studies using interven-
tions of similar duration (Damas et al., 2019; Melov et al., 2007;
Phillips et al., 2013; Raue et al., 2012), our approach identified
~4 times more regulated molecular events. The regulated
groups of genes had the expected roles in extracellular matrix re-
modeling, mitochondrial biology, and angiogenic processes
(Figure 3B; Data S1).

The measurement of changes in the UTR signal allows for the
identification of factors, beyond mRNA abundance, that influ-
ence translation. For example, a greater 3" UTR:protein coding
sequence (CDS) ratio can lead to lower protein production (Floor
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Figure 2. Dynamic Muscle Loading Alters
* Muscle Protein Synthesis (MPS) and Muscle
Size
(A) Absolute change in integrated myofibrillar pro-
tein synthesis rates (n = 12).
(B) Percentage change in leg lean mass (LLM) after
10 weeks of unilateral RT and 2 weeks of UL,
respectively (n = 12). *Statistically different from Pre
(baseline value); #statistically different from RT
value (p < 0.05).
In both panels, the boxes include the 25", 50™", and
75" quartiles and whiskers represent the maximum
and minimum values. The mean value is depicted
by +.
See also Figure S1.

*#

RT uL

and Doudna, 2016; Kocabas et al., 2015), presumably reflecting
increased miRNA and RNA-binding protein target sites within the
lengthened 3’ UTR. For HypAt upregulated genes, the pattern
was >70% consistent between FL-ENST and the UTR signals;
however, this consistency was reduced to 40% for downregu-
lated genes (Data S1). There were >1,000 genes that were statis-
tically “regulated” only at their UTR signal (Figure 3A; Data S1).
We applied a heuristic method (see Method Details) to identify
genes that demonstrated a distinct pattern of regulation across
the 3 signals, revealing a subset of FL-ENST (n = 112 genes),
3 UTR (n = 200 genes), and 5’ UTR transcripts (n = 62 genes),
which demonstrated selective differential regulation in vivo
(e.g., FL-ENST upregulated with reduced 5’ UTR signals or 3
UTR signals reduced more than the FL-ENST signal, indicating
a shift in the mRNA population; Data S1). For example, seven
genes involved in the repair of double-strand DNA breaks
(HUS1B, LIG3, MRNIP, RAD51C, RIF1, SPIDR, and ZFYVE26)
had unchanged levels of MRNA, yet their 3’ UTR signal was sub-
stantially reduced. The 3’ UTR of branched-chain amino acid
transaminase 2 (BCAT2), a mitochondrial branched-chain amino
acid catabolism gene, increased on average, indicating that the
BCAT2 population of mRNAs in muscle had longer 3' UTRs dur-
ing gains in lean mass. Furthermore, there were 275 discordantly
regulated genes at the 3' UTR versus 5' UTR (Data S1). The bio-
logical processes carried out by these genes included develop-
mental and peptide or K48-linked de-ubiquitination (Figure 3C).

We used quantitative network modeling (Song and Zhang,
2015) to demonstrate that the HypAt-regulated genes formed
significant gene expression networks (Data S1). This method
identifies groups of co-regulated genes and does so indepen-
dently of any knowledge of gene function (i.e., it is data driven).
The identification of known gene-gene relationships provides in-
ternal validation and a framework to assign genes of unknown
function (van Dam et al., 2015). Analysis of the FL-ENST yielded
networks centered around mitochondrial genes (e.g., NDUFS3,
reflecting tight coordination of the mitochondrial transcriptome;
Figure S2). The significant ontology categories, beyond tissue
bias (Timmons et al., 2015), included Gene Ontology
(GO):0055114 “oxidation-reduction process” (p < 1 x 107'%)
for the NDUFS3 network. Another major network centered
around Dedicator of Cytokinesis 1 (DOCKT7) (a 312-gene network;
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Figure S2), a Rho guanosine triphosphatase (GTPase)-related
gene regulated by mechanical strain (Copley Salem et al., 2018)
and genetically linked to cachexia (McDonald et al., 2017). The
top ontology category of the DOCK1 network was GO:0040011
“self-propelled movement of a cell” (p < 1 x 10~ '"). These ana-
lyses indicate that the molecules that we identified as regulated
in the HypAt model reflect functional networks central to muscle
tissue physiology, including many of the same features identified
using proteome analysis (Robinson et al., 2017).

Proteome-Constrained Network Modeling Reveals
Growth-Regulating Pathways

Genes regulated in a manner correlated with net muscle growth
may be responsible for inter-subject variation in exercise-induced

4 Cell Reports 32, 107980, August 4, 2020

60

a°a

5'UTR Gene

inner mitochondrial membrane protein complex

Mmbrane transport
ing

air via homologous recombination

Siive. regu\allrm ol Sainale apaptotic signaling pathway in absence of igand

Brot
Bosiivelrcoiation of antigen receptor.mediated signaling pathway
fon 8 hon-canchical Wit S Gnaiing pathnay

Cell Reports

Figure 3. The Untranslated Regions (UTRs)
of Genes Are Subject to Extensive Regulation
by Dynamic Muscle Loading States

(A) Venn diagrams show the extent of overlap in FL-
ENST, 3' UTR, and 5' UTR gene expression. More
genes showed regulation at the 3' UTR than at the
FL-ENST level; however, there was substantial
overlap.

(B and C) Heatmaps showing (B) functional pathway
enrichment based on gene region (5’ UTR, 3’ UTR,
or FL-ENST) and (C) the significance level of
different Gene Ontology pathways by transcript
type: FL-ENST only versus UTR only versus differ-
ential 3 UTR/5" UTR regulation only. The ontology
enrichment scores are relatively modest after
correction for tissue and platform bias. Heatmaps
were generated using Metascape (metascape.org).
The colors indicate the level of significance, with the
darker colors being more significant. The gray
boxes are non-significant results.
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muscle mass. We used 3 independent
studies (n = 100 individuals, 200 HTA 2.0
gene chips; Data S1), each with DXA-
measured changes in LLM following exer-
cise training (Mitchell et al., 2014; Morton
etal., 2016; Phillips et al., 2017) to establish
which of the ~2,000 HypAt-regulated
genes were potential regulators of growth.
For reliable estimates, sample sizes of
>30 are required for correlation analysis
(Gobbi and Jurman, 2015; Schonbrodt
and Perugini, 2013). We calculated pre-
post training differential probe set signal
and Spearman rank correlation across
each study and then aggregated consistent
(directionality) correlation coefficients and
found that 141 genes were correlated in a
consistent manner with muscle mass gains
(either at the FL-ENST, 3’ UTR or 5 UTR
level) and were regulated in the HypAt
model. Genes correlating with muscle
growth coded for proteins involved in purine
ribonucleoside monophosphate biosyn-
thesis (e.g., AMP, guanosine monophosphate [GMP], inosine
monophosphate [IMP], and xanthosine monophosphate [XMP]),
mitochondrial biology (Figure S3, inset) and included numerous
positive regulators shown previously, such as the apelin receptor
(APLNR, upregulated in HypAt, correlation coefficient (CC) =
0.34), a known mediator of hypertrophy (Hwangbo et al., 2017;
Vinel et al., 2018). APLNR negatively co-varied with known nega-
tive regulators of hypertrophy (FOXO3, CC —0.4; PRKAA2, CC
—0.3), which were negatively correlated with changes in LLM
(CC —0.33 and —0.21, respectively). These in turn were strongly
co-regulated,during muscle growth,with KDR, TIE1, and NRP1,
which are potent regulators of angiogenesis.

Examination of the relationships between modulation of tran-
script 3’ UTR signals and the change in lean mass revealed
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Table 1. Combining the Skeletal M le-Specific Prot with
the Core Transcriptional Signature from HypAt that Covaried with
Gains in Muscle Mass across 3 Independent Studies Identified
the Majority of Known Canonical Regulations of Cell Hypertrophy
from Model Systems

Pathway FDR
FOXO signaling 3E-14
MAPK signaling 3E-10
Neurotrophin signaling 1E-9
Mitophagy 6E—9
HIF-1 signaling 5E-8
Longevity regulating pathway 2E-7
AMPK signaling 3E-7
Hippo signaling 9E-7
PI3K-Akt signaling 1E-6
Apelin signaling 1E-6
Adipocytokine signaling 2E—6

FDR is —log value. FDR, false discovery rate.

several regulators of muscle growth (Data S1). The BCAT2 3' UTR
signal was strongly correlated (CC = 0.37, n = 100) to an increase
in muscle mass, in which a greater BCAT2 3’ UTR signal means
that more individual mRNAs had longer 3" UTRs. This was in
the absence of any relationship between the coding region signal
and change in muscle mass. Another 3' UTR-regulated gene,
TPI1 (triosephosphate isomerase 1), encodes a protein that plays
a role in regulating the cytosolic redox state and is genetically
linked to a muscle-wasting phenotype (Gnerer et al., 2006).
Some 5’ UTR signals were also related to muscle growth (Data
S1)—for example, the increase in 5’ UTR signal for exostosin gly-
cosyltransferase 1 (EXT1) was strongly related to gain in lean
mass (CC = 0.38, n = 100). EXTT is required for the biosynthesis
of heparan sulfate, which in turn appears to be an essential factor
for muscle remodeling and growth (Ghadiali et al., 2017).

One way to refine database-driven network analysis is to
constrain the growth-correlated RNA networks by a muscle tis-
sue-enriched proteome and model protein-protein interactions
(PPIs) (https://www.networkanalyst.ca). Tissue-enriched PPI
analysis of the growth-correlated RNAs (Figure S3; Data S1)
yielded a list of pathways with known roles in cellular growth
(Table 1), including ubiquitin protein ligase genes, apoptotic pro-
cesses, and negative regulators of the nitrogen compound meta-
bolic process. For example, FOXO3 (negatively correlated with
LLM changes during exercise training) was part of a PPl that con-
tained 45 other FOXO signaling pathway members (Kyoto Ency-
clopedia of Genes and Genomes [KEGG] database, 1 x 104
FDR) and is a known regulator of cell growth (Sandri et al.,
2013). The subset of genes found to be differentially regulated
(Figure 3) and correlated with muscle growth are listed as an
input file (Data S2) to allow for the generation of a 3-dimensional
(3D) version of the proteome-constrained network model in Fig-
ure S3 (see Table S2 for instructions). The present analyses
demonstrate that when measured in a sensitive and sophisti-
cated manner, human muscle growth and dynamic changes in
protein synthesis are accurately reflected in the pattern of re-
sponses observed in the human muscle transcriptome.
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Identified Growth-Correlated Network Genes Directly
Regulate Human Myocyte Protein Synthesis

We used puromycin-based measures of myocyte protein syn-
thesis, in the presence of insulin growth factor 1 (IGF-1), with
and without small interfering RNA (siRNA)-mediated downregu-
lation of 4 genes identified from the list of regulated mMRNA or 3
UTR ENSTs that correlated with lean mass gains in vivo (NID2,
FKBP1A, BCAT2, and MBNLT1). As can be observed in Figure 4A,
RNA interference (RNAI) effectively reduced RNA expression by
>90% in differentiated myotubes after 3 days of treatment. There
appeared to be some interaction between the loss of one gene
and the expression of a second candidate regulator of muscle
growth (Figure S4; see Discussion). In our analysis, the 3" UTR
signal of FKBP1A increased 20% in HypAt, and the change in
3’ UTR of the transcript variant ENST00000400137 strongly
correlated with gains in lean mass in vivo (R = 0.31, n = 100).
Knockdown (KD) of FKBP1A in vitro resulted in a reduction in pu-
romycin signal, accompanied by an increase in eukaryotic elon-
gation factor 2 (eEF2) phosphorylation (Figures 4B and S5) at
Thr56 (the less active/inactive form), while the mammalian target
of rapamycin (MTOR) Ser2448 (Figure 4B), P70 S6K1 Thr389,
and 4E-BP1 Thr37/46 were not significantly altered (Figures S5
and S6). While the coding region of FKBP1A is clearly the “func-
tional” entity, the importance of its regulation by altered 3' UTR is
further supported by the fact that it strongly covaried, with
changes in >200 genes involved in extracellular matrix remodel-
ing in vivo (bidirectionally), specifically with their 3" UTR signals
and not the signal from the entire mRNA (Data S1).

A core set of genes were both differentially regulated and
quantitatively related to gains in lean mass, and there was evi-
dence that these genes shared a number of common transcrip-
tion factor binding sites (for KLF9, NF1A, and RBPJ) enriched
(Gearing et al., 2019) over and above muscle-expressed genes
or all HypAt-regulated genes (Figure 4C). The additional three
genes chosen for RNAI targeting also validated our in vivo
modeling. The loss of our proposed uncharacterized inhibitor
of lean mass gains, MBNL1, was associated with an increase
in protein synthesis and increased phosphorylation of mTOR
Ser2448 (Figures 4A and 4B) and total protein (Figure S6).
NID2—positively associated with lean mass gains—was effec-
tively knocked down in vitro (Figures 4A and S7A), and this
reduced global protein synthesis at 4 h (Figure S7B) and
modestly suppressed total RNA (presumably rRNA), but not total
protein content. Phosphorylation of p70 S6K1 and 4E-BP1, in
response to IGF-1 treatment, was reduced when the NID2 tran-
script was targeted (Figure S7D). The near-elimination of BCAT2
expression also, as predicted, suppressed IGF-1-mediated
protein synthesis at 4 h (Figures S7E and S7F) and reduced
the phosphorylation of p70 S6K1 (Figure S7H), but it did not alter
the total cell protein. It also resulted in an increase in eEF2 Thr56
phosphorylation (consistent with the inhibition of translation).

DISCUSSION
Implementing a within-person loading and analysis strategy
facilitated the identification of the genome-wide molecular anal-

ysis of human muscle remodeling in a small human cohort. Com-
bined with an updated RNA profiling strategy (to quantify 3’ or 5
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RNAI targeting of individual members of the muscle mass-related gene network.
(A) mRNA expression of BCAT2, FKBP1A, NID2, and MBNL1 relative to their own control (100%) following treatment with a pool of multiple siRNAs targeting each
gene (BCAT2, FKBP1A, NID2, and MBNL1), with IGF-1 used to increase primary muscle cell protein synthesis. “p<0.05, **p<0.01, ***p<0.001.

(B) Calculation of relative arbitrary units (RAUs) for mTOR Ser2448 and eEF2 Thr56, using phosphospecific antibodies (IGF-1 treatment in primary muscle cell in
the presence or absence of FKBP1A and MBNL1 RNAI). *p<0.05, **p<0.01, ***p<0.001.
(C) Correlation matrix of the in vivo changes in gene expression covarying with the change in FKBP1A. All of the genes were also correlated with exercise training-
induced alterations in muscle lean mass (see Method Details). Transcription factor binding site enrichment analysis (—1,500 to +500 nt from the start codon using
CiiiDER and controlled for bias in the muscle transcriptome) revealed that 3 transcription factors (KLF9, NFIA, and RBPJ) potentially coordinate this FKBP1A-
angiogenesis related transcriptional “module” (i.e., they are not enriched in the larger lean-mass growth-related transcriptional signature).
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regulatory ends of protein coding mRNA) enabled us to identify
molecular transducers of muscle growth. A subset of transcripts
was found to be regulated in proportion to the magnitude of hu-
man muscle growth, including members of validated growth and
atrophy canonical pathways. We established that four of these
genes regulated muscle protein synthesis (MPS) and canonical
signaling events that regulate translational control. Overall, our
analyses support the utility of using human models to identify
relevant molecular transducers of muscle activity while reinforc-
ing the view of Sweeney et al. (2017), and our own experience,
that integrating multiple independent clinical datasets and ac-
counting for variations in phenotypic adaptability are crucial for
producing reliable molecular models of human physiology.

A Robust Molecular Model of Human Muscle during
Changes in Mass
Many variables influence muscle responses to loading—age,
biological sex, diet, and genetic variation (Roberts et al., 2018;
Silventoinen et al., 2008). A within-subject study design
enhanced the means-based statistical analysis and resulted in
a far greater number of detected differentially expressed genes
than comparably sized studies (Damas et al., 2019; Melov
etal.,, 2007; Phillips et al., 2013; Raue et al., 2012). Our transcrip-
tional analyses identified many genes with established roles in
cell growth, but we discovered that they were regulated both
by mRNA abundance and through differential modulation of their
5 or 3 UTR. Moreover, we demonstrate that UTR-specific regu-
latory events can covary with lean mass transitions in human
muscle without corresponding changes to the full-length tran-
script. These regulatory events are missed by traditional tran-
scriptomic analysis techniques that focus on the full transcript
or gene-level regulation only. For instance, the recently curated
database of transcriptional responses to acute and chronic exer-
cise (Pillon et al., 2020) calculated only gene-level RNA regula-
tion (from multiple different methods) and therefore erroneously
considers many important growth-regulating genes as being un-
important in adaptation to exercise that we identified (e.g.,
BCAT2, KDR, NRP1). More generally, this type of database (Pil-
lon et al., 2020) does not integrate physiological heterogeneity,
and as such, any potential insights are obscured by the normal-
ized means-based data analysis. In contrast, our unbiased anal-
ysis strategies yield a significant advance in our understanding of
the molecular transducers of lean mass gain in response to RT.
Using our large multi-study tissue transcriptomic biobank and
quantitative network analysis, we illustrated how HypAt-regu-
lated genes may interact to influence skeletal muscle growth.
Quantitative network analysis differs from database analysis as
it reveals quantitative gene-gene interactions. In Figure S2, a
multi-module mitochondrial network is presented that centers
around well-recognized genes, such as NDUFS3 and SDHB,
but it also reveals the regulation of less well-studied genes—
for example, ChChd3, a mitochondrial membrane protein (Darshi
et al., 2011). Underscoring the power of this approach, quantita-
tive network analysis correctly localized a recently discovered
long non-coding RNA LINC00116, to our mitochondrial network
(Figure S2). Two recent publications demonstrated that a pep-
tide called mitoregulin, originating from LINC00116, localizes
to the inner mitochondrial membrane and regulates mitochon-
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drial complex | activity (Chugunova et al., 2019; Stein et al.,
2018). In fact, many genes with established mitochondrial roles
were positively correlated with the degree of muscle growth.
For instance, the apelin receptor (APLNR) was regulated at the
FL-ENST level. Apelin plays an important role in the sarcopenia
of aging and positively regulates inter-myofibrillar mitochondrial
content in mice (Vinel et al., 2018). We observed that APLNR
expression was positively related to numerous mitochondrial
genes (e.g., ATP5G1, ATP5G3, BCAT2, COX7A2, NDUFBS,
NDUFS?2) as part of the mitochondrial gene expression network
(Figure S2). The HypAt approach efficiently identified molecular
transducers of dynamic muscle remodeling, and when com-
bined with validation in multiple independent studies, the anal-
ysis provides unrivaled detail of the genome-wide responses.

Physiological Regulation of Human Muscle Protein
Remodeling

The most conspicuous adaptation of protein turnover with
immobilization-induced muscle UL is a rapid decline in MPS, first
identified >30 years ago (Gibson et al., 1987) and that the loss of
muscle mass can be explained completely by this reduction in
rates of MPS (Phillips and McGlory, 2014). The analysis of the
HypAt study demonstrated that reductions in iMyoPS represent
a dominant feature of muscle mass changes during periods of
disuse (Figure S1D), with muscle atrophy proceeding at a rate
~5 times faster during UL than corresponding RT-induced mus-
cle growth. Notably, while myofibrillar protein synthesis was
enhanced with RT, the extent of upregulation was not correlated
with muscle growth. Our molecular analysis demonstrated abun-
dant regulation of mitochondrial and microvascular gene net-
works, which we speculate support adaptive changes and
contribute to and support an increased MPS signal. It has
been reported that mitochondria support angiogenesis, the co-
ordinated migration and proliferation of endothelial cells to
form new blood vessel branches (Diebold et al., 2019), and the
question arises whether components of the mitochondria also
influence muscle hypertrophy.

Mitochondrial transcript abundance is sensitive to muscle UL
(Abadi et al., 2009; Powers et al., 2012; Timmons et al., 2006).
Moreover, we have shown that maximal ADP-stimulated respira-
tion is impaired within days of UL, but in the absence of detect-
able mitochondrial protein content (Miotto et al., 2019). A loss of
mitochondrial function therefore appears to be an earlier mani-
festation of muscle disuse (Miotto et al., 2019), and this is directly
reflected in the present transcriptome model. In addition to the
mitochondrial-dominated gene network, numerous angiogen-
esis-related genes were differentially regulated in our study.
The angiogenic program is stimulated early in an RT program
and appears temporally coupled with muscle growth (Holloway
et al., 2018). In the present study, not only was the regulation
of FKBP1A linked to protein synthesis (it is a prolyl isomerase,
but also binds the immunosuppressants rapamycin and
FK506; Aylett et al., 2016) and its expression tightly coordinated
with a number of key angiogenetic genes but it also covaried with
the degree of muscle hypertrophy, possibly through the activities
of KLF9, NFIA, and RBPJ (Figure 4C). Clearly, muscle growth and
remodeling are multifaceted processes, and it is thus unsurpris-
ing that any relationship between muscle growth and the

Cell Reports 32, 107980, August 4, 2020 7

63



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

¢? CellPress

OPEN ACCESS

A Gene-level Overlap B Ontology-level
Overlap
Age Age

<

o

—

I"su .

HypAt HypAt

Figure 5. Genes Regulated by Potentially Related Physiological
Conditions Show Substantial Pathway Overlap

(A and B) Circos plots showing the overlap in gene expression (A) and Gene
Ontology (B) between the HypAt model and additional biological signatures of
potentially related physiological conditions (e.g., insulin sensitivity; RT [resis-
tance training]; age; ET [endurance training]). While the overlap in individual
genes is modest (HYPAT versus ET = 338 genes; HYPAT versus RT = 160
genes; HYPAT versus insulin sensitivity = 73 genes; HYPAT versus age = 69
genes; see Data S1 for full lists), the overlap at the pathway level is substantial
(highlighting at least one caveat of relying on only gene identifiers to compare
and contrast molecular profiles). Notably, there are pathway features of insulin
sensitivity and aging that do not appear in the ET and RT signatures (obtained
from healthy subjects).

corresponding changes in iMyoPS would be complex, reflecting
the precise composition of newly formed proteins.

Leveraging Transcriptional Networks to Investigate
Chronic Disease and Identify Potential Therapies
Immobilization impairs the sensitivity of the protein synthetic ma-
chinery to hyperaminoacidemia (Glover et al., 2008), implicating
anabolic resistance as a key process in atrophy. Here, we find
that the average BCAT2 transcript has longer 3" UTRs and that
this change was positively related to gains in lean mass in three
independent studies (without our distinct RNA method, the
importance of BCAT2 in this context would have been missed).
BCAT is a mitochondrial protein that catalyzes the transamina-
tion of leucine to a-ketoisocaproic acid, leading to TOR complex
1 (TORCH1) activation (Moghei et al., 2016). In our in vitro studies,
loss of BCAT2 in primary muscle cells resulted in reduced (Fig-
ure S7H) p70 S6K1 phosphorylation and protein synthesis (in
response to IGF-1) and an increase in eEF2 Thr56 phosphoryla-
tion (also consistent with the inhibition of protein translation). In
tumor cells, global shortening of 3’ UTRs is a hallmark of
mTORC1 activation and increased protein production (Chang
et al., 2015a). This implies, as previously posited (Phillips et al.,
2013), that mTOR activation will not be key to explaining the vari-
ation in muscle growth across individuals. The loss of BCAT2
expression in vitro also resulted in the cell reducing other mem-
bers of the core 141-gene signature we describe that was regu-
lated in proportion to changes in lean mass (i.e., FKBP1A and
NID2; Figure S7A), as well as increased eEF2 Thr56 phosphory-
lation (consistent with direct FKBP1A KD; Figure 4B). Thus, the
loss of BCAT2 signals to the cell to downregulate several other
modulators of muscle growth or protein synthesis and suggests
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that leucine metabolism (Chawla et al., 1975; Escobar et al.,
2010) and/or aspects of amino acid sensing in general regulate
changes in human muscle mass in response to loading and UL.

While our approach identified numerous known and validated
genes, we also discovered several less well-characterized molec-
ular transducers of muscle adaptation in humans. The main power
of genome-wide transcript modeling is that the signatures gener-
ated can be used as powerful tools to investigate chronic disease
and identify potential treatments (Chang et al., 2015b; Subrama-
nian et al., 2017; Timmons et al., 2005). At the level of individual
genes, shared features common to aging or insulin resistance
and exercise have been, to date, underwhelming (Melov et al.,
2007; Phillips et al., 2013), and we also noted limited overlap be-
tween the HypAt-regulated genes and age- or insulin-sensitivity-
regulated genes (Figure 5A; Data S1). However, at a pathway
level, the overlap between our gene signature and these pro-
cesses was considerable (Figure 5B). Specific hypotheses can
be generated by overlaying the information of transcript signa-
tures for each condition, using tissue-specific network analysis.
Annotating quantitative networks in this way revealed various sin-
gle-gene interactions between exercise, aging, and insulin
signaling. For example, we show in Figure 6 an “age network”
formed around LAMTORS, a protein subunit of the pentameric Ra-
gulator complex that tethers the Rag GTPases and, by extension,
mTORCH1, to the lysosomal membrane (Bar-Peled et al., 2012;
Sancak et al., 2010). The expression of LAMTORS5 was not regu-
lated by exercise, yet Figure 6 reveals parts of the LAMTORS “in-
teractome” relate to muscle activity (e.g., PRDX1 interacts with
TXNL1, and MTRF1 interacts with LAMTORS). These interactions
can be explored further using reverse genetic strategies and phar-
macological tools in human primary cells (Crossland et al., 2017a).

Any RNA signature can be used to calculate a global "gene
score” per sample (Sood et al., 2015; Timmons et al., 2010),
and related to features of aging or frailty (i.e., used as a potential
diagnostic) or the gene list can be used to direct targeted DNA
sequencing. For example, we identified 141 gene expression re-
sponses that quantitatively related to the magnitude of muscle
growth (Figure S3, see Table S2 for instructions on how to pro-
duce a 3D representation of this network). Several genes have
already been extensively validated as regulators of growth and
protein synthesis (e.g., FOXO, MAPK, AMPK, PI3K-Akt, and
APLNR) (Ellis et al., 2014; Li et al., 2012; Sandri et al., 2013; Vinel
et al., 2018), and we validated four additional genes (see above).
There was no statistically significant overlap with the in vitro tran-
scriptional signature for rapamycin in primary muscle cells (Tim-
mons et al., 2019) and a rather limited overlap with the mTOR ca-
nonical pathway. However, when using the 141-gene signature
to interrogate the L1000 drug signature database (Keenan
et al., 2018), we did identify that a number of mTOR inhibitors
could perturb the 141-gene signature. Unlike human muscle ag-
ing (Timmons et al., 2019), this list did not include rapamycin. The
cMAP L1000 database also includes transcriptional signatures
following gene KD or overexpression (OE), in 8 independent
cell lines (Data S1). Overall, we identified 119 drugs that could
either mimic or oppose the in vivo lean mass 141-gene signature
(Data S1), including numerous cyclin-dependent kinase (CDK)
inhibitors, which is consistent with our independent primary
cell culture experiments, where we found that eEF2 Thr56
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Figure 6. Quantitative Network Analysis Unveils Potentially Important Gene Interactions across Potentially Related Physiological Conditions
An example network of gene interactions across different, yet interrelated physiological conditions, constructed using HypAt-, age-, and insulin sensitivity-
regulated transcripts (FDR < 5%) as input into Megena (FDR < 1% Spearman correlation; p < 0.01 for module significance, p < 0.01 for network connectivity, and
10,000 permutations for calculating FDR and connectivity p values). This example network is centered on LAMTORS5, a gene encoding a subunit of the pentameric
Ragulator complex involved in mTORC1 activation. From these interactome networks, relationships between genes can be discovered and subsequently studied
in model systems. Triangle symbols represent "hub genes,” whereas circles represent non-hub network members. Node colors represent different subnetwork

clusters, and node size is proportional to node degree.

phosphorylation status was influenced by BCAT2 and FKBP1A
expression. Future studies examining the potential of some of
these 119 drugs to interact with exercise-induced muscle adap-
tation will shed light on whether the matching of transcriptional
signatures is predictive of positive synergies or potential aggra-
vation of age-related muscle frailty.

Limitations of Study

The present study lacked a parallel proteome analysis. To over-
come this limitation, we used large-scale protein-protein interac-
tion datasets to establish that our data generate significant net-
works containing proteins that belong to pathways known to
regulate cell growth and protein synthesis. This allowed us to
demonstrate strong agreement between our transcriptional
approach and the proteome changes identified in a recent publica-
tion (Robinson et al., 2017). While our paired loading and UL
modeling strategy recapitulated well-known RNA and proteome
signatures, we only included men in the HypAt study. Women
have shown, compared to men, a differing abundance of genes
involved in fatty acid oxidation (Liu et al., 2010); perhaps this is of

limited concern, given that in a large (n = 178) analysis of muscle
sex differences in physiologically matched subjects, only ~200
genes are differentially expressed (>1.2 FC, FDR < 1%), and only
2, ATRNL1 and TSPYL2, are in the present analysis. Finally, our
method identifies alterations in UTR signal, but it does not catalog
the specific details, which can include losses and gains in micro-
RNA (miRNA) target sites, mMRNA stability, and alterations in tran-
script polyadenylation. For example, the increase in FKBP1A 3’
UTR signal reflects the increased production of up to 3 transcripts
with the long 3’ UTR, each coding for ~100 amino acid protein.

Conclusion

We developed a powerful model and analytical tool to measure
the within-individual paired tissue responses to loading and UL
in human muscle tissue that reduces response heterogeneity
by ~40%, meaning that lower sample sizes can be used to
discover insightful transcriptional signatures (Maclnnis et al.,
2017) before independent validation. Using an innovative
genome-wide analysis strategy, we also demonstrated signifi-
cant regulation of gene expression occurring only at the UTRs,
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thus providing some insight into the reported discordance be-
tween mRNA and corresponding protein levels. Moreover, we
discovered that many of these UTR regulatory events covary
with lean mass transitions in humans. The global pattern of
gene expression was not mTOR dominant; however, we demon-
strate some level of MTOR involvement occurring at the protein
phosphorylation level. The extensive independent validation and
close agreement with previous mechanistic studies supports the
use of the HypAt model as a powerful tool to identify causal mo-
lecular determinants of muscle growth and atrophy directly in hu-
mans using a variety of molecular techniques and interventions.
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Primer: MBNL1 Forward: CTGCCCAATACCAGGTCAAC Sigma-Aldrich N/A

Primer: MBNL1 Reverse: GGGGAAGTACAGCTTGAGGA Sigma-Aldrich N/A

Primer: FKBP1A Forward: GGTGGAAACCATCTCCCCAG Sigma-Aldrich N/A

Primer: FKBP1A Reverse: TCAAGCATCCCGGTGTAGTG Sigma-Aldrich N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov

Bowtie Alignment Tool Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/index.
shtml

Significance Analysis of Microarrays (SAM) implemented in Tusher et al., 2001 https://cran.r-project.org/web/packages/

the R programming environment (SAMR) samr/index.html

aroma.affymetrix Bengtsson et al., 2008 https://cran.rstudio.com/web/packages/
aroma.affymetrix/index.html

MEGENA Song and Zhang, 2015 https://rdrr.io/cran/MEGENA/

Bioconductor Gentleman et al., 2004 https://www.bioconductor.org/

CMap-L1000v1 database Subramanian et al., 2017 https://clue.io/

Custom CDF protocol Timmons et al., 2018 https://www.augurprecisionmedicine.com

Ciiider Gearing et al., 2019 www.ciiider.org

Other

GeneChip Human Transcriptome Array 2.0 and RT ThermoFisher Scientific CAT: 902162

labeling kits

Raw and analyzed data Timmons et al., 2018, 2019 GEO: GSE154846

Human reference genome NCBI build 38, GRCh38_82p3 Genome Reference https://www.ncbi.nlm.nih.gov/projects/

Consortium genome/assembly/grc/human/

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Dr. Stuart M. Phillips
(phillis@mcmaster.ca)

Materials Availability
This study did not generate any unique reagents.

Data and Code Availability
The accession number for the newly generated gene expression data reported in this paper is GEO:GSE 154846 . Code for the various
informatics analyses can be readily obtained by contacting jamie.timmons@gmail.com.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Participants

Participants were recruited via local advertisements posted at McMaster University. Twelve recreationally-active men (18-30 y) vol-
unteered to participate in the study. A medical history questionnaire was administered at screening to exclude any individuals taking
medications known to affect protein metabolism (i.e., glucocorticoids, prescription-strength acne medication, or non-steroidal anti-
inflammatories), those with a (family) history of deep vein thrombosis, or individuals with acute or chronic illnesses that interfered with
the safe conduct of the study. All participants provided informed verbal and written consent prior to beginning the study. The exper-
imental trial was approved by the Hamilton integrated Research Ethics Board (REB #2867) and complied with the ethical standards
outlined in the Tri-Council Policy statement for use of humans in research. This study was registered on CinicalTrials.gov with the
identifier NCT03046095.

Human Primary Muscle Cell Culture

Human primary skeletal muscle cells were isolated from muscle biopsies from healthy young adults and cultured as previously
described (Crossland et al., 2017a, 2017b). Myogenic cell enrichment was carried out using magnetic-activated cell sorting
(MACS), using anti-CD56 microbeads and myoblasts were used for experimentation at passage 5-6. MACS-sorted myoblasts
were cultured on Collagen Type I-coated 6-well dishes in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12;
Life Technologies) containing 20% (v/v) fetal bovine serum (FBS, Sigma-Aldrich), 1% (v/v) antibiotic-antimycotic (AbAm) solution
and 4mM L-glutamine (Life Technologies). Once cells reached ~95% confluency, differentiation was induced by switching the
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medium to DMEM/F-12 containing 2% (v/v) horse serum (Sigma-Aldrich), 4mM L-glutamine and 1% (v/v) AbAm solution (Life Tech-
nologies). Puromycin based measures of protein synthesis was determined as previously described (Crossland et al., 2017b).

METHOD DETAILS

Experimental Protocol

The total duration of the study, including familiarization sessions, was 11 weeks. We employed a within-subjects design whereby one
leg was randomized to perform unilateral leg extension and leg press exercise 3 d-wk™' for 10 weeks. The contralateral leg had a knee
brace applied during the last two weeks of the study, and otherwise remained untrained. Body composition and maximal strength
assessments were performed before training (Pre-RT; day 0), before immobilization (Pre-UL; day 56), and upon completion of training
and immobilization (Post-RT/UL; day 70). At each testing session, participants had their lean body mass (LBM), mid-thigh vastus lat-
eralis cross sectional area (VLCSA), and ISO-MVC assessed. VLCSA, muscle volume, and whole-quadriceps CSA was quantified
using magnetic resonance imaging (MRI) at time points Pre-RT and Post-RT. A total of 7 muscle biopsies were obtained from the
vastus lateralis throughout and used, in conjunction with deuterium oxide, to measure integrated rates of muscle protein synthesis
(see below).

Pretesting

Participants visited McMaster University on three separate occasions at least one week prior to beginning the study to be famil-
iarized on the proper execution of an isometric maximal voluntary contraction (ISO-MVC) and unilateral leg extension and leg press
exercises. One-repetition maximum (1-RM) was tested on visits 2 and 3. Proper execution of unilateral leg extension and leg press
contractions was demonstrated, after which participants performed one set of non-exhaustive contractions while having their form
critiqued and adjusted. Participants then completed 3 sets of leg extension followed by 3 sets of leg press, with each set sepa-
rated by a 90 s rest period. On the final set of each exercise, participants were instructed to reach volitional failure, defined as an
inability to complete a full contraction through the predefined range of motion. Weight lifted, and the number of repetitions
completed for both leg extension and leg press exercises, was recorded and used to calculate estimated 1-RM using the following
formula:

1 —RM(kg) = (Load(kg))/(1.0278 — (0.0278x+treps)) (Equation 1)

On the second visit (~48hr after visit 1), participants completed two submaximal sets of 8-12 repetitions on the leg extension machine
at ~40%-60% of their estimated 1-RM. Participants then attempted to lift 90% of their 1-RM predicted from Equation 1. Weight was
increased progressively until the participant could not complete a full repetition. This testing procedure was repeated on the leg press
after ~10 mins of rest. On the third visit,1-RM load was retested and either verified or adjusted accordingly and used for the subse-
quent calculation of week 1 working loads.

Dietary Records and Activity Monitoring

Participants completed 3-d dietary records during week 1, week 5 and week 10 of the study. Each record consisted of two weekdays
and one weekend day. A sample record was provided to each participant to permit the accurate estimation of portion sizes. Dietary
records were analyzed using NutriBase software (Cybersoft Inc., version 11.5, Phoenix, AZ, USA). During dietary recording, partic-
ipants were also asked to wear an ActiGraph wGT3X-BT activity monitor (ActiGraph, Pensacola, FL, USA) on their dominant wrist to
track daily step count and other metrics of physical activity levels. Data were downloaded from the activity monitors and analyzed
using ActiLife version 6 13.2 software (ActiGraph, Pensacola, FL, USA).

Unilateral Resistance Exercise - HypAt

Participants visited the laboratory every Monday, Wednesday, and Friday to complete unilateral leg extension and leg press exercise.
Each session was supervised by a strength and conditioning coach and consisted of 3 sets of 8-12 repetitions of leg extensions and 3
sets of 8-12 repetitions on a 45-degree leg press. The last set of each exercise was performed to volitional failure, defined as an
inability to complete a repetition through the full range of motion. If the participant successfully completed more than 12 or less
than 8 repetitions, weight was adjusted accordingly. Following each exercise bout, participants ingested 25 g of whey protein isolate
to maximize the protein synthesis response to each exercise bout.

Immobilization

A X-ACT ROM knee brace (DonJoy, Dallas, TX, USA) was applied to the contralateral non-training leg for a continuous period of 14 d
during weeks 9 and 10. The angle of the brace was adjusted to permit toe clearance during crutch-assisted ambulation without active
hamstring flexion and averaged ~60° flexion.

Dual energy X-ray absorptiometry
Leg lean mass was assessed using dual energy X-ray absorptiometry Pre-RT, Pre-UL, and Post-RT/UL. The DXA was calibrated daily
prior to participant arrival using a three-compartment Universal Whole Body DXA Phantom (Orthometrix, Naples, Florida).
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Participants also underwent a fasted MRI scan of both thighs on day 0 and upon study completion (day 70) for the assessment of mid-
thigh and whole-quadriceps CSA (see below).

Muscle Strength

Isometric maximal voluntary contractions (ISO-MVC) were performed prior to exercise Pre-RT, Pre-UL, and after exercise completion
to assess peak knee extensor torque using a Biodex dynamometer (Biodex System 3, Biodex Medical Systems, Shirley, NY, USA).
Participants were familiarized on three separate occasions during the pretesting visits to avoid practice effects associated with de-
vice familiarity. During the pre-test familiarization sessions, chair settings were adjusted to each participant such that the knee joint
was aligned with the axis of rotation of the machine. All chair settings were recorded for accurate replication during subsequent
testing sessions. Each session consisted of five isometric contractions at 60° from the resting, 90° neutral position. Contractions
lasted 5 s and were separated by a 2-min resting period. Both legs were tested at each session in randomized order. Participants
were shown their force tracing and verbally encouraged during each effort to limit the influence of motivation on trial performance.
Peak torque was recorded and used in subsequent analyses. The coefficient of variation between contractions did not exceed 5%.

Deuterium Oxide Protocol

The incorporation of deuterium oxide (D20) into muscle protein-bound alanine was assessed to quantify muscle protein synthesis
rates. Deuterium dosing began on day 52 and continued until day 70. The protocol consisted of one loading day and 17 maintenance
days with the goal of enriching, and subsequently maintaining the body water pool at ~0.5% 2H atom percent excess (APE). Partic-
ipants reported to the laboratory at 0800 h after an overnight (~10 h) fast on day 52 (Thursday) and were asked to void their bladder
before undergoing a DXA body scan to determine lean body mass. Participants then ingested 8 doses (0.625 ml-kg-1 LBM) of 70%
D20 (Cambridge Isotope Laboratories, Andover, MA, USA) evenly spaced every 1.5 h throughout the day. After 5 of the 8 doses were
ingested, participants were sent home with the remaining 3 doses and instructed to ingest them 1.5 h apart. None of the participants
reported any adverse side effects such as nausea or vertigo after consuming D20. Blood samples were collected in EDTA blood
tubes and saliva samples were obtained by gently chewing on a cotton swab for 2-3 min until completely saturated with saliva. Blood
and saliva samples were centrifuged at 4000 rpm for 10 min at 4°C, after which aliquots of each were snap frozen in liquid nitrogen
and stored at —80°C for subsequent analysis.

Saliva Analysis

Saliva samples were obtained at baseline prior to commencing deuterium oxide loading on day 52 and each morning thereafter until
the end of the study. Salivettes were centrifuged at 4000 rpm for 10 min and diluted in doubly-distilled water. Deuterium enrichment
was then measured using a Picarro L2130-i Cavity Ringdown Spectrometer run in high-throughput mode. Six injections were per-
formed on each sample; the first readings were discarded to eliminate memory effects from previous sample injections. Internal
lab standards containing low, medium, and high enrichments of 2H were sampled in parallel prior to and following each participant’s
samples to account for drift in enrichment over time.

Magnetic Resonance Imaging

Participants underwent a fasted MRI scan of both thighs on day 0 and upon study completion (day 70) for the assessment of mid-
thigh and whole-quadriceps CSA. Each scan was performed in a 3-Tesla HD Scanner (Signa MRI System; GE Medical, Milwaukee,
Wisconsin) at the Imaging Research Center (St. Joseph’s Healthcare, Hamilton, ON). Axial (transverse) MR images were obtained
from both thighs from the distal end of the femur to greater trochanter. A fast-recovery, fast spin echo (FRFSE) pulse sequence
was used, along with IDEAL (iterative decomposition of water and fat with echo asymmetry and least-squares estimation) post-pro-
cessing to obtain water-only, fat-only, in-phase and out-of-phase images of the thighs. The following parameters were used: (TR) =
2000 msec, (TE) = 30 msec, refocusing flip angle = 111 degrees, echo train length = 6, ASSET (parallel imaging factor) = 2, field of
view = 42x21 cm, acquisition matrix = 512x256, 3 mm slice thickness, and Omm slice gap. A total of ~160 slices were acquired from
each participant. The acquisition was completed in two sections: a lower stage and an upper stage, which were subsequently
stitched together by an MR technician. Total scan time for both stages was approximately 11 min. Images were downloaded
from a secure server and analyzed using ImageJ (NIH, v 1.52). Mid-thigh vastus lateralis CSA was analyzed at 50% of the distance
between the greater trochanter and lateral epicondyle of the femur. Peak-quadriceps CSA was the slice with the greatest measured
quadriceps CSA. Finally, quadriceps muscle volume was calculated by summing the CSA measurements of a given slice multiplied
by the slice thickness. Peak-quadriceps CSA and muscle volume were analyzed using semi-automatic image analysis software
(AnalysisPro). The distal 20% of thigh images and the proximal 30% were not included in analyses. This data was not utilized as
the additional three clinical studies only had DXA measures of muscle mass.

Muscle Tissue Extraction

Muscle biopsy samples (~100 - 150 mg each) were obtained on 7 occasions under local anesthesia using a Bergstrom needle modi-
fied for manual suction. Biopsies were taken from the RT limb pre-RT (day 0), day 53, day 56 and day 70 and from the UL limb on day
53, 56, and 70. Blood and other non-muscle tissue were dissected from each specimen at bedside prior to being snap-frozen in liquid
nitrogen (within ~20 s) and stored at —80°C.
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RNA Extraction and Transcriptome Profiling

Approximately 20 mg of muscle was used to extract RNA. Muscle samples and 1000 pL of TRIzol were added to Lysing Matrix D
tubes containing ceramic microbeads (MP Biomedicals, Solon, OH, USA) and homogenized using a FastPrep tissue homogenizer
(MP Biomedicals, Solon, OH, USA). 200 pL of chloroform was added and the tubes hand-shaken vigorously for 15 s and incubated
at room temperature for 5 min. Samples were then centrifuged at 12 000 g for 10 min at 4°C and the upper aqueous phase containing
RNA was transferred to an RNase-free tube. RNA was purified using E.Z.N.A Total RNA Isolation kit (Omega Bio-Tek, Norcross, GA,
USA). RNA was processed for transcriptome profiling using the GeneChip WT Plus Reagent Kit according to manufacturer’s instruc-
tions. Briefly, first and second strand cDNA synthesis was performed using 100 ng of RNA and a spike-in Poly-A control, which was
then followed by reverse transcription into cRNA. cRNA was purified using magnetic beads and quantified using spectrophotometry
(Nanodrop UV-Vis, Thermo Fisher Scientific). 15 pg of cRNA was then amplified and hydrolyzed using RNase H (leaving single-
stranded cDNA) and purified with magnetic beads. cDNA (5.5 ng) was then fragmented and labeled. A hybridization master mix
was prepared and added to the fragmented and labeled cDNA. 200 uL of the mixture was applied to the HTA 2.0 cartridge and hy-
bridized at 45°C for 16 h rotating at 60 rpm. The cartridge was washed and stained using the FS450_001 fluidics protocol on the
GeneChip Fluidics Station 450 (Thermo Fisher) and scanned using a GeneChip Scanner 3000 7G (Thermo Fisher).

Myofibrillar Extraction

Snap-frozen muscle samples were homogenized using buffer (10 ul-mg™") containing 25 mM Tris buffer (pH 7.2), 0.5% vol/vol Triton
X-100, a phosphatase inhibitor (PhosStop) and a complete protease inhibitor tablet (Roche, Mississauga, ON, CA). Samples were
centrifuged at 4500 rpm for 10 min at 4°C and the supernatant was removed. Collagen was precipitated with 1M NaOH and discarded
leaving a myofibrillar-enriched supernatant fraction. Perchloric acid (1M) was added to the supernatant to precipitate the myofibrillar
fraction. Proteins were then hydrolyzed by adding 1 mL of Dowex resin (50WX8-200) and 1 mL of 1M HClI to each sample followed by
subsequent incubation for 72 hr at 110°C. Samples were vortexed every 24 hr. Free amino acids were then isolated using Dowex ion-
exchange chromatography and the N-acetyl-n-propyl ester of alanine was prepared and analyzed by gas chromatography pyrolysis
isotope ratio mass spectrometry.

Calculations
Saliva
Saliva deuterium enrichments were provided as a ratio (52H), where:
2H/1H) sample .
°H = _(2H/1H) sample 1) %1 Equation 2
s ( (2H)H) standard ') * 1000 (Equation 2)
Atom percent values were calculated as previously described:

100 x AR X (52H x 0.001+1)
1+AR(52H x 0.001+1)

AtomPercent = (Equation 3)
Where AR is the absolute ratio constant for deuterium (0.00015595) based on the VSMOW standard. Atom percent excess was calcu-
lated by subtracting background deuterium enrichment (at time = 0) from each sample and multiplying the result by 35 to account for
sample dilution.

Integrated M le Protein Synthesis Rates

Myofibrillar protein synthesis was calculated using the standard precursor-product equation:

) A APE
iMyoPS (% -d") = API(EBW x g;)x T

x 100 (Equation 4)

Where 4 APEpj, is the change in protein-bound 2H-alanine enrichment between biopsy sampling points, APEgy is the body-water 2H
enrichment multiplied by 3.7 to correct for the number of carbon-hydrogen bonds labeled in alanine relative to total body water, and t
is the incorporation time (in days) between biopsies. RT-induced change in iMyoPS was calculated using the muscle deuterium
enrichment values calculated in the muscle specimen taken from the RT limb on day 70 and the UL limb on day 56 (i.e., rested
limb). The effect of UL on iMyoPS was calculated using the muscle deuterium enrichment values calculated in the muscle specimens
taken from the UL limb on day 70 and from the UL limb on day 56.

Exercise Protocols used in Independent Studies

Morton et al. (2016)

For a detailed description of the RT protocol used, refer to Morton et al. (2016). Participants were 23 + 2 years old, with a BMI of 26.9 +
2 kg/m? and had 4-5 y of resistance training experience. Briefly, participants performed full-body resistance training 4 days/week
(Mon, Tues, Thurs, Fri) for 12 weeks that targeted all of the major muscle groups. Each session included 5 exercises, each of which
were performed for 3 sets to volitional failure. Participants were randomly assigned to perform either high-repetition (20-25 reps per
set @ 30%-50% 1-RM) or low-repetition training (8-12 reps per set @ 75%-90% 1-RM). Indices of muscle hypertrophy did not signif-
icantly differ between the groups post-RT, so group allocation was not considered in the present use of muscle tissue samples.
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Participants consumed 30 g of protein after each exercise bout. Muscle biopsies were taken from the vastus lateralis using the Berg-
strom approach described above prior initiating the RT protocol and 72 h after the final RE bout at 12 weeks. RNA was extracted from
whole muscle samples and analyzed on the HTA 2.0 platform using an identical method as described above (see RNA Exiraction and
Transcriptome Profiling).

Mitchell et al. (2014)

For a detailed description of the protocol used, refer to Mitchell et al. (2014). Participants were 24 + 1 years old, with a BMI of 26.4 kg/
m? and were recreationally active (not participating in an RT program). Participants performed full-body resistance training 4 days/
week for 16 weeks consisting of two upper body and two lower body training sessions per week. The program progressed from 3 sets
of 12 repetitions to 4 sets of 6 repetitions of each exercise. The last set of each exercise was performed to volitional failure. Partic-
ipants consumed 30 g of protein immediately after each exercise session. Biopsies were obtained from the vastus lateralis using the
Bergstrom approach described above prior to initiating 16 weeks of RT and ~48-72 h following the last RE bout. RNA was extracted
from whole muscle samples as described above (see RNA Extraction and Transcriptome Profiling). Samples were dissolved in
RNase-free water, processed to single-stranded sense fragmented DNA using the GeneChip® WT PLUS Reagent Kit, which relies
on a reverse transcription priming strategy that primes both the poly-A and non-poly-A RNA. HTA 2.0 chips were processed accord-
ing to the manufacturer’s protocol. Fragmented (5 pg) end-labeled sense strand target cDNA was hybridized to each array and
scanned using a Gene Chip Scanner 30007G (Affymetrix Core, MPI A/S, Denmark).

Phillips et al. (2017)

For a detailed description of the protocol used, refer to Phillips et al. (2017). Participants performed high-intensity interval training
(HIIT) 3 days/week (Mon, Wed, and Fri) for 6 weeks. Each session consisted of a 2 min warmup at 50 W followed by 5 sets of
high intensity cycling at ~125% VO,max for 1 minute. Each set was separated by 90 s of rest. Biopsy tissue was available at pre
and post time points for 47 participants, including 16 males and 31 females with an average age of 39 years (range 20-51 years)
and a BMI of 31 kg/m? (27-43 kg/m?). RNA was extracted using TRizol® (Life Technologies), dissolved in RNase-free water, pro-
cessed to single-stranded sense fragmented DNA using the GeneChip® WT PLUS Reagent Kit, which relies on a reverse transcrip-
tion priming strategy that primes both the poly-A and non-poly-A RNA. HTA 2.0 chips were processed according to the manufac-
turer’s protocol. Fragmented (5 ng) end-labeled sense strand target cDNA was hybridized to each array and scanned using a
Gene Chip Scanner 30007G (Affymetrix Core, MPI A/S, Denmark).

siRNA Transfection Experiments

Four days following initiation of myocyte differentiation, siRNA transfection was carried out following a media change, using lipofect-
amine RNAIMAX (Invitrogen), according to the manufacturer’s instructions. Gene-specific knockdown was achieved using 500ng hu-
man Mission® esiRNA (Sigma-Aldrich) for the following genes: BCAT2 (EHU032991), NID2 (EHU083781), FKBP1A (EHU106961) and
MBNL1 (EHU086561). Thirty-six hours following transfection, a media change was carried out and long R3 IGF-1 (50 ng/ml; Sigma-
Aldrich) was added to each well. Cells were harvested after 4h in TRIzol (Life Technologies) for RNA extraction (n = 2), or homoge-
nization buffer (50 mM Tris-HCI, pH7.5, 1 mM EDTA, 1 mM EGTA, 10 mM B-glycerophosphate, 50 mM NaF and complete protease
inhibitor cocktail tablet (Roche, West Sussex, UK)) for protein extraction (n = 4). A subset of cells was also collected after 48hin 0.3
mol/I NaOH for total protein, RNA and DNA extraction and quantification (n = 5). For 4h experiments, 0.5 uM puromycin (Sigma-Al-
drich, UK) was added to each well at the point of IGF-1 addition.

Cell culture total RNA Extraction and RT-PCR

Total RNA was extracted using TRIzol (Life Technologies) according to the manufacturer’s protocol. RNA was resuspended in 20 ul of
RNase-free water and quantified using a NanoDrop (Thermo Scientific). cDNA was synthesized by reverse transcription using the
High Capacity cDNA synthesis kit (Applied Biosystems) with 500 ng RNA. Samples were subsequently diluted 1:5 using RNase-
free water and real-time PCR was performed using 1 pl cDNA in duplicate and 6 pl master mix containing SYBR Select Master
Mix (Life Technologies) with primers targeting the following genes: BCAT2 (Fwd: GAGCTGAAGGAGATCCAGTACG, Rev: GAGT-
CATTGGTAGGGAGGCG), NID2 (Fwd: TGGAAGCTACAGGTGTGAGTG, Rev: AGGTGGGGTGATCAAGATGCAA), MBNL1 (Fwd:
CTGCCCAATACCAGGTCAAC, Rev: GGGGAAGTACAGCTTGAGGA), and FKBP1A (Fwd: GGTGGAAACCATCTCCCCAG, Rev:
TCAAGCATCCCGGTGTAGTG). RPL13A was used for as a housekeeping gene since it was stable between each group. PCR
was performed using a Viia 7 real-time PCR machine (Life Technologies) using the following thermal cycling conditions: 2 min at
50°C, 10 min at 95°C and 40 cycles of 15 s at 950C and 1 min at 60°C.

Cell culture Western Blotting

Protein extraction from cells was performed by repeatedly passing samples through gel-loading pipette tips. Samples were centri-
fuged at 13,000 g for 10 min at 4°C. Protein samples (5 pg) were loaded onto Criterion XT 12% Bis-Tris gels (Bio-Rad) at 200V for 1h,
then transferred to PVDF membrane for 45 min at 100V. After this, membranes were blocked using 5% (w/v) milk for 1h at room tem-
perature, then incubated with primary antibodies all diluted 1:2000 (phosphorylated mTOR Ser2448 (#5536), phosphorylated p70
S6K1 Thr389 (#9234), phosphorylated eEF2 Thr56 (#2331), and phosphorylated 4E-BP1 Thr37/46 (#2855); all from Cell Signaling
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Technology), except for anti-puromycin (Millipore), which was diluted 1:5000. Membranes were incubated overnight at 4°C. The
following day, membranes were washed 3x5 min with 1x TBS-Tween, then incubated with HRP-conjugated anti-rabbit secondary
antibody (New England) 1:2000 for 1h at room temperature. Bands were detected by incubating with enhanced chemiluminescence
detection reagent (Millipore) and exposing in a Chemidoc XRS system (Bio-Rad). Bands were normalized against GAPDH levels. For
total Protein, RNA and DNA measurements (48h) cells were harvested in 0.3 mol/L NaOH and then incubated at 37°C for 20 minutes
(extraction of total alkaline-soluble protein). After protein quantification, 1 mol/L PCA was added to each sample, which were then left
at 40C for 30 minutes. After centrifugation, the supernatant was quantified for RNA. Finally, to the pellet, 2 mol/L PCA was added and
samples were incubated at 70°C for 1h. The resultant supernatant was used to quantify DNA.

QUANTIFICATION AND STATISTICAL ANALYSES

Physiological Data

Physiological data were assessed for normality using the Shapiro-Wilk test and visually inspected using Q-Q plots. Paired-samples t
tests were conducted to test for baseline differences in leg lean mass, mid-thigh CSA, and ISO-MVC between the trained and im-
mobilized legs. Changes in physical activity and macronutrient intake over the duration of the study were analyzed using a one-
way repeated-measures ANOVA. Changes in ISO-MVC, mid-thigh CSA and body composition variables obtained via DEXA were
analyzed using a two-way repeated-measures analysis of variance (ANOVA) with time (2) and leg (2) as the within-subjects’ factors.
Muscle protein synthesis was analyzed using a one-way ANOVA with repeated-measures. In all cases, the statistical procedures
were conducted on 12 young men (n). Results are presented as mean response plus/minus SD and, where appropriate, the median
and range is included to emphasize variation in response. A Tukey’s HSD post hoc test was employed to probe for pairwise differ-
ences between legs and across time points where warranted. In all analyses, statistical significance was set at p < 0.05.

Transcriptomic Data

All of the new HTA 2.0 array data has been deposited along with existing array data and are available at GEO (GSE154846).
Standard quality control processes were performed for each study (NUSE plots and PCA). While the array offers advantages
in terms of reproducibility, standard pre-processing approaches do not account for study specific probe-performance, and
we have developed a study-specific pipeline that scans the 7 million short probes prior to assembly of transcripts using the
following criteria:

a) specific to one location on the genome
b) the probe signal is above background noise in the particular dataset

Data analysis methods utilized numerous informatics resources (Bengtsson et al., 2008; Dai et al., 2005; Gentleman et al., 2004;
Wang et al., 2012). Each transcriptional ‘unit’ of expression was defined by establishing which of the ~6.9 million probes, from the
HTA 2.0 chip, were detectable, and then assembling the signal from GC corrected ‘active’ probes into probe-sets (defined by en-
sembl ENST identifiers, http://www.ensembl.org//useast.ensembl.org/?redirectsrc=//www.ensembl.org%2F). The custom chip
definition file (CDF) used to summarize the transcript level data is deposited at GEO. Our method provides an enhanced signal by
removing individual probes, from probe-sets, that approximate to background noise. To create each CDF, the ~6.9 million probe
sequences (Affymetrix website) were aligned to the genome build e.g., GRCh38_82p3 (e.g., see http://brainarray.mbni.med.
umich.edu for a description) using bowtie alignment tool (Langmead and Salzberg, 2012). Probes which map to more than one
part of the genome are discarded. There are ~50,000 probes on the HTA 2.0 array which have an extreme GC content (i.e., <
20%, > 80%) and these were removed as the adjustment model used to correct GC content is not effective at these extreme values.
Older-generation transcriptomic data was re-processed to use the same transcript identifiers from the updated HTA pipeline (Tim-
mons et al., 2018).

Most studies of human muscle to date have used RNA detection technology that is unable to accurately measure exon-specific
transcripts (Shalek et al., 2013) or provides partial and skewed coverage of the transcriptome. Our process allows us to define which
part of the transcript we wish to quantify and in the present study, we apply the custom CDF approach to study differential expression
of specific regions of transcripts through comparing the differential expression (DE) response of the entire (‘full length’) ensembl
defined transcript unit, with the responses of only the untranslated regions - regions critical for regulating protein translational effi-
ciency and hence a key component of the cell hypertrophy response. For DE analysis, we utilized paired SAMR analysis using a cut
off of 5% FDR and 1.2-fold difference to generate the initial transcript lists - before applying a number of down-stream approaches to
subset the data (See Results). For network analysis, we used the R-package MEGENA (Song and Zhang, 2015) to identify network
structures (FDR < 1% for spearman correlation; p < 0.01 for module significance and p < 0.01 for network connectivity) and 10,000
permutations for calculating FDR and connectivity p values. Network data-plots were produced using Fruchterman-Reingold force
directed plotting within MEGENA (Song and Zhang, 2015). CiiiDER was used to identify potential regulatory transcription factors
(Gearing et al., 2019).

e7 Cell Reports 32, 107980, August 4, 2020
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To estimate if a UTR signal was regulated in a manner distinct from the full length (FL) ENST’s the following heuristic was utilized:

1) A “gene” was considered if it was significantly regulated in any one of the three statistical analysis comparisons between RT
and UL (FL-ENST, 3'UTR and 5'UTR values, FDR < 5%, > 1.2FC)

AND

2) the FL-ENST was neither statistically regulated, nor the absolute numerical FC values were > 30% different from the matching
statistically significant UTR response

OR

3) the FL-ENST was statistically regulated but the absolute numerical FC values were > 30% different from the numerical UTR
response e.g., to include discordant patterns

Cell Reports 32, 107980, August 4, 2020 e8
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Supplementary Figures and Tables
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Figure S1. Muscle atrophy proceeds much more rapidly than muscle hypertrophy and is related to the
change in muscle protein synthesis, related to Figure 2.
(A) Percentage change in mid-thigh vastus lateralis cross sectional area (VLCSA) following 10 weeks of resistance
training (RT) and 2 weeks of unloading (UL); n=12.
(B) Percentage change in quadriceps volume following 10 weeks of RT and 2 weeks of UL, n=12.

(C) Percentage change in peak-quadriceps CSA following 10 weeks of RT and 2 weeks of UL, n=12.

(D) The linear relationship between changes in iMyoPS in response to 2 weeks of UL and the corresponding
reduction of VLCSA in the same limb (Pearson’s r=0.8, p<0.05, caveat with small sample size acknowledged
despite the high probability of a causal relationship between these two variables); n=12.

(E) Average deuterium enrichment in saliva during the periods over which iMyoPS was assessed. The horizontal

dotted line shows the global average from day 1 (i.e. after loading) until day 20; n=12.

For box and whisker plots, the boxes include the 25", 50" and 75" quartiles and whiskers represent the maximum
and minimum values. The mean value is depicted by the ‘+’ symbol.
*denotes statistically different from Pre; # statistically different from RT value (p<0.05).
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Figure S2. HypAt-regulated genes form functional networks in a large human muscle tissue biobank, related
to Supplemental Data S1 and Figure 3.
Using the HypAT FL-ENST regulated transcripts (FDR <5%) as input into Megena (FDR <1% spearman
correlation; p<0.01 for module significance, p<0.01 for network connectivity and 10,000 permutations for
calculating FDR and connectivity p-values), top distinct planar filtered networks were identified that centered
around NDUFS3 (top panel; enriched in genes relating to mitochondrial biology) and around DOCK1 (bottom
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panel, enriched in genes related to extracellular matrix remodeling) using a large independent skeletal muscle data
set (n=187).
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Figure S3. Proteome constrained network modeling reveals growth regulating pathways, related to Figure 3
and Table S2.

HypAT genes that correlated with lean mass gains in independent cohorts were used as input to characterize tissue-
specific protein-protein interactions (PPI) using www.networkanalyst.ca and a 10th percentile threshold. A first-
order network of protein-protein interactions is presented. FOXO3 was negatively correlated with leg lean mass
changes and the PPI contained 45 FOXO signaling pathway members (Kegg database), 1x10* FDR. Green circles
represent negatively- and red, positively-correlated genes. Grey genes are members of the protein-protein
interactome acting on the 141 HypAT genes regulated in proportion to gains in lean mass. Inset: bar graph
generated using Metascape showing top enrichment clusters derived from the list of growth correlated genes. GO
Terms: GO:0009167, Purine ribonucleoside monophosphate metabolic process; GO:0007005, Mitochondrion
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organization; GO:0010035, Response to inorganic substance. Color of bars indicates the level of significance of the
corresponding cluster. Genes related to muscle growth in independent data sets were found to be dominated by
proteins related to mitochondrial biology and ribonucleoside monophosphate synthesis.
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Figure S4. RNAI effectively reduced RNA expression of selected growth-correlated target genes by >90% in
differentiated myotubes, related to Figure 4.

Normalized gene expression data from myotubes after knockdown with siRNA species against: FKBP1, BCAT2,
MBNLI1 and NID2. Cells were either untreated (set to 100%), treated with IGF-1 only, or treated with IGF-1 and

with a pool of siRNA targeted against the gene listed. n=4; one-way ANOVA (*P<0.05, **P<0.01, ***P<0.001
versus IGF-1)
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Figure S5. Representative western blots of protein signaling data, related to Figure 4.

Lane order (n=4): basal (untreated), IGF-1, IGF-1/FOXO KD, IGF-1/BCAT2 KD, IGF-1/FKBP1la KD. Note: the
RNAI tool against FOXO3 was inactive and so we did not, as originally planned, study FOXO3 as a control.
However, western analyses were carried out prior to the discovery that FOXO3 siRNA was defective and thus
included in the original gels.
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Figure S7. Knockdown of growth-correlated genes in myotubes alters protein synthesis and regulates
signaling cascades that influence protein translation, related to Figure 4.
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Figure S6. Total protein, RNA and DNA content after myotube treatment with or without IGF-1 and siRNA
against selected gene targets, related to Figure 4.

Total protein (A), RNA (B) and DNA (C) after myotube treatment with IGF-1 in isolation or combined with siRNA
against BCAT2, FKBP1A, NID2 or MBNLI. n=5; one-way ANOVA (*¥P<0.05, versus IGF-1).
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Figure S7. Knockdown of growth-correlated genes in myotubes alters protein synthesis and regulates
signaling cascades that influence protein translation, related to Figure 4.
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(A — D) The effects of targeting NID2 with siRNA on NID2 mRNA expression (A), 4hr puromycin signal (B), 48hr
total protein (C) and protein content of various proteins thought to be involved in muscle growth.

(E — H) The effects of targeting BCAT2 with siRNA on BCAT2 mRNA expression (A), 4hr puromycin signal (B),
48hr total protein (C) and protein content of various proteins thought to be involved in muscle growth.
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Supplementary Tables

Table S1. HypAt Participant Characteristics, related to Figure 1, 2, S1 and STAR Methods.

Parameter Baseline Week 5 Week 10
Age,y 20+3 - -

Height, m 1.7+0.1 - -

Mass, kg 71.2+12.2 71.2£11.4 70.8+11.2
BMI, kg'm™ 23.843.1 23.9+2.9 23.7+2.8
Leg Ext 1-RM, kg 53+12 - 77+12*
Leg Press 1-RM, kg 120+32 - 190+35*
Daily Steps 9900+5100 9100+2800 8000+3600
Activity, keal-d”! 1012+477 970+403 965+437
Dietary Protein, g‘kg'd'1 1.5+0.9 1.4+0.7 1.6+0.9
En% Protein 17+6 19+5 18+4
En% CHO 49+15 5247 54+10
En% Fat 3212 3147 2810

Abbreviations: BMI, body mass index; 1-RM, one-repetition maximum; En%, energy percentage. CHO,
carbohydrates. * significantly different from baseline, p<0.05. All data are presented as mean+SD.
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Table S2. Steps for generating a proteome-constrained network plot, related to Table 1, STAR Methods, Figure S3 and Supplemental Data S2.

Steps

Link/File

Get list of genes for uploading to web-site
Browse to network tool home page
Select ‘Gene List Input” option

Select ‘Human’ and Official Gene Symbol
Open file containing gene list

Upload gene list
Choose Tissue-Specific PPI
Define Network

Define network structure
View 3D network

Explore pathway biology

URL to Supplemental Data S2
www.networkanalyst.ca

https://www.networkanalyst.ca/NetworkAnalyst/uploads/ListUploadView.xhtml

Pull-down lists

Browse to location of ‘Supplementary Data S2” file on your computer and open in text editor or Excel - then
copy both columns

Paste gene list and press upload and then press proceed

Select ‘skeletal muscle’ from the pull-down menu and set the filter to 10

Press proceed https://www.networkanalyst.ca/NetworkAnalyst/Secure/network/NetworkBuilder.xhtml)

Press 3D option within network plotting window. Then set ‘view” to ‘expression’ and ‘shading’ = ‘none’.
Place mouse cursor on any black space, hold-down mouse button and drag to rotate. Type any gene name
into the ‘search” function to highlight that gene. Zoom in and out to view network connections.

Select database to query from top right-hand side of web page. E.g. Kegg. Choose all nodes and press submit

A step by step guide to generating a 3-dimentional plot of the 141 HypAT genes that correlated with lean mass gains across independent cohorts within the
context of a muscle tissue-specific protein-protein interactions (PPI) network. Note, in November 2019, the analysis indicates FOXO3 was negatively correlated
with leg lean mass changes and the PPI contains 45 FOXO signaling pathway members (Kegg database, 1x10™" FDR). Green represents negatively and red
positively correlated genes with in vivo changes in lean mass. Grey circles are members of the protein-protein interactome, acting on the 141 HypAt genes
regulated in proportion to gains in lean mass, but themselves were not regulated at the RNA level in the present analysis. Any regulated gene, from the 141
identified, that was not part of the protein-protein interactome would not appear in this analysis as evidence for protein level interaction was a prerequisite for

inclusion.
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CHAPTER 4:

Declines in muscle protein synthesis account for short-term disuse atrophy in
humans in the absence of increased muscle protein breakdown.
Published in the Journal of Cachexia, Sarcopenia, and Muscle. May 23. 2022. Doi:
10.1002/jcsm.13005. Online ahead of print

Published under the Creative Commons Attribution License 4.0
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ORIGINAL ARTICLE

Journal of Cachexia, Sarcopenia and Muscle (2022)
Published online in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.13005

Declines in muscle protein synthesis account for
short-term muscle disuse atrophy in humans in the
absence of increased muscle protein breakdown

Matthew S. Brook™? (), Tanner Stokes®, Stefan H.M. Gorissen?, Joseph J. Bass* (2, Chris McGlory* (), Jessica Cegielski®,
Daniel J. Wilkinson* (2, Bethan E. Phillips® (), Ken Smith®, Stuart M. Phillips® ) & Philip J. Atherton™*
MRC-Versus Arthritis Centre for Musculoskeletal Ageing Research and NIHR Nottingham BRC, Centre Of bolism, Ageing and Physiology (COMAP), School of Medicine,

University of Nottingham, Derby, UK; *School of Life Sciences, University of Nottingham, Nottingham, UK; *Department of Kinesiology, McMaster University, Hamilton, ON,
Canada; *School of Kinesiology and Health Studies, Queen’s University, Kingston, ON, Canada

Abstract

Background We determined the short-term (i.e. 4 days) impacts of disuse atrophy in relation to muscle protein turn-
over [acute fasted-fed muscle protein synthesis (MPS)/muscle protein breakdown (MPB) and integrated
MPS/estimated MPB].

Methods Healthy men (N = 9, 22 =+ 2 years, body mass index 24 + 3 kg m ) underwent 4 day unilateral leg immo-
bilization. Vastus lateralis (VL) muscle thickness (MT) and extensor strength and thigh lean mass (TLM) were mea-
sured. Bilateral VL muscle biopsies were collected on Day 4 at t = —120, 0, 90, and 180 min to determine integrated
MPS, estimated MPB, acute fasted-fed MPS (1-[ring-'>Cg]-phe), and acute fasted tracer decay rate representative of
MPB (L-['°N]-phe and L-[?Hg]-phe). Protein turnover cell signalling was measured by immunoblotting.

Results Immobilization decreased TLM [pre: 7477 + 1196 g, post: 7352 = 1209 g (P < 0.01)], MT [pre:
2.67 = 0.50 cm, post: 2.55 = 0.51 cm (P < 0.05)], and strength [pre: 260 = 43 N m, post: 229 * 37 N m
(P < 0.05)] with no change in control legs. Integrated MPS decreased in immob vs. control legs [control:
1.55 + 0.21% day !, immob: 1.29 + 0.17% day ' (P < 0.01)], while tracer decay rate (i.e. MPB) (control:
0.02 + 0.006, immob: 0.015 *+ 0.015) and fractional breakdown rate (FBR) remained unchanged [control:
1.44 + 0.51% day !, immob: 1.73 + 0.35% day ' (P = 0.21)]. Changes in MT correlated with those in MPS but not
FBR. MPS increased in the control leg following feeding [fasted: 0.043 = 0.012% h~?, fed: 0.065 + 0.017% h~!
(P < 0.05)] but not in immob [fasted: 0.034 = 0.014% h~!, fed: 0.049 = 0.023% h™! (P = 0.09)]. There were no
changes in markers of MPB with immob (P > 0.05).

Conclusions Human skeletal muscle disuse atrophy is driven by declines in MPS, not increases in MPB. Pro-anabolic
therapies to mitigate disuse atrophy would likely be more effective than therapies aimed at attenuating protein
degradation.

Keywords Immobilization; Atrophy; Muscle; Protein synthesis; Protein breakdown
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M. Brook et al.

Introduction

Periods of skeletal muscle atrophy due to general ill-health,
immobility, sedentary behaviours, trauma, disease, or age-
ing punctuate the age-related declines in skeletal muscle
mass.> While the aetiology of muscle atrophy depends on
the underlying cause, a major component of all-cause mus-
cle atrophy is physical inactivity. Inactivity may occur slowly,
through sedentarism/immobility, or more rapidly due to
enforced bed rest or limb casting after trauma or elective
surgery.”™ It follows that a significant body of research
has, and continues to focus upon, the mechanisms of mus-
cle atrophy and mitigation strategies.® In terms of the tem-
poral nature of muscle atrophy upon immobilization, there
is growing evidence of rapidity over short time frames
(<1 week).*® The average UK NHS hospital stay is ~4.5 days
(Source: NHS HES 2018-2019) and time off work due to flu
related illness ~3 days.” However, the mechanisms of atro-
phy during short-term immobilization remain unclear in
humans.®

Muscle mass is regulated by the balance between muscle
protein synthesis (MPS) and muscle protein breakdown
(MPB) rates. These rates exist in dynamic equilibrium
resulting from fasted-fed cycles whereby dietary protein in-
take replenishes amino acids released from muscle for
extra-muscular processes in between meals.® Theoretically,
muscle disuse atrophy could be driven by declines in MPS,
increases in MPB, or both. Early studies using stable isotopi-
cally labelled amino acid (AA) tracer infusions have shown
that declines in post-absorptive MPS rates are a consistent
feature of human disuse atrophy.>*® Similarly, MPS re-
sponses to protein intake during immobilization are also
blunted, albeit through mechanisms not easily explained by
classical AA sensing.'* Nonetheless, it is clear that blunted
rates of fasted and fed MPS are key players in human disuse
atrophy.®*?

In contrast to MPS, the role of MPB in human disuse atro-
phy remains poorly defined, despite decades of work gener-
ated in animal models suggesting that MPB is a major driver
of disuse atrophy. The lack of MPB data in humans is in part
due to the technical challenges of quantifying MPB in vivo. In-
deed, while MPS is readily measurable using ‘direct incorpo-
ration (into muscle biopsy)’ tracer techniques, such a gold
standard does not exist for MPB. The arterio-venous (A-V)
balance technique is one approach to quantify tracer rate of
appearance/disappearance, although this requires limb—typ-
ically femoral—venous cannulation and is reliant upon as-
sumptions and accurate and timely measures of blood flow.*?
Another approach is the ‘pulse-chase’ technique, capitalizing
on the ratio of dilution between two tracers over time.'* Of
the few studies that have quantified MPB, one showed no ef-
fect on MPB (using A-V balance technique) after 14 day bed
rest in the face of decreased MPS and whole-body protein
synthesis.*> Moreover, short-term studies measuring dynamic

MPB are lacking, despite reports of heightened static bio-
markers of MPB in the early phase of disuse atrophy.**%7
Therefore, a major gap remains in our understanding of the
relative roles of MPS/MPB and the technical challenges to
quantifying these dynamic processes over an entire disuse
period.

In the present study, we aimed to address each of these
knowledge gaps by determining the short-term (4 days) im-
pact of disuse atrophy using the knee brace immobilization
model® in humans in relation to: MPS (acute fasted-fed via
L-[ring-*3C¢)-phenylalanine and cumulative MPS via D,0),
acute pulse-chase tracer decay rate representative of MPB,
and estimated 4d FBR, in addition to regulatory pathways
of MPS/MPB. We hypothesized that declines in acute fasted
and fed, and thus cumulative MPS would account for
short-term disuse atrophy. We further hypothesized that
MPB would not be playing a major role in human disuse
atrophy.

Methods
Participant characteristics

Nine young, healthy male participants'’ (mean + SD: age,
22 # 2 years; body mass index, 24 + 3 kg m~?) volunteered
to take part in this study. A sample size of nine in each
group was determined to have a power of 95% and a signif-
icance level of 5%, based on previously published data
showing a lower post-prandial stimulation of MPS in the
immobilized vs. control limb (0.02 + 0.007 vs.
0.044 + 0.010% h*).}7 Participants were initially screened
by medical questionnaire, with exclusions for history of
any neuromuscular disorder or muscle/bone wasting dis-
ease, acute or chronic metabolic, respiratory or cardiovascu-
lar disorder, or any other signs of ill health. All participants
were performing activities of daily living or recreation upon
entry to the study but were not routinely undertaking heavy,
structured exercise. Participants did not  use
tobacco-containing products or consume excessive alcohol
(>21 units per week). The experimental procedures were
approved by the Hamilton Integrated Research Ethics Board
(HiREB #2192) and conformed to the Declaration of Helsinki.
Written informed consent was obtained from all participants
prior to their participation.

Experimental procedures

This study involved a bilateral leg protocol, with one leg ran-
domly assigned to be immobilized and the contralateral limb
used as a co-temporal control. Upon inclusion, participants
were asked to visit the laboratory on two separate occa-
sions, both of which followed an overnight fast (Figure 1).
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On the first visit, participants had the thigh lean mass of
both legs measured using dual-energy X-ray absorptiometry
(DXA) (Lunar iDXA; GE Medical Systems, Mississauga, ON),
before ingesting a bolus dose of D,0 (3 mL kg~?) for the
measurement of integrated MPS rates. A saliva and blood
sample was obtained prior to and 2 h following D,O con-
sumption for measurement of deuterium enrichment in
body water. Vastus lateralis (VL) muscle thickness (MT)
was assessed using B-mode ultrasonography (Vivid Q, GE
Medical Systems, Horten, Norway). During the first assess-
ment, a mark was made with permanent marker 50% of
the distance between the greater trochanter of the femur
and the lateral epicondyle of the knee, identified by palpa-
tion. A thick layer of acoustic gel was applied on the leg at
the area of measurement, and care was taken to avoid de-
pressing the muscle belly during image acquisition. The
test—retest intraclass correlation coefficient for VL MT was
0.96. Maximal voluntary isometric contraction torque
(MVC) of each leg was assessed using Biodex dynamometer
(Biodex System 3; Biodex Medical Systems, Shirley, New
York). The test—retest intraclass correlation coefficient for
Biodex measures was 0.92. Thereafter, a knee brace (X-Act
ROM; DonJoy, Dallas, TX, USA) was fitted to the immobiliza-
tion randomized leg and fixed at an angle of 60° of knee
flexion. Participants continued to wear the knee brace as de-
scribed for a duration of 3 days, collecting a saliva sample
each day, before returning to the laboratory for their second
visit exactly 4 days after the first visit. Upon arrival for Visit
2, participants had their knee brace removed, DXA thigh
lean mass measured, ultrasound scan, and a further saliva
sample was obtained. Participants were transported be-
tween stations in a wheelchair to prevent weight bearing
in the immobilized leg prior to undergoing the infusion trial
described below.

Infusion protocol

Participants reported to the laboratory in the overnight
fasting state (at least 10 h fasted). The knee brace was re-
moved, and participants remained in a supine position on a
laboratory bed for the entire duration of the infusion trial.
A catheter was placed in an antecubital vein for AA and dex-
trose infusions. A second catheter was inserted into an
antecubital vein of the contralateral arm and placed in a
heated blanket for arterialized blood sampling. After
obtaining a baseline blood sample (t = —210 min), a primed
constant infusion of L-[ring-*3C¢]-phenylalanine (0.4 mg kg *
prime; 0.6 mg kg h™~* infusion) was initiated for the assess-
ment of MPS. Additional blood samples were collected regu-
larly throughout (Figure 2). At t = —120 min, a saliva sample
was collected, and the first muscle biopsies were taken from
both the immobilized and control leg for measurement of in-
tegrated MPS. Further muscle biopsies were collected from
both legs at t = 0 min to determine basal MPS based on L-
[ring-3Cg]-phenylalanine incorporation. Pulse injections of L-
[*Hg]-phenylalanine at t = —90 min (5.53 mg kg %) and L-
[**N]-phenylalanine at t = —30 min (5.4 mg kg %) for the de-
termination of MPB rates (represented by tracer decay rate
over time) were applied in the fasted state, calculated from
muscle biopsies at t = 0 min. After collecting the muscle biop-
sies, primed constant infusions of AAs (34 mg kg™* prime;
102 mg kg h™* infusion; PRIMENE 10%, Baxter Corporation,
Mississauga, Ontario, Canada) and dextrose (blood glucose
clamped at 7.0-7.5 mM) were started to mimic a
post-prandial state for the remainder of the infusion trial.
During the post-prandial state, the L-[ring-">Cg]-phenylalanine
infusion rate was increased to 0.86 mg kg h~* to account for
unlabelled phenylalanine entering the free AA pool and pre-
vent dilution of the precursor pool. At t = 90 and

Day 1
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Figure 1 Schematic representation of study design.
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Figure 2 Schematic representation of infusion trial.

t = 180 min, muscle biopsies were collected from the
immobilized and control legs. After the final biopsies, partic-
ipants were provided with juice and a snack, the dextrose in-
fusion was gradually decreased, and other infusions were
stopped. Plasma glucose was monitored for another 30 min
in order to prevent hypoglycaemia. Blood samples were col-
lected in EDTA containing tubes and centrifuged at 1800g
for 10 min at 4°C. Aliquots of plasma were frozen in liquid ni-
trogen and stored at —20°C. Biopsies were collected from the
middle region of the m. vastus lateralis, approximately 15 cm
above the patella and 3 cm below entry through the fascia,
using the percutaneous needle biopsy technique. Muscle
samples were dissected carefully, freed from any visible
non-muscle material, immediately frozen in liquid nitrogen,
and stored at —80°C until further analysis. A schematic repre-
sentation of the infusion trial can be seen in Figure 2.

Glucose clamp

During the infusion trial, starting at t = 0 min, a glucose clamp
was initiated to mimic a post-prandial state. Dextrose (25%)
was infused according to a priming infusion protocol adapted
from DeFronzo et al.*® for the first 14 min until a steady-state
blood glucose concentration of 7.0-7.5 mM was obtained.
Steady-state blood glucose was maintained by measuring
blood glucose concentrations every 5 min and adjusting the
infusion rate accordingly. Blood glucose concentrations over
the course of the dextrose infusion were measured using
the YSI STAT 2300 glucose analyser. At the end of the infusion
trial, participants consumed juice and a snack while the dex-
trose infusion rate was gradually decreased in order to pre-
vent hypoglycaemia. Blood glucose was monitored for an-
other 30 min.

Body water, muscle protein bound alanine, and
intracellular free amino acid enrichments

Body water enrichment was measured as previously
described.® Briefly, saliva was heated in a vial at 100°C, then
cooled rapidly on ice and the condensate transferred to a
clean vial ready for analysis. Deuterium enrichment was mea-
sured on a high-temperature conversion elemental analyser
connected to an isotope ratio mass spectrometer (TC/EA-
IRMS Thermo Finnigan, Hemel Hempstead, UK). For isolation
of myofibrillar and sarcoplasmic fractions, 30-50 mg of mus-
cle was used. Muscle samples were homogenized in ice-cold
homogenization buffer [SO mM Tris—HCl (pH 7.4), 50 mM
NaF, 10 mM *-glycerophosphate disodium salt, 1 mM EDTA,
1 mM EGTA, and 1 mM activated NasVO, (all from Sigma-Al-
drich)] and a complete protease inhibitor cocktail tablet
(Roche, West Sussex, UK) at 10 ulL ug~* tissue. Homogenates
were rotated for 10 min, and the supernatant (sarcoplasmic
fraction) was collected by centrifugation at 1000g for
15 min at 4°C. The pellet was resuspended in 500 pL mito-
chondrial extraction buffer, dounce homogenized, and the su-
pernatant removed after centrifugation at 1000g for 5 min at
4°C. The myofibrillar pellet was solubilized in 0.3 M NaOH and
separated from the insoluble collagen by centrifugation, and
the myofibrillar protein was precipitated in 1 M perchloric
acid. The myofibrillar protein was then precipitated, hydro-
lysed in 0.1 M HCL for 24 h, and the free AAs purified and
derivatized as their n-methoxycarbonyl methyl esters. Incor-
poration of deuterium into protein bound alanine was deter-
mined by gas chromatography-pyrolysis-isotope ratio mass
spectrometry  (GC-pyrolysis-IRMS, Delta V Advantage;
Thermo Finnigan, Hemel Hempstead, UK) alongside a stan-
dard curve of known DL-alanine-2,3,3,3-D, enrichment to val-
idate measurement accuracy. MPS, fractional growth rate
(FGR), and fractional breakdown rate (FBR) were calculated

Journal of Cachexia, Sarcopenia and Muscle 2022
DOI: 10.1002/jcsm.13005

96



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

Declines in MPS account for short-term muscle disuse atrophy

as previously described.® The incorporation of L-[ring-*>Cg]-
phenylalanine was determined by gas chromatography-com-
bustion-isotope ratio mass spectrometry (Delta plus XP;
Thermo Fisher Scientificc, Hemel Hempstead, United
Kingdom) with muscle intracellular L-[ring-'3C¢]-phenylala-
nine, L-[*°N]-phenylalanine, and L-[*Hg]-phenylalanine enrich-
ment measured by gas chromatography-tandem mass spec-
trometry (TSQ 8000; Thermo Scientific) following
precipitation of the sarcoplasmic fraction and purification of
the supernatant using Dowex H" resin as described above,
with AAs converted to their methoxycarbonyl ethyl esters.
The fractional synthesis rate of the myofibrillar proteins was
calculated using the precursor-product equation as previously
described.?* The tracer decay rate or MPB was calculated
using pulse-chase methods (n = 5). From muscle biopsies col-
lected at t = 0 min, the enrichment of L-[*°N]-phenylalanine
and L-[*Hg]-phenylalanine was calculated. Pulse injections of
L-[**N]-phenylalanine and L-[*Hg]-phenylalanine were admin-
istered at t = —90 min and t = —30 min respectively, the
tracer dilution within the intracellular pools enables a decay
rate representing MPB to be calculated.?>™>* The exponential
tracer decay rate was determined from the difference in in-
tracellular enrichment of (-[**N]-phenylalanine and L-[*Hg]-
phenylalanine at t = 0 biopsy over 1 h.

Immunoblotting for muscle signalling pathway
activity

Immunoblotting was performed as previously described?
using the sarcoplasmic fraction isolated from myofibrillar
preparation (n = 8). Sarcoplasmic protein concentrations
were analysed using a NanoDrop ND1000 spectrophotometer
(NanoDrop Technologies, Inc., Wilmington, DE-US) and sam-
ple concentrations adjusted to 1 pg pL ' in 3x Laemmli
buffer to ensure equivalent protein loading in pre-cast 12%
Bis-Tris Criterion XT gels (Bio-Rad, Hemel Hempstead, UK) of
10 pg/lane. Samples were separated electrophoretically at
200 V for 1 h, followed by transfer of proteins to PVDF mem-
brane at 100 V for 45 min and subsequent blocking in 2.5%
non-fat milk in Tris-buffered saline/Tween 20 (TBST) for 1 h.
Membranes were incubated in primary antibodies (1:2000 di-
lution in 2.5% BSA in TBST) overnight at 4°C; p-mTOR Ser
2448 (#2972), p-4E-BP1 Thr 37/46 (#2855), p-eEF2 Thr 56
(#2331), p-AKT Ser 473 (#4060), p-rpS6 Ser 235/236
(#2211), p-elFAE Ser 209 (#9741), p-elF4B Ser 422 (#3591),
Ubiquitin (1:1000; #3933, New England Biolabs, Hertford-
shire, UK), Calpain (1:1000; ab3589, Abcam, Cambridge,
UK), and MAFbx (1:1000; #AP2041, ECM Biosciences, Ver-
sailles, KY, USA). Membranes were subsequently washed
and incubated in HRP conjugated anti-rabbit secondary anti-
body (#7074, New England Biolabs, Hertfordshire, UK;
1:2000 in 2.5% BSA in TBST) at ambient temperature for
1 h, before exposure to chemiluminescent HRP Substrate

(Millipore Corporation, Billerica, MA, USA) for 5 min. Bands
were quantified by Chemidoc XRS (Bio-Rad, Hertfordshire,
UK). All signals were within the linear range of detection;
loading was corrected to Coomassie [34]. Fed (t = 90 min)
data were normalized to control mean and transformed using
Y = (log(1 + V)).

Statistical analyses

Data are presented as means + standard deviation (SD) or as
individual data points with paired samples connected by a
line. Data were tested for normal distribution using a
Kolmogorov—Smirnov test. DXA lean mass, VL MT, MVC, and
acute MPS were analysed using a repeated measures
two-way ANOVA. Immunoblotting values were normalized
to control and transformed using Y = (log(1 + Y)) prior to anal-
ysis using a repeated measures two-way ANOVA. Integrated
MPS, FGR, FBR, and tracer decay rate were analysed using a
paired t-test. All data analysis was performed using GraphPad
Prism (GraphPad Software Inc., San Diego, CA); correlations
were assessed using Pearson’s product moment correlation
coefficient. Cohen’s d effect size (d) was calculated for paired
samples. The alpha level of significance was set at P < 0.05.

Results

Muscle mass, vastus lateralis thickness, and
strength

At baseline, there was no difference in TLM, VL MT, or
strength between legs. Over the 4 day study period, the con-
trol leg showed no change in TLM [pre: 7476 + 1341 g, post:
7501 + 1349 g (d = 0.26)], VL MT [pre: 2.68 + 0.54 cm, post:
2.65 +0.52 cm (d = 0.23)] or MVC [pre: 253 + 48 N m ™ *, post:
264+ 68 N m~* (d = 0.36)]. The immobilized leg showed a de-
crease from baseline in TLM [pre: 7477 + 1196 g, post:
7352 £ 1209 g, (P < 0.01, d = 1.1) (main effect of interaction:
P =0.01, time: P = 0.06, intervention: P = 0.09), Figure 3A], VL
MT [pre: 2.67 + 0.50 cm, post: 2.55 + 0.51 cm, (P < 0.05,
d = 1.45) (main effect of interaction: P = 0.16, time:
P = 0.01, intervention P = 0.8), Figure 3B], and MVC [pre:
260 + 43 N m~%, post: 229 + 37 Nm™%, (P < 0.05, d = 0.93)
(main effect of interaction: P = 0.02, time: P = 0.22, interven-
tion P = 0.54), Figure 3C].

Integrated muscle protein synthesis, fractional
growth and breakdown rates

Over the study period, 4 day integrated MPS was decreased
in the immobilized vs. the control leg [control:
1.55 + 0.21% day %, immob: 1.29 + 0.17% day *, (P < 0.01
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d = 1.35), Figure 4A]. Similarly, the FGR was decreased in the mained unchanged (Figure 5A) (main effect of interaction:
immobilized leg [control: 0.08 + 0.34% day ', immob: P = 0.53, time: P = 0.008, intervention P = 0.07). However,
—0.38 + 0.31% day %, (P < 0.05, d = 0.77) Figure 4B], while only the control leg increased MPS in response to feeding
the FBR remained unchanged [control: 1.44 + 0.51% day ™ *, [fasted: 0.043 + 0.012% h~?', fed: 0.065 + 0.017% h~?,
immob: 1.73 + 0.35% day %, (P = 0.21 d = 0.39), Figure 4C). (P < 0.05, d = 1.38)] with no change in the immobilized leg
The change in MT was correlated with the change in MPS  [fasted: 0.034 + 0.014% h~%, fed: 0.049 + 0.023% h~!
(P =0.03, * = 0.52, Figure 4D) and was not correlated with (P = 0.09, d = 0.90) Figure 5A]. The absolute decrease in inte-
the change in FBR (P = 0.17, % = 0.29, not shown). grated or acute MPS was similar [integrated:
—0.25 +0.16% day %, acute: —0.26 + 0.38% day * (assuming
two-thirds of the day is spent fasted and one-third fed)
(d = 0.004), Figure 5B]. The acute fasted tracer decay rate
representing MPB did not differ between control and immo-
bilization legs [control: 0.02 + 0.006, immob: 0.015 * 0.015,
(d = 0.89) Figure 5C]. The change in MPS was not correlated

Acute muscle protein turnover

After 4 days of immobilization, there was an overall trend for
decreased MPS, yet fasted and fed rates of acute MPS re-
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with either the change in rpS6 or 4E-BP1 phosphorylation
from fasted to fed states (Figure 6A,B). Overall, both anabolic
and catabolic markers were similar between control and
immob, with no effect of immobilization on markers of
MPB (Table 1) (Figure 7).

Discussion

Muscle disuse through lifestyle changes, injury, illness, or
short-term hospitalization results in loss of skeletal muscle
mass and strength.>>2® This muscle wasting is particularly ev-
ident with long-term immobilization,?’ yet there is growing
evidence that muscle mass loss proceeds most rapidly during
the early stages of disuse.*?® Substantial muscle wasting oc-
curs after 4 days of immobilization,?® likely having critical
consequences for many individuals undergoing short-term in-
activity through acute hospitalization [¥4.5 days (Source: NHS
HES 2018-2019)] or illness (~3 days’). On this basis, it has
been speculated that repeated short-term periods of immobi-
lization may accelerate an older individual’s trajectory to
frailty.3° Nevertheless, the proteostasis underpinnings of hu-
man disuse muscle atrophy and strength declines remain un-
clear, leaving us without effective countermeasures. Here, we
discovered that reduction in muscle size and strength follow-

ing 4 days of immobilization was driven by declines in MPS
and no change in D,0-derived FBR. In addition, declines in
MT correlated with change in MPS but not FBR.
Feeding-induced hyperaminoacidemia showed a main effect
of feeding with no significant interaction. However, there
was a more robust and expected stimulation of MPS in the
control leg, that was ablated in the immobilized leg, highlight-
ing anabolic resistance as key element in muscle disuse atro-
phy. Finally, we observed no change in acute tracer decay,
representative of MPB, or intracellular markers of MPB. Our
results point to the prominent role of declines in MPS and
not elevated proteolysis as the dominant mechanism of early
muscle disuse atrophy.

There are numerous models of human muscle disuse atro-
phy (e.g. bed rest, casting, unilateral lower-limb suspension)
that vary in mobility restrictions and clinical relevance, yet
they all share common outcomes of decreased muscle mass
and strength.® For instance, reductions in strength of 9% have
been reported with 5 days of leg casting® and 25% with
14 days of unilateral lower-limb suspension.’® Here, we re-
port losses of ~11% in just 4 days, adding to previous litera-
ture of rapid losses of muscle strength.?® Loss of strength is
accompanied by muscle mass declines, with losses in muscle
volume of 1.7% by 2 days and 6.7% by 7 days reported via
MRI.2 In addition to muscle wasting varying across individual
muscles,® the extent of atrophy likely depends on the method
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Table 1 Muscle anabolic and catabolic signalling in control and immobilized legs

Fasted Fed
P-mTOR>***® [S 0.60 + 0.45 0.61 * 0.24 Time = 0.89
| 0.56 = 0.48 0.52 = 0.26 Intervention = 0.69
Interaction = 0.84
p-4EBP17>7/4¢ C 0.67 + 0.21 0.72 = 0.17 Time = 0.73
| 0.84 +0.29 0.84 £ 0.24 Intervention = 0.09
Interaction = 0.54
P-AKT**72 C 0.67 = 0.21 1.02 + 0.48 Time = 0.006
| 0.60 = 0.21 1.12 £ 0.59* Intervention = 0.94
Interaction = 0.56
P-RPS6°23%/236 C 0.52 = 0.60 1.78 = 0.52* Time = 0.001
| 0.57 = 0.47 1.62 + 0.96* Intervention = 0.81
Interaction = 0.77
P-elF4E>2%° c 0.66 + 0.27 0.66 + 0.22 Time = 0.21
| 0.78 = 0.28 0.59 = 0.19 Intervention = 0.85
Interaction = 0.15
P-elF4B*** C 0.69 + 0.13 0.88 + 0.42 Time = 0.05
| 0.59 £ 0.28 0.77 £ 0.36 Intervention = 0.46
Interaction = 0.88
P-eEF2"° c 0.68 +0.17 0.65 = 0.16 Time = 0.88
| 0.66 = 0.12 0.71 £ 0.11 Tntervention = 0.76
Interaction = 0.36
Calpain 1 C 0.69 = 0.12 0.74 = 0.1 Time = 0.52
| 0.78 £ 0.10 0.77 £ 0.09 Intervention = 0.17
Interaction = 0.30
MAFbx C 0.63 +£0.36 0.76 £ 0.23 Time = 0.45
| 0.74 £ 0.43 0.72 £ 0.32 Intervention = 0.83
Interaction = 0.28
Ubiquitin C 0.69 = 0.09 0.76 = 0.16 Time = 0.92
| 0.70 = 0.08 0.64 + 0.09 Intervention = 0.20
Interaction = 0.15
Data were normalized to control mean and transformed using Y = (log(1 + Y)).
P < 0.05.
MPS MPB
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Figure 7 Representative immunoblots for muscle signalling pathway activity.
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of assessment and immobilization model used.® For instance,
while ~10% declines in fibre cross-sectional area (CSA) were
reported after 4 days of knee-bracing?® 5 days of
leg-casting showed no measurable decline in fibre CSA, de-
spite ~3.5% decreases in whole muscle CSA.* In the present
study, using independent measurement techniques, we show
significant declines in DXA derived thigh lean mass loss of
~1.7% which correlated with significant declines in VL MT of
~4%. Our data therefore agree with previous literature
highlighting that muscle mass loss occurs rapidly at the onset
of immobilization. Further, these results support the use of
ultrasound as an indicator of muscle size** at least in healthy
individuals; the reduced invasiveness and cost offering a po-
tential tool to increase measurement frequency during early
atrophy.

Muscle mass is controlled by the balance between MPS
and MPB. Earlier studies of MPS during immobilization uti-
lized AA tracers representing the gold standard in assessing
acute fasted-state MPS and/or MPS responses to external
stimuli (nutrition/inactivity etc.). These studies revealed that
immobilization results in declines in both fasted and
fed-state MPS, that is, inducing a state of ‘anabolic
resistance’.®%32 Despite calculations from these studies sug-
gesting that declines in muscle mass may be entirely ex-
plained by declines in MPS,° the very nature of acute intra-
venous AA tracer studies means they provide only a
‘snapshot’ of proteostasis.>> In contrast, the use of oral D,O
provides an effective tool to quantify integrated MPS, captur-
ing anabolic responses over the entire measurement
period.3*3° Here, we combined integrated D,0 MPS mea-
sures along acute AA tracer approaches to capture both early
changes in integrated MPS and acute feeding responses. We
show that MPS is sustainably depressed over 4 days of immo-
bilization and that this was correlated with loss of VL MT.
Similarly, declines in MPS over 7 days of immobilization corre-
lated with declines in quadriceps muscle volume determined
by MRI. Together, these results provide good evidence that
declines in MPS dominate the muscle atrophy process. Previ-
ous similar integrated measures of MPS have shown substan-
tial declines over 14 and 7 days of immobilization,?®3> with
no significant changes over 2 days.?® As such, we have shown
the earliest declines in integrated MPS to date. Further, we
show that by Day 4, this is primarily a result of impaired feed-
ing responses and thus reduced MPS in both the fasted and
fed states (also the earliest observation of immobilization in-
duced anabolic resistance albeit congruent with longer term
results). Intriguingly, we also estimated similar declines in
daily integrated MPS from both our D,0 measures and our
daily acute MPS when assuming that post-absorptive periods
represent two-thirds of a diurnal cycle. These findings further
substantiate that MPS alone can explain declines in muscle
mass, in the absence of rises in ‘bulk’” MPB.

Increased markers of MPB during the early stages of im-
mobilization have resulted in MPB having a proposed role

in early disuse atrophy.®3® Previously, A-V balance tech-
niques showed no difference in whole-body protein break-
down after 2 weeks of immobilization.> Another study
showed that with 21 days of bed rest, there was no increase
in MPB.*” In contrast, indirect indicators of contractile pro-
tein breakdown (3-methylhistidine) have been shown to be
elevated during the early stages of immobilization (3 days)3%;
however, the validity of this result has been questioned®
given e.g. non-skeletal muscle sources of 3-methylhistidine.
More recently, MPB was determined to be lower during a pe-
riod of immobilization vs. re-training,*® yet this study was not
designed to compare with a control period, limiting conclu-
sions that may be drawn. In contrast to measures of dynamic
MPB, increased markers of MPB early with immobilization
have been reported, most noticeably, those of ubiquitin pro-
teasome pathway (e.g. MAFbx). However, elF3f, a key initia-
tion factor in protein synthesis, is a major target for MAFbx
and subsequent degradation.*’ As such, we posit that in-
creased markers of MPB act to degrade key components of
the protein synthetic machinery rather than bulk myofibrillar
contractile elements. To determine the role of bulk MPB in
muscle atrophy, we adopted a pulse-chase tracer technique
to assess dynamic rates of MPB® in addition to applying ro-
bust extrapolations from the D,0 tracer. Firstly, we found
no differences in the rate of tracer decay between the
immobilized vs. the control leg over 60 min in the fasted
state, indicating MPB was not increased in the immobilized
leg. Secondly, to assimilate MPB over the 4 day period, we
combined rates of MPS with the net change in muscle mass
per day (FGR) to calculate FBR. With the difficulties in accu-
rately measuring FBR during atrophy/hypertrophy, these
equations have shown to provide an accurate estimation of
FBR in response to various interventions.?%*>*3 Using these
validated equations, we observed no increases in FBR during
immobilization. Furthermore, changes in FBR did not corre-
late with declines in muscle mass, with no change in the ex-
pression of key markers of MPB. For that reason, our data
fully support MPB having a minimal role in driving immobili-
zation induced human muscle atrophy.

Accompanying dynamic measures of MPS and MPB, we
quantified the phosphorylation and abundance of proteins in-
volved in proteostasis. Despite decreased cumulative MPS,
owing to deficits in fed (and perhaps fasted) state MPS, ana-
bolic responses to feeding (P-AKT®*’3 and P-RPS6°23%/23°)
were not reduced with immobilization. A lack of alignment
between muscle anabolic signalling and fractional synthesis
rate has been reported previously.***> While providing valu-
able mechanistic insight, these measures represent a snap-
shot of intramuscular signalling, with peak responses likely
occurring earlier in the feeding response.** Furthermore,
these samples were collected under a glucose clamp, with in-
sulin signalling potentially swamping any effects of AA.*® Fi-
nally, we measured proteins that play a key role in both cal-
cium activated and ubiquitin proteasome MPB pathways;
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agreeing with our measures showing a lack of increase in FBR
or MPB, we observed no clear induction of intracellular sig-
nalling markers of MPB.

While adding novel insights into the effects of immobiliza-
tion on muscle protein turnover at the onset of immobiliza-
tion induced muscle atrophy, our study is not without limita-
tions. With the paucity of data on rates of MPB in early
immobilization, we calculated study power on previous re-
ports of declines in post-prandial MPS.” Expectedly, we
found consistent and robust declines in MPS, and using bal-
ance equations, we showed no change in FBR, despite a
heightened numerical average over 4 days (notably, such cal-
culations rely on accurate scan-to-scan measures over a short
study period and utilize whole changes in TFFM resulting in
increased variability). Given limitations of retrospective
power calculations,*” we also report that effect sizes are far
stronger for declines in MPS than in supporting any increase
in FBR. Further supporting these data, we measured tracer
decay rates within the VL, again, showing no change in MPB
(although these dynamic measures of MPB were only per-
formed at a single time point in the fasted stated and limited
by subject number). Finally, we found only MPS and not FBR
correlated with VL MT declines, with similar correlations hav-
ing been independently reported by others.?®

In conclusion, short-term immobilization results in signifi-
cant loss of skeletal muscle mass that is driven by, and which
correlates with sustained declines in MPS. A lack of increase
in acute tracer decay, markers of MPB, and calculated FBR
suggest that bulk MPB has a minor, if any, role at the onset
of leg immobilization induced muscle atrophy in humans; a
time at which muscle is rapidly lost. We also demonstrate
in agreement to previous work that decreased integrated
MPS is accompanied by a rapid blunting of acute anabolic re-
sponses to hyperaminoacidemia and hyperinsulinemia, with
acute fasted/fed MPS reflective of declines in 4 day inte-
grated MPS. As such, we contend the development of effec-

tive ‘anti-catabolic’ therapeutics should be targeted at en-
hancing basal MPS and anabolic responses to feeding.
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5.1 Introduction

Skeletal muscle is a plastic tissue capable of adapting to perturbations in its
contractile and nutritional environment through alterations in both size and function.!#!
These adaptations influence glycemia, amino acid homeostasis, and the ability to perform
activities of daily living;'#? therefore, understanding the mechanisms regulating muscle
remodelling is clinically important. To that end, the present thesis sought to characterize
important molecular events that are influenced by and potentially drive loading- and
unloading-induced changes in muscle size. We developed and validated a novel unilateral
model in which one leg was subjected to RE to induce hypertrophy (Hyp) and the
contralateral limb was immobilized to induce atrophy (At). In study 1, we characterized
the morphological changes induced by our HypAt model and validated the use of
ultrasonography to measure changes in muscle size in both limbs. We discovered that by
assessing the differential change in muscle size between legs we reduced the coefficient
of variation between subjects. This enabled a more in-depth means-based characterization
of the molecular regulators of skeletal muscle remodelling in study 2. We also identified a
transcriptional signature that scaled with lean mass gains in three independent cohorts and
included RNA species that were only modulated at their untranslated regions. Finally, in
study 3, we addressed a long-standing question regarding the mechanisms of muscle
disuse atrophy by demonstrating no significant change in MPB in the first few days of
muscle unloading. In the discussion that follows, the primary findings of each study will
be elaborated on in the context of prior research, and the strengths, weaknesses, and

avenues for future research will be explored.
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5.2. Measuring changes in skeletal muscle size

Three general conditions must be met to advance our understanding of the
mechanisms regulating muscle growth and atrophy. First, changes in muscle size must be
accurately measured. Second, the technique employed to measure muscle size should be
affordable, easy to use, and accessible so that results obtained from different laboratories
can be interpreted relative to each other. This condition is also important for overcoming
the limitation of small sample sizes in individual studies by enabling meta-analysis of
gene expression data.'®! Third, assessing the purported regulators of muscle remodelling
with high accuracy is required. In study 1, we developed an ultrasound method for
measuring changes in muscle size following loading and unloading that, we believe,
satisfies conditions 1 and 2, with certain caveats. In study 2, we accomplished the third
objective by implementing the within-subjects model from study 1 with a pre-processing
pipeline that enabled the profiling of the muscle transcriptional response to loading and
unloading with high fidelity.

MRI and CT are considered the gold-standard methods for assessing changes in
muscle size because both offer unparalleled tissue differentiation capabilities. !
However, both have high operating costs, require skilled technicians to conduct analyses,
and, in the case of CT, result in exposure to ionizing radiation. These factors limit the
routine use of MRI and CT in physiological research. In contrast, many research
laboratories are equipped with DXA units that are comparatively easier to operate and
have lower per-scan operating costs. However, DXA also exposes participants to ionizing

radiation, albeit low-dose, and, perhaps of greater importance, does not directly measure
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skeletal muscle mass.!*?

In many respects, ultrasonography (US) has advantages over
DXA, MRI, and CT. Primarily, US does not emit ionizing radiation, rendering it safe for
implementation in longitudinal research studies involving multiple assessments.
Furthermore, US is cheap, relatively easy to use, and is highly portable. Indeed, point-of-
care US units now plug directly into mobile phones and show promise as screening tools
for sarcopenia in clinical settings.!** Additionally, US also enables the non-invasive
quantification of architectural parameters, including fascicle length and pennation angle,
thus offering a more nuanced understanding of skeletal muscle remodelling.'*° Together,
these characteristics position ultrasonography as a potentially viable alternative to DXA,
MRI, and CT for scalable analysis of skeletal muscle hypertrophy and atrophy.
Numerous investigations have demonstrated ultrasound’s cross-sectional (i.e.,
single time point) validity in various populations. Indeed, US-derived measurements of
muscle thickness and/or CSA are valid when compared to DXA-derived lean body mass
assessments in older adults,'* different array/transducer combinations in COPD
patients,'* MRI-derived quadriceps CSA in healthy older and younger adults,!3%147:148
and CT-derived quadriceps CSA in trained and untrained older women.!* In study 1, we
confirmed the utility of US by demonstrating high concordance between US- and MRI-
derived measurements of VL CSA in young adult men at pre- and post-loading and
unloading time points. However, it is arguably more important from a clinical standpoint
to measure changes in muscle mass rather than at single point-in-time assessments. For

example, Rutten and colleagues demonstrated that /oss of skeletal muscle in cancer

patients treated with chemotherapy is prognostic for overall survival whereas single time
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point measurements are not.'>° Furthermore, Puthucheary and colleagues showed a
correlation between the degree of rectus femoris atrophy and the extent of organ failure

and length of stay in ICU patients.!>!

Relevant to the present thesis, valid techniques to
assess changes in muscle size are required to test the effectiveness of nutritional and/or
loading interventions in the context of slowing muscle loss during disuse or aging. Taken
together, US has been extensively validated against criterion techniques at single-time
points; however, few studies have evaluated the ability of US to detect changes in muscle
size with loading and unloading.
5.2.1 Resistance exercise-induced changes in muscle size

Prior to the present thesis, few studies have quantified the validity of US-derived
changes in muscle size in response to RT against the current gold standard, MRI.
Ahtiainen ef al., studied a cohort of young men before and after 21 weeks of RT and
found excellent agreement between VL CSA measurements obtained from panoramic US
and MRI and high intra-day repeatability (ICC=0.997).152 However, the authors showed
consistently lower VL CSA values compared to MRI, which is probably related to a
difficulty in maintaining constant and minimal probe pressure during longitudinal
scanning using panoramic US.'*" Indeed, we demonstrated a subtle yet significant
influence of probe pressure on measurements of muscle size in study 1, such that minimal
changes in applied force led to significant differences in pre- and post-loading
comparisons. Thus, despite the high concordance between panoramic US and MRI,

operator training may impede its widespread use without skilled operator training.!3:154
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Using a simpler approach, Franchi and colleagues observed a significant
correlation between US-derived changes in vastus lateralis MT and VL CSA measured
by MRI in healthy young men who completed 12 weeks of knee-extensor RT.!3*
However, they did not detect a relationship between changes in muscle volume obtained
by MRI and MT measurements.'*® In study 1, we hypothesized that a two-dimensional
US image (i.e., VL CSA) would more closely align with MRI-derived muscle volume
than unidimensional thickness measurements. However, despite observing a significant
relationship between changes in VL CSA measured using US and MRI, we did not detect
a significant relationship between RT-induced changes in muscle volume and US-derived
changes in VL CSA. Thus, data from study 1 and Dr. Franchi’s laboratory!* collectively
suggest that while US is suitable for measuring changes in muscle CSA at the mid-thigh
in response to RT, more images may be required to accurately capture changes in muscle
volume.

5.2.2 Muscle disuse-induced changes in muscle size

In contrast with RT studies, no research has been conducted assessing the validity
of US for measuring changes in muscle size that occur in response to immobilization.
Using panoramic US, Scott and colleagues demonstrated close agreement between US
and MRI for measuring changes in quadriceps and gastrocnemius CSA in response to bed
rest.!3%156 Furthermore, the authors calculated muscle volume by taking several images of
the quadriceps along the thigh and observed high concordance with MRI-derived
measurements.!>3-156 Nonetheless, the authors used custom-designed templates that

ensured alignment of the probe during continuous scanning. Without templates, it would
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be likely be difficult to maintain constant pressure on the probe and perpendicular
alignment throughout the scanning process, resulting in image artifacts. In study 1, we
demonstrated a significant relationship and close agreement between US- and MRI-
derived measurements of VL CSA atrophy when measured at the mid-thigh. Importantly,
we are also the first to demonstrate a significant relationship between US-derived changes
in VL CSA and muscle volume changes measured by MRI. These data suggest that small
field-of-view ultrasound units can be a suitable alternative to MRI for measuring changes
in VL CSA and providing estimates of muscle volume changes induced by muscle
unloading. These data also suggest that, in contrast to muscle hypertrophy, muscle
atrophy is more homogenous along the length of the muscle.
5.2.3 Future directions

In study 1, we did not observe a significant relationship between RT-induced
changes in muscle volume measured by MRI and US-derived changes in VL CSA. This
lack of relationship suggests that the vastus lateralis may hypertrophy unevenly along its
length in response to RT, as observed in previous reports.!>’-13° Therefore, to obtain a
more representative measurement of VL muscle volume using US, multiple images could
be obtained along the length of the VL muscle and integrated using the Cavalieri principle
to estimate muscle volume.!'6%!1%! Scott and colleagues used this approach and observed
high concordance between panoramic US- and MRI-derived changes in muscle volume
following a period of bed rest.!>® However, ~8 custom-made templates were constructed
to fit around each participant’s leg to guide the ultrasound probe throughout the

measurement and total scanning time lasted ~40 minutes per leg. Such a long image
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acquisition period may be burdensome when multiple other time-sensitive outcome
measurements are included in addition to US. Therefore, future work should investigate
whether fewer images could be obtained along the length of the thigh — using the image
stitching technique we employed — to obtain accurate measurements of muscle volume.
Study 1 was also limited by the homogeneous population studied — i.e., healthy
young men. In general, young men have low intramuscular and subcutaneous adipose
tissue depots, allowing for easy identification of superficial and deep aponeuroses and the
outline of the vastus lateralis muscle belly. The infiltration of adipose tissue into skeletal

t,162 obese, !9 and aging!'®* individuals — may

muscle — which occurs in insulin-resistan
obscure these borders, thereby reducing the concordance between US- and MRI-derived
changes in muscle mass. This discordance is an important knowledge gap considering
that many nutritional and exercise interventions target such populations for potential
therapeutic benefit; thus, future work should assess the suitability for measuring changes
in muscle size in populations with significant adipose tissue infiltration.

Finally, more work is needed to assess whether US can accurately detect changes
in muscle size in response to short-term muscle unloading. In study 3, we identified a
significant reduction in muscle thickness following 4 days of immobilization that was
quantitatively linked with the reduction in integrated MPS. However, no study has
compared US-derived changes in VL CSA or muscle thickness to a reference method
such as MRI or CT within the first few days of unloading. Changes in muscle size occur

rapidly upon onset of disuse,!” but it is unclear whether the US method we employed in

study 1 is sensitive enough to detect these changes with comparable accuracy as the MRI.
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Using the approach we developed, the minimal detectable change in VL CSA was ~2.15
cm?, implying that smaller changes would be difficult to accurately detect using US;
however, added resolution may be gained if more images are acquired and analyzed.

Taken together, in study 1 we developed and validated a within-subjects model of
loading and unloading. Importantly, we also showed that muscle mass was unaltered in
the free-living limb at week 8, prior to immobilization. This was an important finding
because if the unilateral RT intervention influenced muscle mass in the contralateral limb
prior to immobilization, it would have confounded the measurement of muscle atrophy
and thus downstream molecular analyses in study 2. The lack of crossover effect we
observed is consistent with previous reports demonstrating that while myofibre CSA,3*7!
thigh lean mass,’®'% muscle thickness,”®!%> and whole-muscle CSA!6%167 increase with
unilateral training, none of these variables are altered in the contralateral leg. We also
observed a similar degree of between-subjects variability in pre-post changes for muscle
hypertrophy and muscle atrophy compared to previous research. This variability normally
complicates omics analyses because many important regulatory events are collapsed
across participants showing divergent physiological responses (i.e., if the fold-change of
‘gene x’ is increased by RT in ‘higher’ responders but decreased or unchanged in ‘lower’
responders, then the mean change may be non-significant and thus mask important
information). However, we found that response variability between subjects was reduced
in our model when assessing the differential change in muscle size between legs (i.e.,

change in RT leg — change in immobilized leg). This finding enabled an optimized
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means-based analytical approach in study 2 that ultimately led to the discovery of the first
reproducible loading-responsive gene expression signature.
5.3 Molecular regulators of muscle remodelling

Skeletal muscle loading and unloading induces muscle hypertrophy and atrophy,
respectively; however, the variability in responsiveness between individuals is
substantial.!>!'7 This variability offers a unique opportunity to study the underlying
regulators of skeletal muscle adaptation, which, once understood, can potentially inform
the development of therapeutic strategies to offset the loss of muscle mass that occurs
with aging and disease.'®!%® Several laboratories have taken advantage of this approach to
uncover the purported regulators of muscle mass. For example, the Bamman laboratory
used a statistical clustering approach to group participants in low, moderate, and extreme
responders based on the degree of myofiber hypertrophy following RT. Profiling the
skeletal muscle transcriptome from these participants revealed greater myogenin,'®
mechano-growth factor,'® and cyclin D1 expression,'® greater SC abundance at
baseline,!? greater myonuclear accretion throughout RT,!3 and a greater increase in rRNA
content in extreme responders relative to low responders.* Furthermore, work from Dr.
Trappe’s lab identified more than 600 genes that were correlated with muscle growth
following 12 weeks of RT, including genes involved in cell cycling, cytokine signalling,
growth factor signalling, and substrate metabolism.!!* Follow-up analyses, however,
showed that many of these RT-responsive genes could not be independently replicated or
represented generic exercise responses (i.e., they were regulated by aerobic and resistance

exercise alike).!'? This lack of reproducibility is likely due to a confluence of factors,
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most relevant of which are the small sample sizes employed in exercise physiology
research and few/no attempts to validate gene candidates in independent cohorts.

To overcome the limitations of prior work, we leveraged the differential
responsiveness to RT and muscle disuse to interrogate the molecular regulators of muscle
remodelling. Specifically, we employed the unilateral model developed in study 1 where
one limb performed resistance training and the contralateral leg was immobilized. We
combined this model with an optimized bioinformatics pipeline!®® that enabled a high
fidelity interrogation of both the full-length mRNA transcript and its untranslated regions.
By contrasting the differential expression of genes under distinct loading states, we
identified >2000 regulatory events — the largest of any study to date — including
significant regulation of the 5’ and 3’UTRs. Many of the mechanically sensitive events
we identified are broadly consistent with previous work (i.e., similar at the pathway level
but distinct at the transcript level); however, we are the first to identify and independently
validate a transcriptional growth signature that correlated with lean mass gain in 3
independent cohorts (n=100). Furthermore, we are the first to employ a data-driven
network approach to gain a more thorough understanding of how the encoded proteins of
regulated transcripts might interact in vivo in response to loading and unloading to drive
adaptation.

5.3.1 New insights provided by data-driven network analysis

A common application of transcriptomics is the detection of differentially

expressed genes (DEGs). However, the number of loading-regulated genes is usually

extensive (>1000-2000)°%!1% and problematic to manually make sense of biologically.
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Fortunately, user-friendly software has made it possible to categorize DEGs based on
enrichment in biological function, reducing the dimensional space from thousands of
DEGs to dozens of regulated pathways. In study 2, we observed an enrichment of
transcripts involved in ECM organization, integrin binding, angiogenesis, and aerobic
respiration — corroborating previous research on skeletal muscle remodelling.”®!'® While
informative, enrichment analyses overlook the potential interaction between genes
belonging to the same or different functional pathways.

A strength of study 2, compared to previous investigations, was our use of
quantitative network modelling. Networks are constructed mathematically (i.e., unbiased)
to show interactions between genes and therefore provide more information on biological
context (i.e., they provide a framework to understand how molecules may interact when
perturbed).!?> We identified two large network structures using full-length transcripts as
input — the first of which was centred around the hub gene NDUFS3. This network was
enriched in transcripts involved in oxidation-reduction and respiration processes. Several
members of this network were modulated by our HypAt protocol and have also been
identified as being load-sensitive in previous research. Indeed, mitochondrial gene
expression, protein content and function are rapidly reduced with unloading.!!”-!7° By
examining the NDUFS3 network, it is easy to see how the modulation of one molecule
(i.e., a central hub transcript) could influence other mitochondrial components and result
in a reduction in mitochondrial-associated functions. In a companion paper to study 3, we
also demonstrated for the first time that changes in certain mitochondrial transcripts (and

their associated network of interactions) were associated with reductions in skeletal
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muscle mass with short-term disuse.!”! The role(s) that mitochondrial adaptations play in
load-induced muscle growth, however, are less clear.

Our laboratory has demonstrated a significant increase in mitochondrial protein
synthesis after a bout of exhaustive RE in untrained young men but an attenuated
stimulation in the trained state.”® Robinson and colleagues also demonstrated increased
mitochondrial protein synthesis after 12 weeks of RT, but only in older individuals,
suggesting an age-specific response.” Analyses of mitochondrial content have yielded
similarly equivocal results, showing either reductions,!”? no change,’®!” or elevations!”
following RT. Thus, rather than reflecting a change in global mitochondrial content per
se, our transcriptomic data might instead point to specific changes that alter the intrinsic
function and/or organization of existing mitochondria in response to loading and
unloading.

Few studies have analyzed the intrinsic respiratory function of mitochondria
before and after RT. Porter and colleagues reported an increase in maximal coupled
respiration from complexes 1 and 2 after 12 weeks of RT in permeabilized myofibers,!”
consistent with cross-sectional results obtained from trained vs. untrained participants.!'”>
However, neither study observed significant changes in CS activity (a marker of
mitochondrial content!’%), implying that intrinsic mitochondrial function, and not content,
was altered. It is also possible that loading-induced perturbations of the mitochondrial
network coordinate non-bioenergetic processes that are important for muscle remodelling.
For example, in vitro data suggests that mitochondrial respiratory complexes play an

important role in regulating angiogenesis in endothelial cells.!”” Indeed, when complex 111
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is chemically silenced in human umbilical vein endothelial cells, proliferation and
angiogenesis are significantly impaired due to a disruption in the cellular NAD+/NADH
balance.!”” Likewise, our transcriptomic growth signature identified covariation between
mitochondrial and angiogenic transcripts. Angiogenesis has been shown to be temporally

linked with muscle hypertrophy in younger adults,!”®

and capillary density is a key
determinant of the hypertrophic response to RT in older adults.!” These proposed
relationships are also consistent with proteomic data from Robinson and colleagues, who
demonstrated a significant increase in numerous mitochondrial proteins and angiogenic
transcripts, but no change in mitochondrial respiration in young adults following RT.*
Thus, our work may suggest an important role for mitochondrial signalling in loading-
induced angiogenesis, rather than a strict bioenergetic function per se. More work is now
needed to investigate whether perturbation of the mitochondrial network leads to these
hypothesized changes.

We also identified a second network centered on DOCK], a relatively
uncharacterized gene in human skeletal muscle. This large network (312 gene members)
was enriched in transcripts involved in ‘cell migration,” consistent with DOCK1’s role in
vitro work. Indeed, the protein encoded by DOCK] is phosphorylated following
mechanical strain,'®° likely through activation of FAK,'8! subsequently leading to GTP
loading and activation of Rac1.!32183 These signalling events cause a rearrangement of the
actin cytoskeleton and increased activity of matrix metalloproteinases in cancer cells —

enabling the local degradation of the ECM and migration of the cell.!®! Interestingly,

DOCK]1 was also shown to play a critical role in fast-twitch myoblast fusion in

118



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

zebrafish!®* and in vivo in mice. Based on these findings, it is conceivable that modulation
of the DOCK1 network may play a role in loading-induced growth through ECM
remodelling, SC dynamics, and myonuclear accretion. Consistently, many of the nearest
neighbors of this network have established roles in matrix remodelling and cell cycle
regulation and were also perturbed by our HypAt model. How perturbation of the DOCK/
network influences muscle remodelling during unloading is less clear; however, DOCK/

expression is reduced by microgravity!8>

and has been genetically linked to cancer
cachexia.!8¢ It is also possible that modulating the DOCK network regulates skeletal
muscle remodelling through angiogenesis, given that Racl and several other network
members are important for adhesion and angiogenic sprouting in endothelial cells.!87-188
Described above are examples of how data-driven network analysis can be useful
for generating hypotheses of implied gene product interactions and for visualizing how
changes in one or a set of transcripts could regulate connected molecules and pathways.
Networks can also be integrated with data from distinct populations and/or interventions.
We provided an example of this approach in study 2, in which transcripts regulated by
aging, insulin sensitivity, and loading (i.e., HypAt) were combined into a single network
to demonstrate possible interactions between these physiological states. Hypotheses can
be generated from the implied interactions and studied using reverse genetic techniques in
vitro to elucidate the nature of the interaction further.'® While study 2 underscores the
advantages of network analysis, it is important to note that reproducible network

construction requires >100 samples,'*® which is rare in exercise physiology research.

Thus, the networks constructed in study 2 — integrating information from a large biobank
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of skeletal muscle samples (n=187 samples) — represents the largest analysis of its kind
and will undoubtedly be a useful hypothesis-generating resource for exercise
physiologists and a tool for providing context to genes that are regulated by loading and
unloading.
5.3.2 A novel role for UTR length in skeletal muscle remodelling

In addition to identifying the largest number of load-responsive transcripts relative
to studies of similar size and duration, we are also the first to demonstrate extensive
regulation at the UTRs of mRNA in response to loading and unloading. Although not
inherently protein-coding, the 3’ and 5’UTRs significantly influence the translation of
mRNA into protein. The 3’UTR spans the nucleotide sequence between the stop codon
and poly-A tail of an mRNA transcript and can be lengthened or shortened through
alternative cleavage and polyadenylation in genes with multiple polyadenylation sites
(PAS; estimated to be present in >50% of human genes).!°! Changes in 3°UTR length
influence mRNA stability, translational efficiency, and localization in the cell and
therefore have implications for subsequent protein production.!®? In study 2, we
demonstrated that more genes were statistically regulated at their 3’UTR than at the full-
length transcript level. Nonetheless, isolated regulation of the 3’UTR was only observed
in ~200 genes, many of which were significantly correlated with lean mass gains (i.e.,
BCAT?2 and FKBPI1A). Interestingly, the 3’UTR signal of FKBPIA covaried with the
increase in lean mass and with >200 other transcripts. This ‘module’ was enriched for
transcripts involved in angiogenesis, suggesting that modulation of the 3’UTR of

FKBPI1A may influence lean mass gain through expansion or reorganization of capillary
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networks. We also discovered that knockdown of BCAT2 and FKBPIA resulted in a
significant reduction in puromycin incorporation in vitro, ostensibly through impaired
elongation signalling. These findings underscore an important role for these genes in the
regulation of protein synthesis; however, the specific influence of 3’UTR
lengthening/shortening remains to be determined.

In contrast with the 3’UTR, the implications of 5’UTR lengthening/shortening are
less clear. Genes that are tightly regulated in the cell (including proto-oncogenes and
transcription factors) often contain longer 5°UTRs, with more extensive secondary
structure,'?3 that effects translational efficiency. In addition to the physical barriers
introduced by stable secondary structures, 5’UTR length per se can also influence
translation through modulation of ribosome scanning time. Bohlen and colleagues
demonstrated that the scanning step of translation initiation is cap-tethered, which means
that the 40S ribosome remains bound to e[F4E (and other initiation factors) until
encountering the AUG start codon.'** Lengthening of the 5’UTR therefore constrains
translational efficiency because only one ribosome can bind the 5’cap and scan for the
start codon at a time. In study 2, loading and unloading modulated the 5’UTR signal of
>700 genes, 16 of which were correlated with lean mass gains. Notable members include
ITM2A4, which encodes a transmembrane protein involved in myogenic differentiation and

195,19 and two factors with known roles in angiogenesis — TM4SF 18 and

autophagy,
EXT1.P7:1%8 Collectively, modifying UTR length may be a mechanism for muscle cells to

selectively regulate the stability and/or translational efficiency of certain mRNA

molecules in response to loading and unloading. Regulation of UTR length may also
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explain some of the reported discrepancies between RNA and protein species observed by
Robinson and colleagues.” Nonetheless, our transcriptional data qualitatively align with
the RT-responsive proteomic dataset identified by Robinson and colleagues, suggesting
that the inconsistencies observed in their analyses may have been due to technical issues
with RNA sequencing instead of true biological differences.”

A limitation of our UTR analyses is that we did not characterize the functional
impact of the modifications we observed. Prior research has shown that lengthening of the
3’UTR is associated with reduced protein production via translational repression by
miRNAs; ! however, this finding is not universal.?®® Therefore, to experimentally
determine the role of 3’UTR lengthening or shortening in our study, the sequence
information from UTR-regulated transcripts in study 2 could be extracted and searched
for structural features in the 3’UTR (i.e., via miRbase, https://www.mirbase.org).
Subsequently, a score could be calculated that informs on how changes in UTR length
would impact the gain or loss of a miRNA- or RBP-binding site and the predicted effect
this would have on translation into protein.?! Finally, because our data represents the first
characterization of loading-induced changes in UTR lengthening, confirmation of our
findings should be sought in high or low lean mass responders using methods that

preferentially sequence UTRs?%2

such as 3’ region extraction and deep sequencing (3’
READS).2” Nonetheless, our UTR data represents an exciting and novel avenue of

future inquiry and underscores the importance of considering transcript- rather than gene-

level changes that occur in response to loading and unloading of skeletal muscle.
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5.3.3 Individual responses to identify a transcriptional growth signature

The discussion thus far has mainly focussed on the transcripts regulated by muscle
remodelling (i.e., loading and unloading). However, we also identified a transcriptional
signature of lean mass gain from the list of regulated transcripts and subsequently
validated it in 3 independent study cohorts. Interestingly, ~60 of these regulatory events
(~43%) were associated with lean mass gain only at the UTR, without significant
regulation of the full-length mRNA transcript. This result emphasizes the additional
information gained from quantifying expression at the transcript- rather than gene-level.
In a highly cited analysis, Pillon and colleagues meta-analyzed studies investigating the
transcriptomic responses of skeletal muscle to acute and chronic exercise and disuse in an
attempt to identify important loading-responsive genes.”® However, because their analysis
was conducted at the gene level, they overlooked the UTR-specific events we identified
as important for muscle growth in study 2. For example, the signal from the 3’UTR of
BCAT?2 was significantly correlated with lean mass gain in study 2 and covaried with
several other growth-associated transcripts. In contrast, the MetaMEx output concludes
that BCAT? is unresponsive to RT at the gene level (=302, logFC=-0.01).”® Another
limitation of the MetaMEx database is a failure to consider individual differences in
muscle hypertrophy/atrophy induced by RT training and disuse, respectively. For these
reasons, our analysis has significant advantages over previous attempts to characterize
loading-responsive and growth-associated molecular events.

The transcriptional growth signature in study 2 featured several known, and novel,

regulators of muscle growth including FOXO3a, AMPK, and the apelin receptor. The
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latter finding was particularly interesting because a recent pre-clinical analysis identified
apelin as an exercise-sensitive myokine that exerts autocrine effects on skeletal muscle
through the apelin receptor.?’* Indeed, apelin was shown to stimulate muscle protein
synthesis via the mTOR-p70S6K1-4EBP1 axis, repress proteolysis by inhibiting
FOXO3a, facilate repair and regeneration of skeletal muscle through an increase in SC
number and activation, and stimulate mitochondrial biogenesis.?** More recently, apelin
was shown to mimic the effects of maternal exercise on the skeletal muscle health of the
offspring through a mechanism involving the demethylation and increased expression of
PGC-1a.2> Many of these same signaling molecules were present in the transcriptional
growth signature and/or the proteome-enriched network analysis in study 2 and,
importantly, their expression levels were co-regulated with that of the apelin receptor.
Together, these data suggest that modulation of apelin signaling may play a central role in
skeletal muscle growth in response to resistance exercise and future work should
interrogate this signaling axis in greater detail in humans.

To gain further insight into the functions of the transcriptional growth signature,
we also conducted a background-corrected gene ontology (GO) analysis. This analysis
revealed an enrichment of mitochondrial transcripts, corroborating the analysis of DEGs
and our network analysis described earlier, and also identified an enrichment in genes
involved in purine biosynthesis. The importance of purine synthesis for muscle growth
may be related to enhanced rRNA synthesis and a subsequent increase in ribosome
formation (i.e., ribosome biogenesis). Indeed mTORCI1, which is downstream of many of

the pathways regulated in our proteome-constrained analysis, plays a critical role in
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purine biosynthesis at the transcriptional level.*? Furthermore, small molecule inhibitors
of mTORCI1 were predicted to oppose our transcriptional growth signature, which could
conceivably occur through a blunting of ribosome biogenesis and/or other anabolic
processes controlled by mTORCI. In the absence of increased ribosomal degradation,
ribosome biogenesis augments translational capacity, which may partially explain the
observed increase in MPS we and others have observed following RT in the basal state.”?
Stec and colleagues, and more recently a group in Norway, also demonstrated that
increases in total muscle RNA and rRNA content are associated with a greater
hypertrophic response to RT in young and older adults.*-?% Taken together, although we
did not directly measure RNA content, the enrichment of purine biosynthetic transcripts
in our growth signature suggests that ribosomal biogenesis plays an important role in
muscle growth following RT.

Other growth-correlated transcripts were found to have roles in cell contact (i.e.,
adherens junction and tight junction) and cell-cycling, which may play a role in SC-
mediated myonuclear accretion during muscle growth. Indeed, several cadherin
transcripts were identified as being associated with lean mass gain in study 2, and have
been shown to be involved in tethering quiescent satellite cells to myofibers in previous
research.?’” The disruption of these contacts (i.e., by mechanical forces) induces SC
activation and proliferation,??” consistent with the enrichment of cell cycling transcripts
we observed. Together these findings suggest that SC dynamics are important for muscle
growth, possibly through their role in myonuclear accretion. In support of this hypothesis,

Lundberg and colleagues observed a strong association (r>0.8) between muscle fibre
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hypertrophy and changes in myonuclei per fibre following 5 weeks of combined aerobic
and resistance exercise.?’® Furthermore, work from the Bamman laboratory demonstrated
that satellite cell content prior to RT, and the capacity to add myonuclei during 16 weeks
of RT in exercise-naive subjects, differentiated high- from lower-responders.'*> More
recently, Angleri et al. also demonstrated a relationship between myofiber hypertrophy
and SC content and myonuclear accretion in trained individuals.?’” The addition of
myonuclei during RT would presumably limit myonuclear domain expansion as the
muscle fibre increases in size, thus minimizing mRNA diffusion distances. It would also
increase the template DNA available for rRNA synthesis and ribosomal biogenesis. While
both physiological adaptations would theoretically be important for muscle growth, their
relative contribution remains to be determined.

Finally, the transcriptional growth signature was enriched in angiogenic
transcripts. Indeed, FKBP1A, regulated only at its 3’UTR, was correlated with the
expression of >200 transcripts, collectively involved in angiogenesis. Of note, KDR,
which encodes a receptor for VEGF, was co-regulated with several other transcriptional
growth genes in study 2 and was identified in a recent meta-analysis as a central
regulatory hub of the exercise training response. As mentioned above, angiogenesis
appears critical for loading-induced muscle growth,!”® potentially through an increased
capacity to deliver nutrients (glucose and amino acids) and/or through communication
with satellite cells. As a group, the angiogenic gene module was enriched in binding sites
for three transcription factors — KLF9, NF1A, and RBPJ — which are relatively

uncharacterized in skeletal muscle; however, RBPJ is critical for vascular homeostasis in
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adult mice, acting downstream of Notch signalling.?!? Collectively, study 2 identified
several pathways known to be involved in skeletal muscle remodelling. We are also the
first to establish a reproducible signature of muscle growth that significantly contributes
to our understanding of how muscle size is regulated at the transcriptional level by
loading (Figure 1). As researchers continue to mine the extensive resource of loading-
responsive transcripts, our understanding of the key drivers of muscle adaptation will
only deepen, potentially paving the way for the development of therapeutic strategies to

combat muscle atrophy with age, disease, and disuse.
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Figure 1. An incomplete map of the signalling mechanisms that induce muscle
hypertrophy in response to resistance training. Bolded components and solid lines
indicate relationships that were observed in study 2. Non-bolded components and dashed
lines show relationships that have been identified by previous research, but were not
directly assessed in the present thesis. Note: the present diagram omits several other
regulators of muscle hypertrophy discovered in study 2 including, but not limited to,
ECM remodelling and other well-established signalling axis (see Table 1 in Study 2) due
to space limitations.
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5.4 The influence of loading on muscle size and protein turnover

Resistance exercise induces skeletal muscle hypertrophy and augments muscle
strength. In studies 1 and 2, we observed an ~8% increase in mid-thigh VL CSA and a
~5% increase in leg lean mass with substantial variability between subjects. In addition to
the transcriptional changes noted above, these increases in muscle size result from a
chronic elevation of MPS over MPB, leading to protein accretion during the training
program. Although RT perturbs MPB,” we elected to quantify integrated rates of MPS in
study 2 for two reasons. First, MPS is more sensitive to amino acid concentration changes
compared to MPB.2!1-213 Second, MPS is stimulated to a significantly greater extent by
RE compared to MPB.%!% From these observations, it has been suggested that changes
in MPS induced by RT play a disproportionately greater role in determining loading-
induced changes in muscle size.?!?

RT induced a ~13% increase in integrated myofibrillar protein synthesis in study
2. In contrast, previous work from our laboratory and that of others, has demonstrated
either no change or an increase in MPS in the trained vs. untrained state.’®71.73214.216.217
These discrepancies may be explained by the different muscle protein subfractions
sampled and/or the use of different tracer techniques (i.e., acute isotope infusions vs.
integrated measurements). Indeed, previous research focused primarily on MPS
differences in the fasted- or fed-state over a brief time interval (1-4 hours), whereas we
measured the integrated MPS response over two weeks. Surprisingly, the RT-induced
enhancement of MPS that we observed was also uncorrelated to RT-induced muscle

growth. This observation contrasts with work by Damas and colleagues, who identified an
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association between the peri-workout stimulation of MPS at weeks 3 and 10 of an RT
program and subsequent myofiber hypertrophy.”?

The lack of association in study 2 may again, however, be related to the fact that
our method captured protein synthesis over two weeks (as opposed to 48 h) and averaged
across 6 RE bouts and 8 resting days. In this situation, a greater proportion of the
weighted average MPS measurement came from resting days, therefore diluting the
contribution of the peri-workout period shown to be correlated with muscle
hypertrophy.”>2!8 It is also possible that during the 8- to 10-week phase of an RT program
(the period when MPS was measured), muscle growth was related to mechanisms other
than MPS, such as SC-mediated myonuclear accretion, ribosomal biogenesis, ECM
remodelling, and angiogenesis. Indeed, the transcriptional growth signature identified in
study 2 suggested that these pathways are important determinants of the hypertrophic
response to RT.

5.5 The influence of unloading on muscle size and protein turnover

Periods of muscle disuse are unavoidable and occur throughout life due to illness,
injury, disease, and/or voluntary sedentarism. One of the objectives of the studies
presented in this thesis was to gain a better understanding of how simple muscle disuse
(i.e., a non-inflammatory, hypercatabolic, hypercytokinemic state) perturbs skeletal
muscle protein turnover. At the morphological level, we observed that disuse-induced
muscle atrophy occurred at a rate ~5 times faster than RT-induced muscle hypertrophy
(studies 1 and 2); however, the degree of atrophy varied substantially between

individuals. Indeed, we observed an average reduction in mid-thigh VL CSA of 8.2% in

129



Ph.D. Thesis — T. Stokes; McMaster University - Kinesiology

response to 2 weeks of unloading, comparable in magnitude to 10 weeks of loading, but
at the individual level, there was a range of loss between 0.4 to 18.5%. A similar degree
of variability was evident when leg lean mass was assessed using DXA. In study 3, thigh
lean mass was reduced by 0.4 to 4% in response to four days of unloading. These findings
confirm the differential responsiveness previously shown to occur in response to short
and moderate periods of unloading.?*-3!32

Prior work has demonstrated that simple disuse-induced muscle atrophy in
humans can be mostly, if not entirely, explained by reductions in MPS.232627 In the fasted
state, MPS is reduced ~25-50% in response to periods of limb immobilization lasting 5-
35 days.21:23:25-27.219 Iy study 3, four days of unloading did not alter fasted-state MPS,
however, the stimulation of MPS by amino acid infusion was attenuated in the
immobilized limb. This finding extends previous work from our laboratory that
demonstrated a reduced stimulation of MPS in response to both high and low dose amino
acid infusion after two weeks of immobilization.?? In study 3, we also demonstrated a
~16% reduction in integrated myofibrillar protein synthesis rates — identical in magnitude
to what Kilroe and colleagues reported.??° Notably, the change in MPS was quantitatively
related to the observed loss of muscle mass in both short-term investigations (Kilroe et
al.,??" and study 3) and remained associated over two weeks of immobilization (study 1).
Collectively, our data add to the existing literature on disuse-induced perturbations to
protein synthesis by demonstrating that reductions in integrated MPS occur within days of
unloading, are sustained at later time points, and are quantitatively linked to muscle

atrophy.
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Despite strong links between MPS and disuse-induced muscle loss, prior research
has been unable to definitively ascribe a role for MPB in muscle atrophy in humans. For
example, Ferrando and colleagues observed a ~50% reduction in MPS after 15 days of
bed rest, but no change in protein breakdown assessed using A-V balance techniques.?!
Symons and colleagues were the first to employ the tracer dilution technique to measure
MPB, and they found no significant changes in response to 21 days of bed rest.???> These

observations,??!-?%?

in combination with the observed changes in MPS noted above,
suggest that longer-term unloading-induced atrophy is driven entirely by changes in MPS
and that, if anything, MPB is adaptively reduced to match MPS.?!:!2® Nonetheless, this
view has been challenged??® based on findings in rodents and from short-term
investigations in humans that have found an upregulation of biomarkers associated with
proteolysis in skeletal muscle. Indeed, Urso and colleagues identified 25 differentially
expressed genes (most upregulated) in response to 48h of unloading that have established
roles in the ubiquitin-proteasome pathway.??* The most upregulated functional pathway
was ubiquitin conjugation??* — a finding consistent with the increase in protein
ubiquitination observed by others in response to 48 hrs of unloading.!!” Finally, two
canonical ‘atrogenes,” MAFBx and MuRF1, are also increased in response to short-term
muscle disuse.?!?2° These observations collectively suggest an early upregulation of
proteolysis, but without directly measuring MPB these conclusions are supported only by
static markers and not the dynamic process of MPB.

To directly measure MPB, the tracer decay rate in the muscle intracellular free

amino acid pool is measured.®® The technique involves the infusion of stable isotope
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tracers until a steady-state enrichment is obtained in the arterial and intracellular free
pool. Once achieved, the infusion is stopped — at which point the enrichment in the
intracellular free pool begins to exponentially decay as tracee enters from the arterial pool
and protein breakdown. A measurement of fractional breakdown rate is obtained by
sampling the arterial pool, the intracellular free pool, and the protein-bound pool
sequentially over 60-90 minutes.®® In study 3, we used a modified version of this protocol
that involved the staggered infusion of two amino acid tracers differing only in the
isotope label used (i.e., L->Hs-phenylalanine and L-'"N-phenylalanine). By measuring the
ratio of their respective dilutions in a single muscle sample, we obtained tracer decay and
thus estimated MPB.%? Using this approach, we demonstrated that fasted MPB was
unchanged following 4 days of unloading. Furthermore, because we simultaneously
measured integrated MPS and changes in leg lean mass, we obtained a pseudo-integrated
rate of MPB over the 4-day unloading period (using the relationship: Fractional Growth
Rate = Fractional Synthesis Rate — Fractional Breakdown Rate). This analysis also
revealed no change in daily protein breakdown for the duration of muscle disuse.
Consistently, we also observed no changes in the expression of biomarkers associated
with protein breakdown (i.e., calpain 1, MAFBXx, or ubiquitin). Collectively, these
findings significantly advance our understanding of how muscle protein turnover is
regulated in response to short-term muscle disuse and suggest, consistent with prior
views, that efforts to attenuate or prevent muscle atrophy should focus on modulating

MPS. Future research, employing dynamic proteome profiling, is now needed to
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determine whether specific proteins are subjected to increased degradation in response to
disuse.

Given the lack of activation of MPB in study 3, the increased expression of
biomarkers associated with proteolysis observed by others (see above) is nonetheless
surprising. These seemingly contradictory findings may, however, highlight a more
nuanced control over muscle protein turnover during periods of disuse. Indeed, as
reviewed in the introduction of this thesis, the eukaryotic initiation factor eIF3f is known
to be a substrate of MAFBx/atrogin-1 that plays a critical role in translation
initiation.”*!3% The targeted polyubiquitination of eIF3f by MAFBX, and its subsequent
degradation, could therefore significantly impair cellular protein synthetic capacity. Using
muscle samples obtained from participants in study 3, we provided preliminary support
for this hypothesis. Using data-driven network analysis, we identified several network
modules quantitatively related either to the reduction in MPS or muscle size following 4
days of unloading.!”" Interestingly, MAFBx was identified as a hub gene of one network
significantly associated with reductions in MPS.!”! While the nature of this relationship is
unclear, these data support a hypothesis in which ‘atrogenes’ are increased within the first
few days of unloading to induce the selective degradation of translational components
rather than bulk proteolysis per se. Taken together, our data underscore the difficulty in
drawing conclusions of dynamic processes on the basis of static measurements of gene

and/or protein expression.
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5.6 Mechanisms of disuse-induced reductions in MPS

While reductions in MPS ostensibly drive disuse-induced muscle atrophy (studies
2 and 3), the underlying mechanisms mediating these reductions remain obscure. MAFBx
may play an important role, as described above, but several other pathways are also
thought to be involved. The canonical ‘conductor’ of anabolic and catabolic processes —
mTORCI — regulates ribosomal biogenesis and protein translation and is therefore
considered a key regulator of disuse-induced reductions in MPS;?*> however, existing
data are equivocal. Our laboratory demonstrated significantly lower fasted and fed-state
MPS without changes in the Akt-mTORCI1 signalling pathway after 14d of
immobilization.?* These data are supported by a recent comprehensive analysis of
hindlimb unloading in rodents which failed to link attenuated mTORCI1 signaling activity
(or any phosphoproteomic changes) to the observed reductions in MPS after 6 and 24hr of
unloading.??® Nonetheless, reduced phosphorylation of various mTORC1 substrates has

been reported after 5 or 14 days of immobilization?!-?°

or 10 days of bed rest in
humans.??” Furthermore, Urso and colleagues demonstrated a 25% decrease in p-AktSe#73
after only 3 days of unloading.?*

In study 3 we observed minimal changes in the phosphorylation status of mTOR,
4EBP1, Akt, rpS6, elF4E, elF4B, or eEF2 following four 4 days of disuse. The
corresponding transcriptomic data from the same participants did, however, uncover
DEPTOR as a hub gene related to the declines in MPS observed. DEPTOR is a known

inhibitor of both mTORC1 and mTORC2,%?® and its knockdown in C2C12 cells leads to

increased phosphorylation of S6K1 and 4EBP1, and increased protein synthesis.??’
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However, DEPTOR has also been shown to be involved in several other processes (i.e.,
inflammation, apoptosis, and autophagy) that could influence protein synthesis and
muscle mass regulation with disuse.?*° Thus, while it is possible that muscle unloading
reduces signalling through the Akt-mTORCI axis, the evidence is far from conclusive in
humans and suggests — if anything — only a mild dysregulation of mTORCI1 signalling.
Moreover, ‘snapshot’ measurements of a few signalling molecules cannot capture the
integrated responses that occur in response to disuse. In this regard, it is arguably more
informative to study the effects of unloading on gene networks that integrate information
from interacting pathways.

In a companion paper to study 3,'”! separate tissue samples were obtained pre- and
post-immobilization to analyze the transcriptional responses to unloading. While the
analysis was based on a small sample and would be exploratory, it is unique in being the
first to investigate the signalling networks perturbed by short-term unloading. When
analyzing gene-level changes, short-term unloading led to a downregulation of genes
involved in muscle contraction and energy metabolism,!”! consistent with previous
reports,”®!!7 and other known regulators of muscle atrophy (i.e., FOXO3). However,
when analyzed at the network level, additional pathways were revealed, including
upregulation of ubiquitin-dependent catabolism, mRNA processing and ribosomal
biogenesis.!”! The upregulation of genes involved in ribosomal biogenesis conflicts with
data obtained from rodents subjected to hindlimb unloading® but aligns with observations
made in unloaded human skeletal muscle.”® Nonetheless, total RNA content (an index of

translational capacity) is reduced in response to limb immobilization in humans,”*2*!
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implying that ribosomal degradation supersedes ribosomal biogenesis during unloading.
Future research should examine unloading-induced perturbations in RNA turnover in
greater detail, preferably through a combination of techniques including PCR, Western
Blotting, and D,O-derived measurements of RNA synthesis.!%

Another prominent molecular feature of short-term unloading potentially linked to
reductions in MPS is mitochondrial dysregulation. Abadi and colleagues demonstrated a
dominant mitochondrial signature following 48 hrs of unloading that remained repressed
after 14 days.!'7 In general, changes in mitochondrial transcripts precede the reduction in
transcripts involved in protein translation, suggesting that it is one of the earliest
detectable molecular features of unloading.!'” In the molecular complement to study 3,
we also identified a prominent mitochondrial signature. We are also the first to
demonstrate a quantitative link between the perturbation of a mitochondrial network and
the loss of lean mass in response to 4 days of immobilization.!”! These findings are
consistent, at least qualitatively, with muscle samples obtained from hibernating
mammals in which the preservation of muscle mass is linked with increased expression of
mitochondrial-related genes.?*? The question of how an early reduction in mitochondrial
transcript expression might lead to, or is a consequence of, reduced MPS is unclear;
however, research in worms and rodents provides some evidence of a link between the
cytosolic and mitochondrial translational machinery.?3

In nematodes, the RNAi-mediated knockdown of mrps-3, a gene encoding a
mitochondrial ribosomal protein involved in mitochondrial translation, causes a shift in

mRNA population from polysomes to monosomes, indicating a suppression of cytosolic
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translation.?* Probing further using a suite of omics techniques and complementary
molecular analysis, it was discovered that genes showing a significant reduction in
translational efficiency in response to mrps-35 knockdown largely coded for proteins
involved in ribosome biogenesis and protein translation.?** Interestingly, in a meta-
analysis of disuse studies (albeit n=3 studies), a mitochondrial ribosomal protein
(MRPL12) was predicted to be a hub gene. In addition to being downregulated by disuse,
MRPLI12 was discovered to interact with a network of genes involved in mitochondrial
respiration, oxidation-reduction processes, and angiogenesis,?** which are many of the
same pathways we found to be regulated in muscle samples taken from participants in
study 2 and 3. Furthermore, the mitochondrial network we identified in study 2 supports
an interaction between mitochondrial complex 1, several mitochondrial ribosomal protein
encoding genes, and elF3K implying — as hypothesized — that reductions in mitochondrial
translation can influence cytoplasmic protein synthesis. Future research using stable
isotopes should investigate whether disuse impairs mitochondrial protein synthesis and
whether these changes precede, and are related to, reductions in myofibrillar or mixed
muscle protein synthesis. Furthermore, the proposed mediator of the link between the
mitochondrial and cytoplasmic molecualr machinery in worms — ATF4 — should be
investigated in humans, given that it is implicated in disuse muscle atrophy in

rodents.?33-236
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Figure 2. Proposed mechanisms of disuse-induced reductions in MPS and muscle mass.
Bolded components are factors that were discovered in this thesis to be related to either
the reduction in MPS or muscle mass, or both. Factors that are not bolded were not
statistically affected in the studies that comprised this thesis (or were not measured), but
have been shown in previous research to be modulated by inactivity or have established
links with other model components.

5.7 Summary and main contributions of thesis

Loading and unloading alter the structure and function of skeletal muscle to a
variable degree in humans through incompletely understood mechanisms. Fundamentally,
changes in muscle size are driven by a chronic imbalance between MPS and MPB,
leading to either net protein accrual or breakdown and, consequently, muscle hypertrophy
or atrophy. These processes are supported, or in some cases thought to be driven by
myonuclear and/or ribosomal accretion, ECM remodelling, and angiogenesis. The present
thesis significantly contributes to our understanding of these processes. In study 1, we

validated the use of ultrasonography for measuring changes in muscle size induced by
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loading and unloading — an important finding for research laboratories not equipped with
or capable of accessing MRI or CT. In so doing, we also developed a powerful within-
subjects model to gain a better understanding of how loading and unloading influence
skeletal muscle at a molecular level. Using this model, and an optimized bioinformatics
pipeline, we identified and validated a transcriptional signature of lean muscle mass gain
and provided the first evidence of loading-induced UTR-specific regulation in humans.
Study 2, therefore, serves as a important and useful resource that can be interrogated by
researchers and used to generate hypotheses. Finally, study 3 significantly advances our
understanding of unloading-induced changes in muscle protein turnover. We provided
novel data demonstrating a lack of change in MPB within the first few days of unloading,
thus addressing a long-standing question in the field. We also provided further support for
the hypothesis that disuse-induced muscle atrophy is primarily driven by reductions in
MPS. Future research is now needed to identify the mechanism by which muscle
unloading mediates these reductions in MPS, although we provided several possibilities.
In conclusion, muscle remodelling is a complex process requiring the coordination of
several molecular pathways. This complexity is best understood by considering
differential responsiveness to loading and unloading and using thoughtful approaches to

analyzing protein turnover and global gene expression responses.
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