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1. Introduction

1.1 Abstract

Myotonic Dystrophy Type 1 (DMI1) is a multisystemic neuromuscular disease
characterized by skeletal muscle weakness, muscle atrophy, and myotonia. However, patients
often also experience cognitive impairments, gastrointestinal complications, and insulin
resistance. Insulin resistance exacerbates muscle weakness and atrophy in DMI, but its
pathomechanism has not been adequately described in the context of DM1. The aim of this
study is to characterize the molecular mechanisms of insulin resistance in DM1 and how
AMPK stimulation can impact insulin signaling. My first aim analyzes proteomic data from
sedentary wildtype, sedentary HSA-LR, and exercised HSA-LR mice to detect and predict
dysregulated proteins in insulin and exercise molecular pathways. My second aim examines
molecular interactions impacting GLUT4 translocation in the HSA-LR mouse model after
acute AMPK stimulation. My final aim examines molecular interactions impacting GLUT4
translocation in a DM1 myotube model after insulin and AMPK stimulation. Proteomic
analysis predicted that exercise significantly upregulates PGC-1a, a transcription coactivator
integral to metabolic regulation. When AMPK, an upstream regulator to PGC-1a, is targeted
in HSA-LR mice and DM1 myotubes with AICAR, there is no improvement in the AKT-
AS160 insulin signaling axis. Our findings confirm insulin resistance in DMI1 and

demonstrates an impaired response to acute AMPK stimulation.



1.2 Myotonic Dystrophy Type 1
Myotonic dystrophy 1 (DMI), also known as Steinart’s Disease, is a multisystemic
neuromuscular disease that afflicts approximately 1 in 8500 people worldwide, making it the most
common muscular disease in adults (Chau & Kalsotra, 2015; Yotova et al., 2005). Due to a founder
effect, there is a strikingly high prevalence of 1 in 550 individuals with DM1 in the Charlevoix

and Saguenay-Lac-Saint-Jean regions of Quebec (Chau & Kalsotra, 2015; Yotova et al., 2005).

In healthy individuals there are approximately 5 to 37 CTG repeats in the 3* untranslated
region of the dystrophia myotonica protein kinase (DMPK) gene, but in DM1 there are at least 50
CTG repeats, leading to the pathophysiology of the disease (Figure 1.1) (Brook, 1992; Caskey et
al., 1992). This CTG region can be up to several thousand repeats long, with disease severity
correlating with the length of the repeats (Mahadevan et al., 1992; Meola and Cardani, 2015). This
repeat length can increase from generation to generation, which is denoted as genetic anticipation
(Mahadevan et al., 1992). With the varying length of the repeat region, there arises different
severities and classes of DM1. Congenital DM1 is the earliest presenting, and most severe form of
the disease (Meola and Cardani, 2015). Juvenile DM1 are patients that present with symptoms in
their childhood/teenage years and then adult-onset DM reflects the most common cases of DM1
where symptoms do not appear until adulthood. Finally, there is late-onset DM1 which is when
the disease is detected in late adulthood, where patients present with mild symptoms (Meola and

Cardani, 2015).

When transcribed, these CUG repeats form a stable hairpin loop of RNA which sequesters
Muscleblind like-1 (MBNL1), an RNA binding protein, to the nucleus, resulting in its loss of

function (Figure 1.1) (Chau & Kalsotra, 2015; Kalsotra et al., 2015). Additionally, CUG-binding



protein 1 (CUGBP1) and Elav-like family member 1 (CELF1), an RNA binding protein that
functions antagonistically to MBNL1, are hyperactivated in DM1 skeletal muscle cells and
contribute to mis-splicing events in pre-mRNA (Figure 1.1) (Chau & Kalsotra, 2015; Kuyumcu-
Martinez et al., 2007; Philips et al., 1998). The mis-splicing of varying pre-mRNA contributes to
the multisystemic nature of the disease. Patients can present with myotonia, muscle weakness,
atrophy, insulin resistance, cognitive impairments, endocrine dysregulation, gastrointestinal
complication, and cardiac conduction issues among other symptoms (Bird, 2019; Meola and

Cardani, 2015).

Myotonia, characterized as prolonged muscle contraction, is one of the key symptoms
observed in DM1 patients (Mankodi et al., 2002; Charlet-B. et al., 2002) and in day-to-day life it
can make fine motor tasks challenging for patients (Heatwole, 2012). Myotonia is attributed to
the functional loss of the chloride channel 1 (CIC-1) after its mis-splicing (Mankodi et al., 2002).
In healthy individuals, CIC-1 pre-mRNA is spliced to remove exon 7A, but in DM1 there is an
aberrant inclusion of exon 7A. CIC-1 is important for maintaining and re-establishing the
sarcolemma membrane potential after the hyperpolarization phase of an action potential (Pedersen
et al., 2016; Brenes et al., 2023). Without adequate CIC-1, chloride conductance diminishes,
impeding the repolarization phase (Mankodi et al., 2002; Pedersen et al., 2016). This delays
repolarization and subjects the membrane to hyper-excitability, rendering it difficult for patients

to cease muscle contractions (Mankodi et al., 2002; Charlet-B. et al., 2002).

Patients can also experience muscle weakness and fatigue which ultimately impact gait and
mobility (Fugier et al., 2011). Muscle weakness can be linked to bridging integrator 1 (BIN1), a

membrane protein which aligns the transverse tubule (T-tubule) membrane with the sarcoplasmic



reticulum membrane (Prokic et al., 2020). It helps couple the depolarization of the T-tubule
membrane with the calcium release of the sarcoplasmic reticulum which initiates muscle
contraction. In DM 1, when exon 11 of BIN/ is aberrantly skipped, sarcolemma depolarization and
sarcoplasmic reticulum calcium release become decoupled. This leads to the weakened muscle

contractions which patients experience (Fugier et al., 2011).

In addition to muscle weakness, patients can also experience muscle loss, also known as
muscle atrophy. Muscle atrophy in DM1 is related to the mis-splicing of insulin receptor gene
(INSR) (Renna et al., 2019). In DM, exon 11 of INSR is skipped which results in the IR-A fetal
isoform of the receptor (Figure 1.2) (Savkur et al., 2001). This isoform has less specificity for
insulin and thus dysregulates downstream cellular signaling. As a result, atrogin genes, the genes

that direct muscle atrophy, are transcribed (Timchenko, 2013).

Mis-splicing of /NSR, has also been attributed to metabolic disorders like insulin resistance
in DM1 patients (Nieuwenhuis et al., 2019). In DM1 patients, systemic glucose disposal is
diminished by 15-25% post-insulin infusion and studies on forearm muscle have shown that
patients can have up to 70% decrease in insulin sensitivity (Moxley et al., 1977a, 1984a). Insulin
signaling is integral to the energy status of the cell because it governs the intake of glucose to fuel
energy demanding processes like cell growth and division. When insulin signalling is impaired in
DMI, it can exacerbate coexisting symptoms such as muscle weakness and muscle atrophy
(Nieuwenhuis et al., 2019). Thus, there is a need to understand insulin resistance in the context of

DMI.
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Figure 1.1 Pathomechanism of myotonic dystrophy type 1. When the dystrophin myotonica
protein kinase (DMPK) gene has greater than 50 CTG repeats in the 3’ untranslated region (faint
blue) then a toxic transcript forms with a stable hairpin loop. This results in dysregulation of RNA
binding proteins via the nuclear sequestration of muscleblind-like 1 (MBNL1) and hyperactivation
of CUG binding protein 1 (CUGBP1). Subsequently, RNA mis-splicing events occur which

manifests as the multisystemic symptoms that patients experience.
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Figure 1.2. INSR Splicing. Alternative splicing of the /NSR mRNA yields the IR-A and IR-B
isoforms. IR-A is the predominant isoform of the insulin receptor in fetal tissue and has lower
specificity for insulin than IR-B. The typical adult isoform, IR-B, is expressed when exon 11 is

retained. In DM, exon 11 is aberrantly skipped, favouring IR-A isoform expression in patients.

1.3 Models of DM1
Many studies have used cellular models of DM1 to investigate molecular mechanisms and
interventions of the disease. Fibroblasts can be obtained from skin biopsies of DM1 patients and
then used for in vitro studies (Taneja et al., 1995; Takarada et al., 2015). Fibroblasts are commonly
employed to examine RNA foci formation and MBNLI1 sequestration and have been used to
conduct preliminary screens of candidate pharmacological treatments (Taneja et al., 1995;
Takarada et al., 2015). A limitation of fibroblasts is that they do not recapitulate the cell specific

protein expression and metabolism of skeletal muscle cell models.

There are also studies that have investigated the use of transfected myoblasts. Murine
C2C12 skeletal muscle cells can be transfected with plasmids expressing expanded CTG repeats
(Liang et al., 2016). These cells can recapitulate CELF 1 upregulation and impaired differentiation,
but mis-splicing was not detailed for these myoblasts (Liang et al., 2016). There are also some

studies that have taken patient muscle biopsies and then expanded the myoblasts in cell culture



(Pantic et al., 2016; Santoro et al., 2020). These myoblasts can then be differentiated to reproduce
the protein interactions and metabolism that the donating patients exhibited (Pantic et al., 2016;

Santoro et al., 2020).

Many studies also employ mouse models to understand the systemic and physiological
manifestations of DM 1. A common mouse model is the transgenic mouse that expresses the human
skeletal actin (HSA) with a long repeat (LR) of CTG nucleotides (Mankodi et al., 2002). This
HSA-LR mouse model effectively models nuclear transcript accumulation, MBNL1 aggregation,
transcript mis-splicing and exhibits myotonia and progressive muscle wasting (Mankodi et al.,
2002). While it does exhibit transcript mis-splicing, this mouse model does not recapitulate the
insulin receptor mis-splicing (Brockhoff et al., 2017). There is no reported evidence of
hyperglycemia or hyperinsulinemia in this model which are common indicators of insulin
resistance. Using this model thus allows us to isolate the insulin signaling pathway from the mis-
splicing of the receptor, helping to determine if there may be insulin receptor independent changes

in the pathway.

1.4 GLUT4
Glucose transporters (GLUTs) are integral membrane proteins expressed by the solute
carrier family 2 (SLC2) gene family. There are 14 distinct transporters and they are classed based
on their sequence similarity. All GLUT proteins consist of 12 transmembrane segments, a central
cytoplasmic linker domain, an N-linked glycosylation site, and the cytoplasmic facing N and C

termini (Mueckler and Thorens, 2013). This redundancy likely suggests the metabolic need to



transport different monosaccharides to varying tissues with specialized kinetics (Mueckler and

Thorens, 2013).

Among these isoforms, GLUT4 is unique as the primary insulin- and exercise-sensitive
transporter. It is sparingly expressed in the brain and heart but highly expressed in adipose and
skeletal muscle tissue (McNay and Pearson-Leary, 2020; Watson and Pessin, 2006a). In skeletal
muscle tissue, GLUT4 has a higher expression profile in type I slow-twitch oxidative fibres
compared to type II fast twitch fibres, consistent with the metabolic demands of the slow-twitch

fibres (Daugaard et al., 2000a).

After transcription of the SLC244 gene, GLUT4 is translated and undergoes N-linked
glycosylation at Asn57 to ensure proper folding and stability (Zaarour et al., 2012). GLUT4 can
be marked by additional post-translational modifications to regulate trafficking and turnover.
SUMOylation can stabilize and direct GLUT4 into storage vesicles (GSVs) (Giorgino et al., 2000).
Contrarily, GLUT4 O-GlcNAcylation can interfere with GLUT4 trafficking and could be

implicated in insulin resistance (Buse et al., 2002).

Six to nine hours after synthesis and modifications, GLUT4 is stored in GSVs and retained
in the intracellular compartment until insulin or exercise prompts its translocation to the plasma
membrane (Figure 1.3) (Hou et al., 2006). It contains cytosolic targeting motifs in its central loop
that directs it into GSVs (Khan et al., 2004). GSVs are retained to the perinuclear space of the cell
by tether, containing a UBX domain for GLUT4 (TUG) (Habtemichael et al., 2021). The carboxyl
terminal of TUG binds to Golgin-160, of the Golgi matrix and the amino terminus binds to the
GSV (Bogan, 2012, 2022). Insulin or exercise stimulation promotes the endolytic cleavage of TUG

to liberate the GSVs and permit their transport to the plasma membrane (Bogan, 2012;



Habtemichael et al., 2021). TUG cleavage is facilitated by muscle ubiquitin specific peptidase 25
(USP25m), which acts upon the UBX region of TUG (Habtemichael et al., 2018). GLUT4
translocation and TUG cleavage are highly correlated and provides insight on the insulin

sensitivity of a cell (Bogan, 2012).

A unique characteristic of GLUT4 is its insulin- and exercise-dependent methods of
translocation to the plasma membrane (Derave et al., 1999; Arias et al., 2007a; White and Kahn,
2021). Insulin and exercise stimulating pathways both converge upon Akt substate of 160 kDa

(AS160) to initiate the translocation of GSVs towards the plasma membrane.

1.5 Insulin Signaling Pathway
When food is ingested, the body transitions from a low blood glucose fasted state to a high
glucose postprandial state. Insulin is a hormone that regulates the uptake of glucose into muscle,
adipose, liver, and brain tissue in this postprandial state (Heni et al., 2015). The beta cells of the
pancreas sense high blood glucose and secrete insulin to increase glucose uptake into energy

demanding tissues (Chadt and Al-Hasani, 2020).

Insulin signaling is a signalling cascade that contributes to cellular growth, development,
and differentiation (Boucher et al., 2014; Renna et al., 2019). The insulin receptor is encoded by
the INSR gene on chromosome 19p13.2 and is alternatively spliced to yield two isoforms, IR-A
and IR-B (Russo et al., 2005). The isoform highly expressed in healthy adults is IR-B. At the
molecular level, the insulin receptor autophosphorylates on the intracellular face when it is bound
to insulin (Figure 1.3) (Boucher et al., 2014). Once the insulin receptor is phosphorylated, a
cascade of signaling events leads to the phosphorylation of protein kinase B (PKB, Akt).

Subsequently, Akt phosphorylates AS160, a GTPase activating protein (GAP) domain for Rab
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proteins. Rab proteins are physically associated with GSVs and are important for facilitating
vesicle mobilization and fusion when bound to GTP (Zerial and McBride, 2001). When the GAP
interacts with a Rab, it inhibits the mobilization of GSVs to the plasma membrane. Then when Akt
phosphorylates AS160 it inhibits its GAP activity and promotes a greater proportion of active

GTP-bound Rabs and increased GSV translocation (Figure 1.3) (Miinea et al., 2005).

1.6 Insulin Resistance
Insulin resistance is a hallmark symptom of T2D and is thus best characterized in the
context of this disease. Findings indicate that insulin resistance in T2D leads to inefficient GLUT4

translocation and inefficient glucose uptake (Jackson et al., 2000; Michael et al., 2001).

AKT is a protein that is integral to the insulin signaling pathway as it signals for the
translocation of GLUT4 to the plasma membrane through AS160. In fact, it has been shown that
the ablation of AKT can induce insulin resistance in mice (Garofalo et al., 2003; George et al.,
2004). In DM1, AKT is not known to be mis-spliced, but it was under-stimulated in DM1 skeletal
muscle (Renna et al., 2017). AMPK activity is impaired in T2D (Sriwijitkamol et al., 2007), and
is one of the purported targets for insulin resistance treatment (Wang et al., 2019). Downstream of
AMPK, PGC-1a is also downregulated and targeted to improve insulin sensitivity (Sriwijitkamol
et al., 2007; Wende et al., 2007a; Zhang et al., 2013). Since PGC-1a drives the expression of the
SLC2A44 gene, its downregulation can impact the expression of GLUT4 (Michael et al., 2001).
GLUTH4 translocation is typically impaired in T2D patients and translates to the diminished glucose
uptake of the cell. AS160 activity, which governs GLUT4 translocation, is also found to be

diminished in cases of insulin resistance (Karlsson et al., 2005).
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Metformin is a common T2D drug that improves insulin sensitivity through increased
GLUTH4 translocation via AMPK activation and has also been associated with PGC-1a activation
(Herman et al., 2022). Clinically, exercise has demonstrated efficacy for increasing insulin
sensitivity in T2D whilst improving cardiovascular health, reducing obesity, and improving overall
strength (Renna et al., 2019; Whillier, 2020). Evidence demonstrates that increased GLUT4
localization to the PM through exercise or pharmacological means is correlated with improved

insulin sensitivity (Herman et al., 2022; Miinea et al., 2005; Watson and Pessin, 2006b).

1.7 AMPK- PGC-1a Axis and Insulin Signaling Stimulation

Findings indicate that exercise improves insulin sensitivity in Type 2 Diabetes (T2D)
patients (Boulé et al., 2005). T2D is characterized by increased hepatic glucose output, insulin
resistance and diminished glucose disposal. However, when T2D patients exercise, insulin
sensitivity improves and glucose disposal improves (Martin et al., 1995; Rose and Richter,
2005). This observation has prompted investigators to explore the underlying mechanism of
exercise stimulated glucose uptake. Exercise stimulated glucose uptake reflects increased blood
flow to the muscle, greater transport across the plasma membrane, and enhanced intracellular
metabolism of glucose (Rose and Richter, 2005). Evidence supports that all these factors
contribute to increased glucose disposal, but mounting data indicates that GLUT4 translocation
to the plasma membrane is a considerable contributor to improved glucose uptake (Derave et al.,
1999).

Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is an energy sensing
molecule in the cell which drives catabolic processes in low energy conditions. Higher AMP
concentrations in the cell are found in lower energy conditions which explains why exercise can

stimulate AMPK activation (Cant6 and Auwerx, 2009a). AMPK is a heterotrimer comprised of 3
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subunits: the catalytic o subunit, the beta subunit and the gamma subunit. The o subunit contains
the threonine-172 residue which is phosphorylated and activates the kinase in cellular catabolic
states (Cant6 and Auwerx, 2009a). AMPK can also be stimulated by S5-aminoimidazole-
4carboxamide ribonucleotide (AICAR) by mimicking elevated AMP/ATP ratios in the cell
(Visnji¢ et al., 2021). When activated, AMPK stimulates AS160 to initiate GLUT4 translocation
to the membrane (Arias et al., 2007a) (Figure 1.3). Increased glucose disposal after exercise lasts
2-3 hours and is insulin independent, but after this period, insulin sensitivity is enhanced for as
long as 48 hours (Arias et al., 2007a; Perseghin et al., 1996).

Activated AMPK also stimulates peroxisome proliferator-activated receptor gamma
coactivator alpha 1 (PGC-1a). PGC-1a exerts its function by coactivating transcription factors
which regulate the expression of genes important for mitochondrial biogenesis, cellular respiration,
and glucose flux (Wende et al., 2007b; Cant6 and Auwerx, 2009b). Integral to mitochondrial
regulation and glucose metabolism, PGC-1a dysregulation in skeletal muscle has been linked to
insulin resistance and T2D (Cant6 and Auwerx, 2009b).

Increased AMPK stimulation leads to increased PGC-1a expression and activity. And
when PGC-la is increased in expression and activity it leads to elevated GLUT4 expression,
increased GLUT4 translocation and improved glucose uptake (Michael et al., 2001; Wende et al.,
2007a) (Figure 1.3). For instance, when rats were subjected to a chronic swim training regimen,
PGC-1la stability increased and was sustained 5 days post-training cessation (Park et al., 2020).
Another study found that PGC-1a was required for AICAR-induced GLUT4 expression in mice
(Leick et al., 2010). In cultured myotubes, it was found that activated PGC-1a binds to myocyte
enhancement factor 2C (MEF2C) to drive the expression of GLUT4 (Michael et al., 2001). Further

work in mice found that induced expression of PGC-1a increased glucose uptake into skeletal
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muscle tissue in mice (Wende et al., 2007a). Altogether, previous work has implicated AMPK-

PGC-1a stimulation in regulating insulin signaling and glucose uptake (Figure 1.3).
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Figure 1.3 Predicted interactions of AMPK-PGC-1a and insulin signaling pathway.

Graphical depiction of proposed interactions between insulin signaling and exercise pathways in
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skeletal muscle. AMPK stimulation via exercise or AICAR (1) can drive PGC-1a activity and
expression (2) to increase expression of GLUT4 (3). Insulin binds to the insulin receptor which
activates AKT (4) which leads to AS160 stimulation (5). AS160 stimulation then drives GSV

translocation to transport GLUT4 to the plasma membrane (6).

1.8 DM1 and Insulin Resistance

DMI patients have up to a 4-fold increased risk of developing T2D (Winters, 2021).
Furthermore, some patients have hypertriglyceridemia and reduced high density lipoprotein
cholesterol levels which are additional hallmarks of insulin resistance (Vujnic et al., 2015). Insulin
resistance may contribute to muscle weakness, heart disease and cognitive decline in DM
(Winters, 2021), thus, understanding insulin resistance in DM1 is important. Clinically, many
DMI1 patients present with post-prandial hyperinsulinemia, a hallmark of insulin resistance
(Moxley et al., 1977b, 1984b). The prevalence of metabolic syndrome has also been estimated at
17% in DM1 patients (Vujnic et al., 2015).

In T2D, insulin resistance is linked to smaller and dysregulated mitochondria (Kelley et
al., 2002), which mirrors the impaired mitochondrial dynamics that are observed in DMI1
(Gramegna et al., 2018; Garcia-Puga et al., 2020). A study showed that PGC-1a integrates insulin
signaling and mitochondrial dynamics and function (Pagel-Langenickel et al., 2010). With PGC-
la downregulation in diseases like T2D or DMI, there can be subsequent mitochondrial
dysfunction (Pagel-Langenickel et al., 2010; Gramegna et al., 2018; Garcia-Puga et al., 2022).
With mitochondrial dysfunction, DM1 patients will have trouble with oxidative respiration which
will contribute to the overall weakness and fatigue that patients experience.

Cardiovascular failure and insulin resistance have also been linked in DM1 (Nieuwenhuis

et al., 2019). Insulin resistance has been linked to left-ventricle hypertrophy and arterial stiffness
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in DM1. Dysregulated lipid metabolism promotes vascular dysfunction, and if left unchecked,
arterial stiffness can progress to carotid atherosclerosis, increasing the risk of cardiovascular
disease. Arterial stiffness comes from the dysregulated lipid metabolism linked to insulin
resistance (Nieuwenhuis et al., 2019; Boengler et al., 2017). These vascular complications may
contribute to the 2-3X increased risk of cardiovascular disease in insulin resistant patients (Kannel
et al., 1974; Nieuwenhuis et al., 2019).

Studies indicate that T2D patients can experience cognitive decline (McCrimmon et al.,
2012). This is consistent with the associated link of insulin resistance and impaired hippocampal
plasticity (Spinelli et al., 2019). DM1 patients can also experience a decline in cognition (Gallais
et al., 2017). Namely, patients experience a decline in executive function, visuospatial awareness
and naming recall (Peric et al., 2017; Gallais et al., 2017). Interestingly a brain positron emission
tomography study found that DM1 patients have glucose hypometabolism in the prefrontal,
temporal and pericentral regions of the brain (Peric et al., 2017). These studies contextualize and
underscore the role that insulin signaling could play in DM1 cognition.

Interestingly, many of the same molecular targets that are impaired in T2D are dysregulated
in DM1. For example, diminished AKT activity has been described in DM1 skeletal muscle
(Ozimski et al., 2021; Renna et al., 2017, 2019). However, this conflicts with a different study in
HSA-LR mice indicating the AKT activity to be no different from healthy controls (Brockhoff et
al., 2017). Further, AMPK activity and PGC-1a expression were found to be downregulated in the
HSA-LR skeletal muscle tissue (Ravel-Chapuis et al., 2018), aligning with the pathomechanism
observed in T2D. Further, there was a study that found downregulated AS160 activity in DM1
biopsy samples (Renna et al., 2019). However, there are no reports that have investigated AS160

and its response to AMPK stimulation in cellular or animal models of DM1. Thus, there is a
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knowledge gap in the insulin signaling pathway within the context of DM1 which necessitates its
investigation to detail its pathomechanism and how it may respond to therapeutic interventions.
There is clear evidence that insulin resistance can impact other symptoms of DM1 including
mitochondrial dynamics, cardiac function and cognition which makes it a very important signaling

pathway to investigate.

1.9 DM1 Therapeutic Candidates

Current pharmacological candidates for DM1 serve to target dysregulated proteins in
patients to help ameliorate symptoms. For instance, resveratrol, a compound that activates sirtuin
1 (SIRT1) and AMPK, has been studied within the context of DM1. Resveratrol stimulates
mitochondrial biogenesis and reduces oxidative stress via the SIRT1-AMPK-PGC-1a pathway
(Price et al., 2012; Higashida et al., 2013; Ljubicic et al., 2014). In patient derived myotubes,
resveratrol corrected some alternative splicing and calcium signaling (Santoro et al., 2020).
Another study in DM1 fibroblasts even found the correction of /NSR splicing after resveratrol
treatment (Takarada et al., 2015). In HSA-LR mice, resveratrol also partially corrected splicing,
demonstrating the impact of the compound in vivo (Ravel-Chapuis et al., 2018). However,
resveratrol has poor stability and undergoes rapid hepatic metabolism in humans, giving it low
bioavailability in patients (Walle, 2011).

Dimethyl biguanide, commonly known as metformin, is one of the most prescribed
treatments for T2D (Garcia-Puga et al., 2022). Metformin inhibits the mitochondrial complex I
and indirectly elicits the phosphorylation of AMPK. Downstream, this increases glucose uptake
into the cell, subsequently lowering blood glucose levels (Duca et al., 2015; Wang et al., 2019).
In preclinical models of DM 1, metformin was reported to have impacts on the metabolism of
cells. Namely, it increased ATP to healthier levels in primary DM1 fibroblasts. It also reduced
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splicing defects which restored /NSR exon 11 splicing errors (Garcia-Puga et al., 2022). In DM1
patients, some mis-splicing was corrected in peripheral blood lymphocytes after treatment with
metformin (Laustriat et al., 2015). Clinically, metformin had a significant impact on the 6 minute
walk test (60MWT), indicating an improvement in mobility (Gagnon et al., 2018). Though
functional improvements were observed, metformin failed to improve myotonia or muscular
strength (Bassez et al., 2018).

Despite extensive work that has assessed the use of classical insulin sensitizing
treatments in DM, studies have not detailed the impacts of these treatments on insulin signaling
in DM1. Further, while some treatments may work in some patients, it is important to assess the
validity of other therapeutic avenues, such as exercise, to account for existing therapeutic non-

responders.

1.10 Exercise and DM1

Exercise is effective for managing DM1 disease progression in both mice and humans
(Okkersen et al., 2018; Ravel-Chapuis et al., 2018; Manta et al., 2019; Mikhail et al., 2023;
Misquitta et al., 2022) Studies found that AMPK signaling and PGC-la content were
downregulated in HSA-LR mice (Ravel-Chapuis et al., 2018). When HSA-LR mice were subjected
to exercise, AICAR treatment, or a combination of both, RNA foci counts decreased, some mis-
splicing events were corrected, and AMPK signaling improved (Ravel-Chapuis et al., 2018;
Misquitta et al., 2022). When HSA-LR mice were subjected to chronic exercise through volitional
wheel running there were increases in overall muscle strength and reductions in myopathy and
myotonia (Manta et al., 2019). Molecularly, there were reductions in mRNA mis-splicing,

increased mitochondrial content, and a reduction in toxic nuclear RNA foci (Manta et al., 2019).
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Interestingly, a single bout of exhaustive exercise in HSA-LR mice also improved mitochondrial
dynamics through corrected organelle fusion and fission (Mikhail et al., 2023).

In DM1 patients, aerobic exercise has demonstrated marked functional and metabolic
improvements. 12 DMI patients undergoing a 12-week aerobic cycling program (Jrngreen et al.,
2005), improved aerobic capacity, measured as VO2 max, by approximately 14%. Additionally,
maximal workload increased by 11% and cross-sectional muscle fiber area increased, indicating
muscle hypertrophy (Drngreen et al., 2005).

A study conducted nearly two decades later demonstrated similar findings. There were 11
DM1 patients and they were subjected to a 12-week moderate cycling regimen (Mikhail et al.,
2022). After 12 weeks of cycling 3 times per week, patients had improvements in VO2 max,
improved 6MWT, and increased total lean mass with corresponding reductions in body fat
percentage (Mikhail et al., 2022). Contrary to the findings in the preclinical models, the 12-week
regimen did not reduce RNA foci counts and showed no significant changes in mRNA mis-
splicing. However, there were reported improvements in mitochondrial dynamics, indicating that
the exercise-induced benefits may be in part due to metabolic improvements (Mikhail et al., 2022).

Similarly, resistance training has demonstrated increases in strength, cross sectional muscle
area and a shift towards type I muscle fibers (Roussel et al., 2019). One study conducted a 12-
week study with lower leg resistance training twice a week to assess strength and mobility benefits
in DM1 patients (Roussel et al., 2020). Strength and functional mobility improved during and
immediately after the 12-week period, with some mobility benefits being retained for up to 9
months (Roussel et al., 2020). While this study did not explicitly assess metabolic benefits, another
group employing a similar exercise regimen of two resistance exercise sessions for a 12-week

period observed mitochondrial improvements (Di Leo et al., 2023).
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Both preclinical and clinical studies have demonstrated the clear benefit of employing
exercise in DM1 patients, but some of the underlying molecular mechanisms that underlie these

benefits remain elusive.

1.11 Rationale and Research Objectives

Countless studies have shown that AMPK stimulation either with exercise or
pharmacological means, yields systemic improvements in DM1 models and patients. However,
the effects of AMPK stimulation on insulin sensitivity and GLUT4 translocation in DM1 skeletal
muscle has not been studied in detail. The important role that AMPK and PGC-la have
demonstrated in insulin sensitivity necessitates its investigation within the context of DM1 (Cant6

and Auwerx, 2009b; Michael et al., 2001; Wende et al., 2007a).

1.12 Research Aims

i. Implement Qiagen’s Ingenuity Pathway Analysis program (IPA) to examine proteomic
data from exercised and sedentary HSA-LR DM1 mouse tissue (Manta et al., 2019).

ii. Assess the state of insulin signaling and GLUT4 translocation before and after acute
AICAR injections in the HSA-LR mouse model.

iii. Assess the state of insulin signaling and GLUT4 translocation before and after acute

insulin and AICAR injections in the human DM1 myotubes.

1.13 Hypothesis

Hypothesis: I hypothesize that acute AMPK stimulation increases PGC-1a expression to rescue

aberrant GLUT4 expression and translocation in DM1.
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Abstract

Myotonic Dystrophy Type 1 (DM1) is a multisystemic neuromuscular disorder
characterized by skeletal muscle weakness, muscle atrophy, myotonia, cognitive impairments,
gastrointestinal complications, and insulin resistance. While insulin resistance is well
characterized in type 2 diabetes, its pathomechanism in DM1 remains unclear. Our study aims to
elucidate the pathomechanism of insulin resistance in DM1 and how the pathway responds to
AMPK stimulation. Proteomic analysis from sedentary wildtype and sedentary HSA-LR mice, a
common DM1 mouse model, revealed downregulation of the AMPK-PGC-1a axis. Analysis of
sedentary HSA-LR mice and exercised HSA-LR mice revealed activation of the AMPK-PGC-1a
axis in exercised animals. To investigate this pathway, we treated WT and HSA-LR mice with
the AMPK activator AICAR to examine the impact of AMPK stimulation on insulin signaling in
DMI. This revealed impaired responses in the insulin pathway activation in the HSA-LR mice.
Next, we examined whether these differences extended to a human model by treating control and
DMI1 myotubes with insulin and/or AICAR. In DM1 myotubes, both treatments produced
dampened responses of key insulin signaling intermediates compared to controls. Taken
together, these results suggest impaired activation of insulin signaling pathways in DM 1 models
and confirm the presence of insulin resistance with an impaired response to acute AMPK

stimulation.
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2.1 Introduction

Myotonic dystrophy 1 (DM1), also known as Steinert’s Disease, is a multisystemic
neuromuscular disease that affects approximately 1 in 8500 people worldwide, making it the
most common adult-onset muscular disease (Chau and Kalsotra, 2015; Yotova et al., 2005). Due
to a founder effect, there is a strikingly high prevalence of 1 in 550 affected individuals in the
Charlevoix and Saguenay-Lac-Saint-Jean regions of Quebec, Canada (Chau and Kalsotra, 2015;
Yotova et al., 2005).

DM1 patients present with a heterogeneous set of clinical symptoms, including myotonia,
characterized as prolonged muscle contraction. Other symptoms include progressive muscle
weakness, muscle atrophy, and metabolic abnormalities, such as insulin resistance (Nieuwenhuis
et al., 2019; Mateus et al., 2021). Insulin signaling is integral to the energy status of the cell,
governing the intake of glucose to fuel energy demanding processes like cell growth and
division. In DM, systemic glucose disposal is diminished by 15-25%, with up to a 70%
decrease in insulin sensitivity observed in the forearm muscle of DM1 patients (Moxley et al.,
1977a, 1984a). When insulin signaling is impaired in DM, it can exacerbate coexisting
symptoms such as muscle weakness and atrophy (Nieuwenhuis et al., 2019). Additionally, it can
cause significant impairments to skeletal muscle, cardiac, adipose and brain tissue in DM1

(Nieuwenhuis et al., 2019).

DM1 arises from a CUG-expansion repeat in the 3’ untranslated region of the dystrophia
myotonica protein kinase (DMPK) gene (Brook, 1992; Caskey et al., 1992; Mahadevan et al.,
1992). When transcribed, these repeats cause a stable hairpin loop of RNA which sequesters
Muscleblind-like 1 (MBNL1), an RNA-binding protein, to the nucleus, resulting in its

subsequent loss of function (Chau and Kalsotra, 2015). In parallel, CUG-binding protein 1 and
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Elav-like family member 1 (CELF1), an RNA-binding protein that functions antagonistically to
MBNLI, is hyperactivated in DM1 skeletal muscle cells and contributes to mis-splicing events in
pre-mRNA (Philips et al., 1998; Kuyumcu-Martinez et al., 2007; Chau and Kalsotra, 2015).
CELF1 aberrantly excludes exon 11 in the insulin receptor (/NSR) gene which contributes to
insulin resistance in patients (Renna et al., 2017, 2019; Savkur et al., 2001). Insulin resistance in
DMI reflects dysregulation of downstream insulin receptor effectors that govern glucose uptake,
cell metabolism and muscle trophism in DM1 (Renna et al., 2017, 2019).

The insulin signaling cascade contributes to cellular growth, development, and
differentiation (Boucher et al., 2014; Renna et al., 2019). When the insulin hormone binds to the
insulin receptor, the receptor phosphorylates and activates a signaling cascade that causes
glucose transporter 4 (GLUT4) translocation to the plasma membrane, which allows the influx of
glucose into the cell (Figure 1A) (Zerial and McBride, 2001). Once the insulin receptor is
phosphorylated, a cascade of signaling events leads to the phosphorylation of Akt. Subsequently,
Akt phosphorylates Akt substrate of 160 kDa (AS160), a GTPase-activating protein (GAP) for
Rab proteins (Miinea et al., 2005). In its native state, when AS160 interacts with Rab proteins,
mobilization of GLUT4 storage vesicles (GSV) to the plasma membrane is inhibited. However,
when Akt phosphorylates AS160 on threonine-642, it inhibits its GAP activity and promotes a
greater proportion of active GTP-bound Rabs and increases GSV translocation to the plasma
membrane (Figure 1A) (Miinea et al., 2005).

Adenosine monophosphate (AMP)-activated kinase (AMPK) is an intracellular energy
sensing protein which is phosphorylated at threonine-172 when adenosine monophosphate
(AMP) allosterically binds to it. AMPK can also stimulate AS160 phosphorylation to initiate

GLUTH4 translocation to the plasma membrane (Arias et al., 2007a). Downstream of AMPK,
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peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a) activates
transcription programs for mitochondrial biogenesis, oxidative phosphorylation, and glucose
metabolism (Wende et al., 2007b; Cant6 and Auwerx, 2009b). Importantly, PGC-1a drives
GLUT4 expression and is correlated with improved glucose uptake (Michael et al., 2001; Wende
et al., 2007a).

Although exercise confers broad systemic benefits in DM 1 models and patients, its
effects on insulin sensitivity and GLUT4 translocation in DM1 skeletal muscle remains
insufficiently described. Given the important role that AMPK and PGC-1a have in GLUT4
translocation and insulin sensitivity, there is a need for its investigation within the context of
DM1 (Cant6 and Auwerx, 2009b; a; Michael et al., 2001; Wende et al., 2007a). The human
skeletal actin long repeat (HSA-LR) mouse model is a transgenic mouse that models nuclear
MBNL aggregation and RNA mis-splicing which translates to myotonia and progressive muscle
wasting (Mankodi et al., 2002). Importantly, this model presents with downregulated PGC-1a
(Ravel-Chapuis et al., 2018). Although there are no known reports of downregulated PGC-1a in
DM1 patients, they do present with dysregulated metabolic dynamics, which could be linked to
downregulated PGC-1a (Garcia-Puga et al., 2020, 2022; Mikhail et al., 2022). Thus, we
hypothesized that acute activation of the AMPK-PGC-1a axis with an exercise mimetic, 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR), could sensitize the insulin signaling
pathway to subsequently improve insulin signaling and GLUT4 translocation in the HSA-LR

mouse and a human myotube model of DM1 (Figure 1A).
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2.2 Methods

2.2.1 Identification of key molecular pathways

To identify relevant targets within the insulin signaling and exercise pathways in HSA-
LR mice, we analyzed proteomic data from tissue of mice that had previously undergone an
exercise protocol (Manta et al., 2019). Three to six-month old mice had volitional access to a
running wheel for a 7-week period and were sacrificed 24 hours after their last exercise activity.
Mass-spectrometry data from quadriceps tissue of 3 sedentary WT mice, 5 sedentary HSA-LR
and 5 exercised HSA-LR were entered into Qiagen’s Ingenuity Pathway Analysis (IPA,
RRID:SCR 008653, Fall 2025 Release) program to predict protein fold changes and
interactions. Raw abundance values were normalized and used to calculate the log fold change
(log2FC) to determine the expression change of specific targets. P-values were calculated using
unpaired two-way Welch’s T-test. These values were entered into IPA for subsequent analyses.
Using the Core Analysis feature, IPA was used to analyze the proteomic data set against existing
public databases and literature to predict the inhibition or activation of upstream pathways.
Degree of activation or inhibition of a target or pathway was predicted with a z-score. Z-scores
greater than 2 (z>2) indicated activation or upregulation of pathways and targets. Z-scores less
than -2 (z<-2) indicated inhibition or downregulation of pathways and targets. A p-value of less

than 0.05 (P<0.05) was used to determine statistical significance.

2.2.2 Ethics Approval
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Experiments and procedures performed in this study were approved by the University of
Ottawa Animal Care Committee and meet the standards of the Canadian Council on Animal Care
and Ontario Animals for Research Act. Mice were housed and cared for by the University of

Ottawa Animal Care and Veterinary Service.

2.2.3 Animal husbandry and tissue harvesting

Three to six-month old female human skeletal actin-long repeat (HSA-LR) mice and
wild-type (WT) FVB/N mice (RRID:IMSR _JAX:001800) were subjected to an ad-libitum diet
and regular light/dark cycles. Mice were injected subcutaneously with 500 mg/kg AICAR or
0.9% saline solution as a control and sacrificed by carbon dioxide administration followed by
cervical dislocation 30 minutes after injection. Samples were either snap frozen in liquid nitrogen
or mounted in optimal cutting temperature (OCT) mounting media and submerged in liquid

nitrogen-cooled isopentane. Samples were stored at -80 °C until use.

2.2.4 Immunofluorescence

OCT mounted tissues were cryosectioned at 10 um onto slides and stored at -80 °C.
Slides were removed from the freezer and allowed to defrost at room temperature for 20 minutes,
then fixed in 3.7% formaldehyde for 15 minutes at room temperature. Sections were then washed
in 1 x phosphate buffered saline (PBS; Sigma Aldrich, Cat. No. D8537) to remove excess
formaldehyde and then circled by a hydrophobic pen before blocking and permeabilization (5%
bovine serum albumin (BSA), 5% normal goat serum (NGS), 0.1% Triton-X100) for 30 minutes.
Tissue sections were incubated with 1:750 rabbit anti-GLUT4 (Abcam, Cat. No. ab33780,

RRID:AB 2191441) and 1:1000 mouse anti-Laminin (Sigma Aldrich, Cat. No. L8271,
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RRID:AB 477162) in blocking buffer (5% BSA, 5% NGS) overnight at 4 °C in a humidified
chamber. The following day, sections were washed 3 x 5 minutes in PBS supplemented with
0.05% tween-20 (PBS-T). Then the sections were incubated in 1:500 goat anti-rabbit AF594
(Thermo Fisher Scientific, Cat. No. A-11012, RRID:AB_2534079) and 1:500 goat anti-mouse
AF488 (Thermo Fisher Scientific, Cat. No. RRID:AB_2534088) for 1 hour at room temperature.
Afterwards, slides were washed 2 x 5 minutes in PBS-T before adding 0.1 pg/mL Hoechst
(Thermo Fisher Scientific, Cat. No. H3570) for 10 minutes at room temperature. Sections were
finally washed 2 x 5 minutes in PBS before mounting in Fluoremount-G mounting media
(Thermo Fisher Scientific, Cat. No. 00-4958-02). Images were captured on a Zeiss Axio Imager
(RRID:SCR_018876) widefield microscope to visualize GLUT4, laminin, and the nucleus in the
594 nm, 488 nm and 350 nm emission wavelengths respectively. Tile images were taken to
capture ~200-300 fibers per sample. Images were analyzed on ZEISS Efficient Navigation

(version 3.9, RRID:SCR _013672) imaging software.

2.2.5 Cell culture

Immortalized patient and control myoblast cell lines were maintained at 20% confluence
to prevent spontaneous differentiation. Cells were grown at 37 °C in 5% CO2, in Promo Cell
Skeletal Muscle Growth Medium (Cat. No. C-23060) which was supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine. To passage the cells, media was
removed, the cells were washed in 1 x PBS and then incubated in trypsin at 37 °C for 5 minutes
before the trypsin was quenched with serum-containing growth media. The cells were then spun
down at 1000 RPM for 5 minutes, resuspended in growth media and placed into a T75 flask. If
cells were directed toward experimentation, they were counted and seeded into a collagen (Gibco

Collagen I rat tail, A1048301) coated dish to ensure cell adherence during differentiation. Cells
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were grown to 90-100% confluence then switched to differentiation media (DM) (Dulbecco’s
Modified Eagle Medium (DMEM), 2% horse serum, 1% penicillin/streptomycin, and 1% L-

glutamine). The cells were maintained in DM for 4 days before drug treatments.

2.2.6 Cell drug treatments

We used and experimented on DM 1 patient-derived myotubes that were obtained as a gift
from Dr. Elena Pegoraro’s group (Pantic et al., 2016). Information pertaining to the sex, age, and
biopsy location is described in Table 1.

Table 2.1 Cell model information. Patient’s sex, age, and biopsy site.

Cell Line Sex Age Biopsy Site
Control-1 Male 41 Vastus Lateralis
Control-3 Male 36 Vastus Lateralis
DMI-1 Female 29 Biceps Brachii
DM1-2 Male 19 Vastus Lateralis

Myoblasts were plated on 6 well plates and differentiated for 4 days before serum starvation for
4 hours in DMEM. Myotubes were then treated with 2mM AICAR in DMSO for 1 hour
followed by 100 nM insulin in HEPES buffer for 30 minutes at 37 °C. Vehicle treatment (Veh)
cells were treated with a combination of 2% DMSO control and 1.25 pM HEPES buffer. Cells

were treated with either vehicle, AICAR, insulin, or both AICAR and insulin.
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2.2.7 Western blot

Skeletal muscle tissues were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris HCI, 1%
Triton-X100, 0.1% SDS, 0.5% sodium deoxycholate) supplemented with protease and
phosphatase inhibitor (Sigma Aldrich, Cat. No. PPC1010-1ML). The tissue was lysed with 3.2
mm steel beads and placed into the Qiagen Tissue Lyser at 25 Hz for 3 x 90 seconds, with 2
minutes cooling on ice in between cycles. Lysates were then placed on a rotator at 4 °C for 2
hours before being spun down at 12 000 RPM for 20 minutes. Supernatant was collected and
lysates were stored at -80 °C. Protein was quantified using a DC assay kit (Bio-Rad, Cat. No.
5000112) alongside a BSA standard that ranged from 0.125 to 2 pg/mL.

Myotubes were lysed in the same RIPA buffer cocktail on ice and scraped off the 6-well
plate with a cell scraper. Lysates were vortexed and then placed on a rotator at 4 °C for 30
minutes before being spun down at 12 000 RPM for 20 minutes. Supernatant was collected and
lysates were stored and quantified the same way that muscle lysates were.

Samples were prepared with 4X Laemmli buffer (Bio-Rad, Cat. No. 161-0747) and
supplemented with 2-mercaptoethanol. Samples were then placed on a heat block at 95 °C for 5
minutes before being run through a 7.5% polyacrylamide stacking and 8% polyacrylamide
resolving gel in tris-glycine running buffer (25 mM Tris-Base, 190 mM glycine, 0.1% SDS). The
samples were run for 15 minutes at 115 V and then 75 minutes at 125 V. The samples were then
transferred to 0.2 pum PVDF (Bio-Rad, Cat. No. 1620177) in a cold tris-glycine transfer buffer
(25 mM Tris-Base, 190 mM glycine, 20% ethanol) for 90 minutes at 100 V at 4 °C. Membranes
were then blocked in Licor blocking buffer (Licor, Cat. No. 927-60001) for 1 hour at room
temperature. Primary antibodies (in Licor blocking buffer, 0.1% Tween), detailed in

Supplemental Table 1, were added overnight at 4 °C on a rocker (Supplemental Table 1). The
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following day blots were washed in tris buffered saline — tween (TBS-T; 20 mM Tris-HCL, 150
mM NaCl, 0.1% Tween-20) for 3 x 5 minutes before being incubated in the respective secondary
antibody for 1 hour at room temperature on a rocker (Supplemental Table 1). Finally, blots were
incubated in Clarity Max enhance chemiluminescent substrate (Bio-Rad, Cat. No. 1705062) and
bands imaged on the ChemiDoc Imaging System (Bio-Rad, RRID:SCR_019037). Band
densitometry was analyzed on Image Lab software (Bio-Rad, RRID:SCR _014210), and all
proteins were normalized to vinculin loading protein. Images were analyzed on ZEISS Efficient

Navigation (version 3.9, RRID:SCR _013672) imaging software.

2.2.8 Statistical analyses

Statistical comparisons were made once the data sets were assessed for normality with
the Shapiro-Wilk test. If datasets failed (p-value<0.05), then they were analyzed with the
unpaired one-way Welch’s t-test. Otherwise, the tests were conducted with unpaired one-way
Student’s t-test. Multiple comparisons were analyzed with two-way ANOVA followed by
Tukey’s post hoc analysis. Statistical significance was determined with a threshold of p< 0.05.
Grubb’s extreme student deviate test was used to determine and exclude outliers. Statistics were
performed, and graphs were generated using Prism GraphPad (RRID:SCR_002798) with graphs

depicted as mean +/- standard error of the mean (SEM).
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2.3 Results

2.3.1 Ingenuity Pathway Analysis tool predicts PGC-1a to be dysregulated in HSA-LR
mouse model

There were 882 targets identified in the sedentary HSA-LR mice versus sedentary WT
condition and 884 targets identified in the exercised HSA-LR mouse versus sedentary HSA-LR
mouse condition (Supplemental Table 2,3). Of the targets, solute carrier family 2 member 4
(SLC2A4), also known as GLUT4, was upregulated in the exercised HSA-LR condition (Table

2.2, Supplemental Table 2,3).

Table 2.2 SLC2A4 expression measures in sedentary and exercised HSA-LR conditions

Condition Expression Log Ratio Expression p-value
Sedentary HSA-LR vs | 2.82 6.0x1072

sedentary WT

Exercised HSA-LR vs 3.80 4.0x1072

sedentary HSA-LR

When assessing the predicted Canonical pathways, PI3K-Akt was predicted to be activated in
sedentary and exercised conditions (Table 2.3, Supplemental Table 4, 5). Within the pathway,
the predicted activated molecules were not PI3K or Akt, but rather targets downstream of these
molecules (Supplemental Table 6,7). Of these downstream effectors overlapping with the
proteomic dataset, none of them met the thresholds for z-score (>|2|) and p-value (<0.05)

(Supplemental Table 6,7).
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Table 2.3 PI3K-Akt canonical pathway activation measures in sedentary and exercised HSA-LR

conditions.
Condition Activation z-score P-value
Sedentary HSA-LR vs | 2.67 1.05x10*
sedentary WT
Exercised HSA-LR vs | 2.18 1.08x10*
sedentary HSA-LR

Similarly, the GLUT4 translocation pathway was increased in both conditions. However, within
the GLUT4 translocation pathway, GLUT4 was significantly upregulated only in the exercised

HSA-LR condition (Table 2.2, 2.4, Supplemental Table 4,5,8,9).

Table 2.4 Translocation of SLC2A4 (GLUT4) canonical pathway activation measures in

sedentary and exercised HSA-LR conditions.

Condition Activation z-score P-value
Sedentary HSA-LR vs | 2.84 9.05x10
sedentary WT

Exercised HSA-LR vs | 2.84 9.33x107
sedentary HSA-LR

For the predicted upstream regulators, INSR (insulin receptor) and PPARGCI1A (PGC-1a)
appeared as relevant targets as both are implicated as glucose metabolism regulators. INSR was
predicted to be inhibited in the sedentary HSA-LR mice, but was activated in the exercised HSA-
LR mice (Table 2.5, Supplemental table 10, 11). Similarly, PGC-1a was predicted to be inhibited
in sedentary HSA-LR mice and was upregulated in exercised HSA-LR mice (Figure 1B — C,

Table 6, Supplemental Table 10, 11).
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Table 2.5 INSR (insulin receptor) predicted activation measures in sedentary and exercised

HSA-LR conditions.

Condition Activation z-score P-value
Sedentary HSA-LR vs | -4.27 2.67x10°°
sedentary WT

Exercised HSA-LR vs | 5.35 3.56x10°%°
sedentary HSA-LR

Table 2.6 PPARGCIA (PGC-1a) upstream regulator predicted activation measures in sedentary

and exercised HSA-LR conditions.

Condition Activation z-score P-value
Sedentary HSA-LR vs | -2.59 3.75x1048
sedentary WT

Exercised HSA-LR vs | 6.51 4.61x1048
sedentary HSA-LR

2.3.2 AMPK-PGC-1a axis has impaired response to AICAR in HSA-LR mice

To determine the specific effect of AMPK stimulation on PGC-1a expression and insulin
signaling molecules, mice were subjected to an acute AICAR treatment. They received a
subcutaneous injection with 500 mg/kg AICAR or saline. The mice were sacrificed, and tissues
were collected 30 minutes after injection to capture the transient action of AMPK. Samples were
analyzed with western blotting to assess the abundance and activity levels of proteins involved in
the key signaling pathways (Figure 2A, Supplemental Figure 3-6, 9). At baseline, HSA-LR mice

expressed lower total AMPK and phosphorylated threonine-172 AMPK (pAMPK) compared to
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WT mice, but no difference was observed when pAMPK was normalized to total AMPK (Figure
2B-D). Analysis indicated no significant difference in baseline expression of PGC-1a between
HSA-LR and WT groups (Figure 2E). However, there was significantly less GLUT4 in the HSA-

LR group compared to the WT group (Figure 2F).

After AICAR stimulation, AMPK activity showed no changes in WT or HSA-LR mice
(Supplemental Figure 1A — F). To validate the effect of AICAR, acetyl-CoA carboxylase (ACC)
was analyzed for phosphorylation on serine-79 (pACC), a stable readout for AMPK activity
(Galic et al., 2018). There was no change in total ACC in either WT or HSA-LR mice
(Supplemental Figure 1G — I). However, there was a marked increase in the pACC levels after
AICAR treatment, reflecting adequate stimulation of the AMPK signaling pathway (Figure 2G-

D).

PGC-1a levels increased in WT mice after AICAR treatment (Figure 2K), but not in
HSA-LR mice (Figure 2L). There were also no significant differences in GLUT4 expression
after treatment in WT or HSA-LR animals (Figure 2M, N). We then calculated the delta AICAR
values for each target for the experimental groups (treatment group values — baseline group
values) to compare the normalized response to AICAR treatment. This comparison elucidates the
proportional response of the pathway targets. Delta AICAR comparisons for pACC yielded no
differences, further validating the proportional activation of AMPK signaling with AICAR in
both experimental groups (Figure 20, P). Delta AICAR comparisons of PGC-1a showed that
HSA-LR mice had an impaired response to AICAR treatment (Figure 2Q). Further, delta AICAR

comparisons for GLUT4 showed no differences in responses to treatment (Figure 2R). In
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summary, we observed that even with proportional AICAR activation of AMPK, we saw that

PGC-1a response was impaired in HSA-LR mice (Figure 2S).

2.3.3 Akt-AS160 has impaired response to AICAR in HSA-LR mice

Next, we wanted to determine the impact AICAR had on intrinsic insulin signaling.
Thus, we assessed phosphorylated serine-473 Akt (pAkt) and phosphorylated threonine-642
AS160 (pAS160) on western blot (Figure 3A, Supplemental Figure 7-9). No significant
differences were detected in baseline pAkt, pAkt/Akt or pAS160 between WT and HSA-LR
mice (Figure 3B — D). After AICAR treatment, pAkt and pAkt/Akt showed an increased
response in the WT mice, but this was not reflected in the HSA-LR mice (Figure 3E-H). When
total Akt was assessed, there were no differences in total expression before or after AICAR
treatment (Supplemental Figure 1J — L). Downstream of Akt, pAS160 was measured to
determine the signaling capacity for GLUT4 translocation. In WT animals, AICAR stimulation
led to a significant increase in pAS160 (Figure 3I). However, there was no such trend found in

the HSA-LR mice (Figure 3J).

Again, delta AICAR values were calculated to compare the proportional changes of
protein expression after AICAR treatment. The delta AICAR for pAkt revealed that HSA-LR
mice had a significantly impaired response to AICAR compared to the WT mice (Figure 3K, L).
Similarly, delta AICAR for pAS160 revealed that pAS160 change was significantly lower in
HSA-LR mice compared to WT mice (Figure 3M). Despite proportional AMPK stimulation in
WT and HSA-LR mice, the insulin signaling pathway was not adequately stimulated in the HSA-

LR mice (Figure 3N).
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2.3.4 Immunofluorescence indicates trends of increased GLUT4 translocation in WT
mice after AICAR stimulation

In gastrocnemius tissue from vehicle- and AICAR-injected WT and HSA-LR mice,
GLUTH4 translocation was assessed by probing for GLUT4 and laminin. Localization was
quantified with the proportion of the total GLUT4 and GLUT4 colocalizing with the laminin-
labeled plasma membrane (Figure 4A). The pattern of the GLUT4 staining in the vehicle-treated
WT mice was dispersed in the cytosol. Some of the GLUT4 staining was found along the plasma
membrane region, denoted by the laminin staining. HSA-LR mice exhibited higher membrane
GLUTH4 staining after AICAR treatment, but these differences were lost when normalized to total
GLUT4 staining (Supplemental Figure 1M — P). WT mice treated with AICAR had trends (p =
0.0573) indicating increased GLUT4-Laminin:Total GLUT4, suggesting increased levels of
GLUTH4 at the plasma membrane (Figure 4B). HSA-LR mice did not show (p = 0.26) any shifts
in the GLUT4-Laminin:Total GLUT4 after AICAR treatment (Figure 4C). When the delta
AICAR was compared there were no differences found, indicating no significant differences in

relative GLUT4 translocation (Figure 4D).
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2.3.5 AMPK axis is stimulated in human control and DM1 myotubes

Healthy control (CTL) cells and DM1 myotubes were treated with insulin alone, AICAR
alone, or AICAR and insulin combined, and then probed for targets to assess the impact that
treatment had on the AMPK signaling pathway (Figure 5A, Supplemental Figure 10-13, 16). At
baseline, total AMPK was reduced in DM 1 myotubes (Figure 5B). However, phosphorylated
threonine-172 AMPK (pAMPK) was greater in DM1 myotubes (Figure 5C,D). There was no
change in pAMPK after AICAR or insulin treatments (Figure SE). Given the transient nature of
AMPK, ACC, a stable downstream target of AMPK, was also assessed. Phosphorylated serine-
79 ACC (pACC) increased with AICAR and combination treatments in CTL and DM1 myotubes
(Figure 5F). There were no differences in PGC-1a or GLUT4 expression prior to or after

treatments (Figure 5G — H).

Like the analysis in the mice, delta insulin, delta AICAR and delta combination values
were calculated to compare the proportional changes of protein expression after treatments. For
pACC, there were no significant differences found after insulin, AICAR or combination
treatments (Figure 51-K), further validating the proportional activation of AMPK. In summary,
despite AMPK stimulation there were no observed changes in PGC-1a or GLUT4 expression

(Figure 5L).

2.3.6 Akt-AS160 signaling is impaired in DM1 myotubes

CTL and DM1 myotubes were treated with vehicle, insulin, AICAR or a combination of both
and then analyzed for Akt and AS160 signaling (Figure 6A, Supplemental Figure 2G —J, 14-16).

DM1 myotubes had significantly higher pAkt expression than CTL at baseline (Figure 6B).
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Unlike CTL myotubes, DM1 pAkt showed no significant response to insulin treatment, but did
exhibit an increase with combination treatment (Figure 6C). Similar trends were observed after
normalization to total Akt (Figure 6D), with a loss of statistical significance for combination

treatment (Figure 6E).

Again, delta insulin, delta AICAR and delta combination values were calculated to
compare the proportional changes of protein expression after treatments. DM 1 myotubes
exhibited an impaired pAkt and pAkt/Akt response to insulin, AICAR, and combination
treatments (Figure 6F-K). Altogether, there is consistent indication of impaired Akt signaling in

DMI1 myotubes (Figure 6L).

AS160 phosphorylation levels were also measured in CTL and DM 1 myotubes (Figure
7A). Consistent with pAkt and pAkt/Akt, we found that baseline pAS160 was higher in DM 1
myotubes compared to CTL myotubes (Figure 7B). Both CTL and DM1 myotubes exhibit
pAS160 increase after combination treatment (Figure 7C). When pAS160 was normalized to

total AS160 (pAS160/AS160), similar trends were observed (Figure 7D — E).

Delta insulin, delta AICAR and delta combination values showed a difference in pAS160
responses. There was an impaired DM1 pAS160 response after insulin treatment (Figure 7F).
There were also trends (p = 0.0940) of impaired pAS160 response after AICAR treatment
(Figure 7G). With combination treatment, we again observed a reduced DM1 pAS160 response
(Figure 7H). Delta insulin and delta AICAR differences were lost after pAS160 was normalized
to total AS160 (pAS160/AS160) (Figure 71). Even after normalization, we still observed
reduced DM1 pAS160/AS160 activation after combination treatment. Overall, we saw a

consistent indication of impaired AS160 signaling in the DM1 myotubes (Figure 7L).
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2.4 Discussion
2.4.1 Ingenuity Pathway Analysis of sedentary and exercised HSA-LR mice

This study was conducted to understand the insulin signaling pathway and exercise
interaction within the context of DM1. Thus, we decided to investigate relevant targets
pertaining to insulin and exercise signaling pathways. With IPA, we found some targets that
aligned with the relevant pathways in sedentary and exercised HSA-LR mice. We decided to
then acutely stimulate AMPK with AICAR in our HSA-LR mice and DM1 myotubes to
determine how AMPK- PGC-1a stimulation impacted insulin signaling. Our study, aligned with
IPA findings, found that baseline total AMPK was lower in the HSA-LR mouse and in the DM1
myotubes. Additionally, in the HSA-LR mouse, PGC-1a expression did not respond to AICAR
treatments as was found in WT mice, suggesting dysregulation of PGC-1a. Further, IPA
predicted the insulin receptor to be inhibited in the sedentary HSA-LR mice. Our study found
that pAkt signaling, a reporter of proximal insulin signaling, was indeed impaired in the HSA-LR
mouse and the DM1 myotubes. After exercise intervention, IPA predicted PGC-1a and insulin
receptor to be upregulated. However, in our DM 1 models, we observed that acute AMPK
stimulation did not improve PGC-1a or Akt levels or activity. Additionally, IPA detected
increased GLUT4 expression in the exercised HSA-LR mice, indicating that exercise drives
GLUT4 expression. Again, our findings did not align with IPA’s, as we saw no clear increase in
total GLUT4 after AMPK-PGC-1a stimulation.

The powerful IPA analysis tool helped inform the investigation of targets pertinent to

insulin and exercise signaling in DM1. The IPA analysis of the sedentary HSA-LR condition
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aligned with a lot of the findings we saw in the baseline expression of our DM1 models.
However, when we decided to target the exercise axis, AMPK-PGC-1q, in an acute and targeted
manner with AICAR, we saw that neither of the models had significant improvements in insulin

resistance markers.

2.4.2 AICAR Treatment in HSA-LR Mouse Model

At baseline, total AMPK levels were lower in HSA-LR mice, however pAMPK was no
different from WT. When subjected to AICAR, AMPK phosphorylation did not indicate any
significant changes. Due to the transient nature of AMPK signaling, ACC phosphorylation was
measured to validate the activity of the AICAR injection. Indeed, pACC increased, suggesting
the increased activity of AMPK after AICAR treatment (Taylor et al., 2008).

Baseline expression of PGC-1a showed no differences between WT and HSA-LR. Yet,
previous reports indicate a ~43% lower expression of PGC-1a in HSA-LR skeletal muscle tissue
(Ravel-Chapuis et al., 2018). Ravel-Chapuis et al. described this downregulation in extensor
digitorum longus (EDL) muscle, whereas we analyzed protein content in the gastrocnemius. The
HSA transgene is differentially expressed in muscles, with the number of mis-splicing events
positively correlated with the expression of the HSA transgene across skeletal muscles (Hicks et
al., 2024). It was found that the gastrocnemius had the highest abundance of HSA-LR construct
expression which correlated with the highest mis-splicing events compared to the quadriceps and
tibialis anterior muscles (Hicks et al., 2024). This research did not explicitly examine HSA
construct expression in EDL muscle, but its findings may suggest why we found different results
in gastrocnemius tissue.

After AICAR injection, PGC-1a levels did not change in HSA-LR mice, contrasting with

the increase observed in WT mice. PGC-1a has a half-life ranging from 0.5-5.5 hours, as it is
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subjected to the ubiquitin protease degradation pathway (Trausch-Azar et al., 2010). AMPK
drives the expression of PGC-1a and directly phosphorylates the transcription factor; however,
AMPK has not been described to directly stabilize PGC-1a (Cant6 and Auwerx, 2009a). Rather,
p38 MAPK is implicated in phosphorylating PGC-1a and increasing its stability (Puigserver et
al., 2001). Both exercise and AICAR have been reported to stimulate p38 activity, implicating
the kinase as an intermediary within the AMPK-PGC-1a axis (Gibala et al., 2009; Lemieux et
al., 2003). Additionally, activated AMPK upregulates transcription of PPAR/S, the receptor for
PGC-1p and PGC-19, via the myocyte enhancer factor 2A (Koh et al., 2019). Then, PPARB/6
stabilizes the PGC-1a expression levels in skeletal muscle tissue (Koh et al., 2017). The reduced
baseline AMPK expression in HSA-LR mice may suggest that PGC-1a was not optimally
regulated. Thus, in the acute treatment period of 30 minutes, we likely see an increased stability
of the PGC-1a in WT mice which is reflected as elevated levels in western blotting.

Baseline GLUT4 levels were found to be downregulated in the HSA-LR mice. While this
may not be explained by a difference in baseline PGC-1a levels, it could reflect diminished
PGC-1la activity. For instance, phosphorylation and acetylation have both been shown to regulate
PGC-1la transcriptional activity, which could alter expression levels of SLC244 and the
subsequent GLUT4 protein content (Michael et al., 2001; Wende et al., 2007a; Cant6 and
Auwerx, 2009a). There are no reports of SLC2A44 mis-splicing in any DM 1 models or patients,
but mis-splicing could be a feasible explanation for the lower expression levels in HSA-LR
tissues.

At baseline, there were no observed differences in pAkt, pAkt/Akt or pAS160 levels, but
there were differences in their responses to AICAR. In WT mice, AICAR treatment increased

pAkt and pAkt/Akt, similar to previous findings (Dedert et al., 2023). After repleting C2C12s
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with nutrient rich media, serine-473 pAkt increased via mTORC?2 regulation (Dedert et al.,
2023). This effect could explain why we observed an increase in pAkt for WT mice after AICAR
treatment. While there is no conclusive literature that directly assesses Akt activity in HSA-LR
mice, there is a study that explored GSK-3f, a downstream target inhibited by Akt (Lin et al.,
2007). In line with our reports of impaired Akt activity, literature indicates that GSK-3f is
upregulated in the HSA-LR mouse model (Jones et al., 2012). We also saw that pAS160 levels
remained impaired and blunted even after AICAR injection in HSA-LR mice, which is consistent
with the downregulated pAkt. In line with the impaired pAS160 signaling, we saw no significant
change in the proportion of GLUT4 at the plasma membrane as evidenced by immunofluorescent
staining. This contrasts with the response that we saw in WT mice, which had elevated levels of
pAS160 and corresponding trends for increased plasma membrane-bound GLUT4. This is
consistent with literature that finds AMPK stimulation, via exercise or AICAR, increases AS160
activity and GLUT4 shuttling (Arias et al., 2007b; Bradley et al., 2014; Wang et al., 2022). We
observed that HSA-LR mice, compared to WT mice, consistently demonstrate a diminished
response in Akt, PGC-1a, and pAS160. This outcome demonstrates the presence of insulin

resistance in the HSA-LR mouse model and its resistance to acute AMPK stimulation.

2.4.3 Insulin and AICAR treatment in DM1 myotube models

Like the HSA-LR model, we saw downregulated expression of total AMPK in DM1
myotubes, however the pAMPK seemed to be upregulated. Given the transient nature of AMPK
phosphorylation, we decided to assess pACC as a stable readout of AMPK activity. We found
proportionate phosphorylation of ACC after AICAR or combination treatment, indicating

stimulation of AMPK. Contrary to what was observed in the HSA-LR skeletal muscle tissue,
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PGC-1a and GLUT4 did not show any differences at baseline or after stimulation with insulin or
AICAR. This data is consistent with a study that found no differences in PGC-1a content before
or after exercise intervention in DM patients (Mikhail et al., 2022).

The baseline serine-473 pAkt levels in DM1 myotubes were higher than healthy CTL
myotube levels. Consistently, we saw an increased basal level of pAS160 in DM1 myotubes.
Yet, following insulin and/or AICAR treatment, the DM 1 myotubes had a lower delta response
in pAkt, pAkt/Akt and pAS160. When Bertacca et al. subjected human myoblasts to a high
concentration of insulin to induce resistance, they hyperactivated the insulin signaling pathway
in the myoblasts (Bertacca et al., 2005). This hyperactivated insulin signaling pathway did not
reflect higher glucose uptake at baseline and even had a blunted response to subsequent insulin
treatment compared to healthy control myoblasts (Bertacca et al., 2005). Their results mimic our
findings, where elevated baseline Akt-AS160 signaling in our DM1 myotubes did not have CTL-
like responses to insulin and/or AICAR treatment. AS160 phosphorylation leads to GLUT4
translocation, so our data may suggest that GLUT4 translocation and subsequent glucose uptake

could be impaired in the human DM1 myotubes.

2.4.4 Possible explanations for insulin resistance in DM1

The data from the HSA-LR mouse model and the DM1 myotube model share some
similarities. In both models, we see that there is a proportional and adequate stimulation of
pACC indicating the stimulation of AMPK with AICAR. Despite the activation of AMPK in the
HSA-LR model, we do not see an increase in PGC-1a protein. We did not see any changes in
PGC-1a abundance in the DM1 myotube model, however this was no different than the CTL

cells. Further, in both models we saw an impaired response to treatment in Akt phosphorylation.
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Consistently, reduced AS160 phosphorylation was observed after AICAR treatment and
following insulin treatment in the myotube model. While we see these differences shared across
both models, there is no literature describing the mis-splicing of RNA transcripts for AMPK,
PGC-1a, Akt, AS160 or GLUT4. INSR can be mis-spliced in DM, but this mechanism cannot
account for all our findings since /NSR is not mis-spliced in the HSA-LR model (Brockhoff et
al., 2017). However, there is the prediction that a protein implicated in insulin signaling, Tre-
2/Bub2/Cdc16 (TBC) domain family member 15 (TBC1D15), may be dysregulated because of
RNA mis-splicing (Nakamori et al., 2013).

TBCID15 is specifically implicated in the Rab protein interaction with GSVs. Rab
GTPase proteins function to transduce signaling to mechanical effectors like myosin and actin to
initiate the movement of GSVs (Klip et al., 2014). TBC1D15 then serves as GAP, similar to
AS160, for Rab GTPase proteins (Peralta et al., 2010). TBC1D15 is also important for regulating
lysosome and mitochondrial morphology (Yamano et al., 2014). Wu et al. knocked TBC1D15
out of different cell lines, including the L6 rate skeletal muscle cell line, and found that GLUT4
content was reduced (Wu et al., 2019). Interestingly, one group predicts that TBC1D15 may be
mis-spliced in DM1 (Nakamori et al., 2013), which could possibly explain the post-insulin
receptor dysregulations found in our study. This could also provide further context as to why
GLUT4 content was reduced in the HSA-LR tissue. Validating TBC1D15 at the RNA and
protein levels in future studies would help further explore the dysregulated insulin signaling

pathway in DM1.
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2.4.5 Significance

Insulin signaling is key to the anabolic processes that occur in the cell to advance cell
growth and cell division. Therefore, it is important to investigate insulin resistance in DM1, as it
can exacerbate some of the other symptoms implicated in the disorder such as muscle atrophy
and weakness (Renna et al., 2019). Studies have assessed the use of classical insulin sensitizing
treatments, like metformin, in DM1, however the impacts of these treatments on insulin
resistance in DM1 were not extensively explored (Gagnon et al., 2018; Garcia-Puga et al., 2022).
Our study sought to provide context on the response of insulin signaling molecules in DM1
following acute AMPK stimulation. In doing so, we were able to explore the responses in two
models of DM1 where we confirmed dysregulated insulin signaling, prior to and after AMPK
stimulation.

Exercise yields improvements in strength, mobility and metabolism for DM1 patients, but
insulin resistance has not been specifically assessed (Okkersen et al., 2018; Roussel et al., 2019,
2020; Di Leo et al., 2023). Metabolic adaptations from exercise are classically linked with
improvements in glucose uptake which necessitates the investigation of the insulin signaling
pathway. However, other factors such as elevated local blood flow and blood glucose
concentration can also contribute to exercised-induced glucose uptake (Martin et al., 1995; Rose
and Richter, 2005). This study has demonstrated the downregulated behaviour of insulin
signaling molecules in response to AMPK stimulation in DM1 but does not discount the overall
validity of exercise for DM1 patients. The design of our study specifically assessed acute AMPK
stimulation, which means that DM1 patients could still see insulin signaling benefits with

chronic AMPK stimulation.
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2.4.6 Limitations

Key to this study was the stimulation of the exercise pathway through the AMPK-PGC-
la axis using acute AICAR treatment. We decided to study this in female HSA-LR mice along
with cells derived from patients that were not sex-matched. However, we recognize that DM 1
can present in a sex-specific manner, with further sex-specific responses to exercise (Dogan et
al., 2016; Ravel-Chapuis et al., 2018). In future studies, it would be ideal to sex-match pre-
clinical models to gather a clear scope for sex-specific modifiers.

Due to the transient nature of the AMPK and AS160 phosphorylation, mice were treated
for 30 minutes with AICAR, while myotubes were treated with it for 60 minutes (Sriwijitkamol
et al., 2007; Funai and Cartee, 2008). It would be insightful to explore time course treatments to
investigate the interactions of the proteins after chronic AMPK stimulation. Further,
investigations with acute and chronic exercise regimens in the mice could elucidate some of the

long term and systemic impacts that exercise has on the insulin signaling pathway.

2.4.7 Conclusions

After employing both a mouse and human myotube model, this study demonstrated that
the insulin signaling pathway is impaired in DM1 and is not rescued with acute AMPK
stimulation. Namely, we found that acute AMPK activation did not rescue the Akt-AS160
signaling pathway in either of the models, suggesting that GLUT4 translocation is impaired in
DM1 prior to and after AMPK stimulation. Further studies could confirm RNA levels of the
insulin and exercise pathway proteins to investigate possible spliceopathies. A target of note is
TBCI1D15, which is involved in GLUT4 stability and translocation and is predicted to be mis-
spliced in DM1. Further, time course treatments with AICAR, and long-term exercise studies in

mice and humans could further elucidate the interactions of the insulin signaling and exercise
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signaling proteins. Altogether, this study provides new insights into the pathomechanisms of

insulin resistance in DM1 and furthers the understanding of metabolic behaviour in DM 1

patients.

2.5 Manuscript Figures
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Figure 1. Predicted interactions of PGC-1a and insulin signaling pathway. A.
Graphical depiction of proposed interactions between insulin signaling and exercise pathways in
skeletal muscle. Adenosine monophosphate activated protein kinase (AMPK) stimulation via
exercise or AICAR (1) can drive peroxisome proliferator-activated receptor gamma coactivator 1
alpha (PGC-1a) activity and expression (2) to increase expression of glucose transporter 4
(GLUT4) (3). Insulin binds to the insulin receptor which activates Akt (4) which leads to Akt
substrate of 160 (AS160) stimulation (5). AS160 stimulation then drives GLUT4 storage vesicle
(GSV) translocation to transport GLUT4 to the plasma membrane (6). B. Predicted inhibition
(blue arrow and nodes) of peroxisome proliferator-activated receptor gamma coactivator 1 alpha
(PPARGCI1A, PGC-1a, red circle) in sedentary human skeletal actin long repeat (HSA-LR) mice
vs sedentary wildtype (WT) mice and C. Predicted PGC-1a (red circle) activation (orange
arrows and nodes) in exercised HSA-LR mice vs sedentary HSA-LR model mice. Panel A.

created with Biorender.com.
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Figure 2. AMPK-PGC-1a pathway in WT and HSA-LR mice. A. Representative
western blots (whole blots found in Supplemental Figure 3-6, 9) of proteins along the exercise
signaling pathway in gastrocnemius tissue of wild-type (WT) and human skeletal actin long
repeat (HSA-LR) mice injected with saline (-) or 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR, +). B. Decreased levels of adenosine monophosphate activated protein
kinase (AMPK), C. but not threonine-172 phosphorylated AMPK (pAMPK) in HSA-LR mice.
No difference when D. pAMPK is normalized to total AMPK (pAMPK/AMPK). E. Comparison
of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a) protein levels
shows no significant difference between WT and HSA-LR mice at baseline F. Comparison of
glucose transporter 4 (GLUT4) protein levels shows higher protein in WT compared to HSA-LR
mice at baseline. G. & H. Increase of the phosphorylated serine-79 acetyl-CoA carboxylase
(pACC) and pACC/ACC in WT mice after AICAR treatment. I. & J. Increase of the pACC and
pACC/ACC in HSA-LR mice after AICAR treatment. K. Increase of the PGC-1a in WT mice
after AICAR treatment. L. Increase of PGC-1a from HSA-LR mice after AICAR treatment. M.
No change in GLUT4 levels in WT mice after AICAR treatment. N. No change in GLUT4 levels
in HSA-LR mice after AICAR treatment O. & P. Delta values (treatment values — baseline
values) with respect to AICAR treatment for pACC, pACC/ACC shows no differences in the
responses to AICAR for WT and HSA-LR mice. Q. Delta values with respect to AICAR
treatment for PGC-1a indicate a greater response in WT compared to HSA-LR. R. Delta values
with respect to AICAR treatment for GLUT4 shows no differences between WT and HSA-LR
mice. S. Graphical depiction of the molecular response to AICAR treatment in WT and HSA-LR
mice. Green arrows indicate an increased level of the target after AICAR treatment. Increased

signaling of AMPK (1) as reflected in the increased pACC levels (not shown), increased PGC-1a
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(2) in WT mice, but no change (red n.c.) in HSA-LR, and GLUT4 (3) reflects no change (n.c.) in
either WT or HSA-LR mice. Panel S. created by Biorender.com. N =3 WT (Veh), 3 WT
(AICAR), 6 HSA-LR (Veh), 7 HSA-LR (AICAR) mice. All samples run in technical duplicates.
One-tailed unpaired Welch’s T-test for panels C, M, N, O, P, R. Remaining panels analyzed with
one-tailed unpaired Student’s T-test. *p<0.05, **p < 0.005 , ***p<0.0005. Graphs are means +/-

SEM.
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Figure 3. Akt-AS160 pathway in WT and HSA-LR mice. A. Representative western
blots (whole blots found in Supplemental Figure 7-9) of proteins along the insulin signaling
molecular pathways in gastrocnemius tissue of wild-type (WT) and human skeletal actin long
repeat (HSA-LR) mice injected with saline (-) or 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR, +). B. & C. Comparison of pAkt and pAkt/Akt protein levels shows no
significant difference between WT and HSA-LR mice. D. Comparison of phosphorylated
threonine-642 Akt substrate of 160 kDA (pAS160) protein levels shows higher total protein in
WT compared to HSA-LR mice. E. & F. Increase of the pAkt and pAkt/Akt after AICAR
treatment in WT mice. G. & H. Quantification of the pAkt and pAkt/Akt observed in the HSA-
LR mice. I. Increase of pAS160 observed in the WT mice after AICAR injection. J.
Quantification of the pAS160 in HSA-LR mice. K.-M. Quantification of the delta values with
respect to AICAR treatment for pAkt, pAkt/Akt, pAS160. N. Graphical depiction of the response
of molecules after treatment with AICAR in WT and HSA-LR mice. Green arrows indicate an
increased level of the target after AICAR treatment. (4) indicates the increased phosphorylation
of Akt in WT mice with no change (n.c.) observed in HSA-LR mice, reflecting the increased
pAS160 (5) in WT mice, but no change (n.c.) in HSA-LR. N =3 WT (Veh), 3 WT (AICAR), 6
HSA-LR (Veh), 7 HSA-LR (AICAR) mice. Panel N. created by Biorender.com. All samples run
in technical duplicates. One-tailed unpaired Welch’s T-test for panels B, C, G, H, K, L.
Remaining panels analyzed with one-tailed unpaired Student’s T-test. *p<0.05, **p < 0.005 ,

*#%p<(0.0005. Graphs are means +/- SEM.

55



GLUT4

Laminin

56

<
-
o |
® * &
= © by,
g - %
S * \
[1]
[a] I T T 1
il N - S
o o o o
VYOIV V
(]
=
3 . g
(S
0Gl Sﬁ ’U\V‘
W c
° %
pr %
H | 1 I |
v e © S
- - o o
y1lN1O:uluWeT-F1 07O "20]0D
(&)
=
o |
-
()
<4
£
:
I W A\ ’ T T T |
| \ - 0 S ] o
- L - - o o
(MVOIV) (Uap) (Mvolry) =@ 7T

1M d1-VSH d1-VSH



Figure 4. Immunofluorescence of GLUT4 labelling. A. Representative images of
immunofluorescent staining of laminin (green), glucose transporter 4 (GLUT4, red) and 4',6-
Diamidino-2-phenylindole (DAPI, blue, merged image) in gastrocnemius sections from saline
vehicle (Veh) treated and 5-Aminoimidazole-4-carboxamide ribonucleoside (AICAR) treated
mice. B. A quantification of the GLUT4-Laminin colocalization (mGLUT4) pixel area relative to
the total GLUT4 (tGLUT4) pixel area in WT sections. C. A quantification of the GLUT4-
Laminin colocalization pixel area relative to the total GLUT4 (tGLUT4) pixel area in HSA-LR
sections. D. A comparison of the delta responses to AICAR treatment in WT compared to HSA-
LR mice. N=3 WT (Veh), 3 HSA-LR (Veh), 3 WT (AICAR), 3 HSA-LR (AICAR). Experiment
conducted in technical duplicates and 200-300 fibres analyzed per section. Scale bar is 100 pm.
One-tailed unpaired Student’s T-test *p<0.05, **p < 0.005 , ***p<0.0005. Graphs are means +/-

SEM.
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Figure 5. AMPK-PGC-1a pathway in CTL and DM1 myotubes. A. Representative
western blots (whole blots found in Supplemental Figure 10-13, 16) of targets along the exercise
molecular pathways in human control (CTL) and myotonic dystrophy type 1 (DM1) myotubes
mice treated with vehicle (-), insulin, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR),
or a combination of insulin and AICAR. B. At baseline, total adenosine monophosphate-
activated protein kinase (AMPK) is decreased in human DM1 myotubes. C. At baseline,
phosphorylated threonine-172 AMPK (pAMPK) is increased in human DM1 myotubes. D. At
baseline, normalized pAMPK (pAMPK/AMPK) is increased in human DM1 myotubes. E. No
change for the pAMPK observed in the human CTL and DM1 myotubes after insulin, AICAR or
combination treatment. F. Increase of the phosphorylated serine-79 acetyl-CoA carboxylase
(pACC) observed in the human CTL and DM1 myotubes after AICAR treatment. G. No change
for the PGC-1a observed in the human CTL and DM1 myotubes after insulin, AICAR or
combination treatment. H. No change for the glucose transporter 4 (GLUT4) observed in the
human CTL and DM1 myotubes after insulin, AICAR or combination treatment. I.-K. No
change of the delta values with respect to L. insulin, J. AICAR, or K. insulin + AICAR treatment
for pACC between CTL and DM1 cell lines. L. Graphical depiction of pathway proteins
responding to AICAR (green arrow) and/or insulin + AICAR combination (purple arrow) in CTL
and DM1 myotubes. (1) Indicates the increased signaling of AMPK levels, (2) reflects no change
(n.c.) of PGC-1a and (3) glucose transporter 4 (GLUT4) in DM1 or CTL myotubes. Panel L.
created by Biorender.com. N =2 CTL, 2 DM1. One way ANOVA followed by Tukeys post-hoc
test for multiple comparisons E - H., One-tailed unpaired Student’s T-test *p<0.05, **p < 0.005 ,

*#%p<(0.0005. Graphs are means +/- SEM.
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Figure 6. pAkt/Akt signaling in CTL and DM1 myotubes. A. Representative western
blots (whole blots found in Supplemental 14,16) of Akt and pAkt in human control (CTL) and
myotonic dystrophy type 1 (DM1) myotubes treated with vehicle (-), insulin, 5-Aminoimidazole-
4-carboxamide ribonucleoside (AICAR), or a combination of insulin + AICAR. B. Increase of
the pAkt observed in the human CTL after insulin alone and combination treatment and with an
increase only after combination treatment seen in DM 1 myotubes. C. Increased levels of pAkt in
vehicle treated DM1 (DM1:Veh) compared to vehicle treated control (CTL:Veh) myotubes. D.
Quantification of the pAkt/Akt observed in the human CTL and DM1 myotubes. E. Comparison
of pAkt/Akt levels shows increased levels in vehicle treated DM1 (DM1:Veh) compared to
vehicle treated control (CTL:Veh) myotubes. F.-H. Quantification of the delta values with
respect to F. insulin, G. AICAR, or H. insulin + AICAR treatment for pAkt reflecting greater
delta values in the CTL myotubes. L.-K. Greater delta values with respect to I. insulin, J.
AICAR, or K. insulin + AICAR treatment for pAkt/Akt in CTL myotubes. L. Graphical
depiction of the response of molecules after treatment with insulin (pink arrow), AICAR (green
arrow) or insulin + AICAR (purple arrow). (4) Reflects increased phosphorylated Akt ratio in
CTL myotubes and relatively smaller increase in DM 1 myotubes. Panel L. created by
Biorender.com. N =2 CTL, 2 DMI1. One way ANOVA followed by Tukeys post-hoc test for
multiple comparisons panels C. & E. One-tailed Welch’s T-test for panel J. One-tailed unpaired

Student’s T-test *p<0.05, **p < 0.005 , ***p<0.0005. Graphs are means +/- SEM.
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Figure 7. AS160 signaling in CTL and DM1 myotubes. A. Representative western
blots (whole blots found in Supplemental 15,16) of the pAS160 and AS160 in human CTL and
DMI1 myotubes treated with vehicle (-), insulin, 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR), or a combination of insulin and AICAR. B. Quantification of the pAS160 observed in
the human CTL and DM1 myotubes. C. Comparison of pAS160 levels shows increased levels in
vehicle treated DM1 (DM1:Veh) compared to vehicle treated control (CTL:Veh) myotubes. D.
No significant change of the pAS160/AS160 observed in the human CTL and DM1 myotubes
after treatments. E. Comparison of pAS160/AS160 levels shows no significant difference
between vehicle treated DM1 (DM1:Veh) compared to vehicle treated control (CTL:Veh)
myotubes. F.-H. Greater CLT delta values with respect to F. insulin, G. AICAR, or H. insulin +
AICAR treatment for pAS160. L.-K. Quantification of the delta values with respect to L. insulin,
J. AICAR, or K. insulin + AICAR treatment for pAS160/AS160 with a greater delta value
observed in the CTL myotubes. L. Graphical depiction of the response of molecules after
treatment with insulin (pink arrow), AICAR (green arrow) or insulin + AICAR (purple arrow).
(5) reflects increased phosphorylation of AS160 (dashed arrow) in CTL and DM1 myotubes after
AICAR and insulin treatment with no change (n.c.) seen in DM 1 myotubes. Panel L. created by
Biorender.com. N =2 CTL, 2 DMI1. One way ANOVA followed by Tukeys post-hoc test for
multiple comparisons C. & E. One-tailed unpaired Student’s T-test *p<0.05, **p < 0.005 ,

*#%p<(0.0005. Graphs are means +/- SEM.
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3. Extended Discussion

This study was conducted to understand the insulin signaling pathway and exercise
interaction within the context of DM1. Insulin resistance exacerbates muscle weakness, muscle
atrophy, and metabolic dysfunction in DM1 patients. We sought to elucidate the
pathomechanism of insulin resistance in DM1 and how it might be impacted with acute AMPK
intervention. After employing IPA we found that AICAR treatment in HSA-LR and human
myotube models of DM1, we found that acute AMPK activation did not adequately stimulate the
Akt-AS160 signaling pathway (Figure 3.1).

With IPA, we found targets that aligned with the relevant pathways in sedentary and
exercised HSA-LR mice. We decided to then acutely stimulate AMPK in our HSA-LR mice and
DMI myotubes to determine how AMPK- PGC-1a impacted insulin signaling proteins. Our
study, aligned with IPA findings, found that at baseline, total AMPK was lower in the HSA-LR
mouse and in DM1 myotubes. Additionally, in the HSA-LR mouse, PGC-1a expression did not
respond to AICAR treatments as was found in WT mice, suggesting dysregulation of PGC-1a.
Further, IPA predicted the insulin receptor to be inhibited in the sedentary HSA-LR mice. Our
study found that pAkt signaling, a reporter of proximal insulin signaling, was indeed impaired in
the HSA-LR mouse and the DM1 myotubes. After exercise intervention, IPA predicted PGC-1a
and the insulin receptor to be upregulated. However, in our DM 1 models, we observed that acute
AMPK stimulation did not improve PGC-1a or Akt levels or activity. Additionally, [PA detected
increased GLUT4 expression in the exercised HSA-LR mice, indicating that exercise drives
GLUT4 expression. Again, our findings did not align with IPA’s, as we saw no clear increase in

total GLUT4 after AMPK-PGC-1a stimulation.
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3.1 Possible molecular explanations for insulin resistance in DM1 — Extended

The data from the HSA-LR mouse model and the DM1 myotube model share some
similarities. In both models, we see that there is a proportional and adequate stimulation of
pACC indicating the stimulation of AMPK in both models with AICAR. However, despite the
activation of AMPK in the HSA-LR model we do not see an increase in PGC-1a protein. We did
not see any changes in PGC-1a abundance in the DM 1 myotube model, however this was no
different than the control (CTL) responses. Further, in both models we saw an impaired response
to treatment in AKT phosphorylation. Consistently, reduced AS160 phosphorylation was
observed after AICAR treatment and following insulin treatment in the myotube model.

While we see these differences shared across both models, there is no literature
describing the mis-splicing of RNA transcripts for AMPK, PGC-1a, AKT, AS160 or PGC-1a.
INSR can be mis-spliced in DM, but this mechanism cannot account for all our findings, since
INSR is not mis-spliced in the HSA-LR model (Brockhoff et al., 2017). However, there is the
prediction that a protein implicated in insulin signaling, Tre-2/Bub2/Cdc16 (TBC) domain family

member 15 (TBC1D15), may be subject to RNA mis-splicing (Nakamori et al., 2013).

TBCIDI15

TBCID15 is specifically implicated in the Rab protein interaction with GSVs. Rab
GTPase proteins function to transduce the signaling to mechanical effectors like myosin and
actin to initiate the movement of GSVs (Klip et al., 2014). TBC1D15 then serves as a GAP,
similar to AS160, for Rab GTPase proteins (Peralta et al., 2010). TBC1D15 is also involved in
regulating lysosome and mitochondrial morphology (Yamano et al., 2014). Wu et al. knocked

TBCI1DI1S5 out of different cell lines, including the L6 rat skeletal muscle cell line, and found that
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GLUT4 content was reduced (Wu et al., 2019). One group predicts that TBC1D15 may be mis-
spliced in DM 1, which could possibly explain the post-insulin receptor dysregulations found in
our study (Nakamori et al., 2013). This could provide further context as to why GLUT4 content
was reduced in the HSA-LR tissue. Validating TBC1D15 at the RNA and protein levels in future

studies would help further explore the dysregulated insulin signaling pathway in DM1.

MyoVA

When Rab proteins are activated they transduce their signal to mechanical effectors such
as Myosin Va (MyoVa) (Klip et al., 2014). MyoVa is a motor protein that is implicated in cargo
shuttling along actin filaments in skeletal muscle tissue (Sun et al., 2014). The MYO54 gene
encodes for the protein MyoVa and has numerous splice isoforms that allows the protein to adopt
tissue specific functionality. Particularly in skeletal muscle tissue, MyoVa has been implicated in
binding to GSVs and moving along actin in response to AS160 phosphorylation to facilitate
GLUTH4 translocation (Sun et al., 2014). Studies in fibroblasts have characterized MYO54 as a
target that is spliced by MBNL1 to erroneously exclude exon 33 (Rogalska and Sobczak, 2022).
Given the involvement of MyoVa in GLUT4 translocation, this is an avenue of investigation that

could also unfold connections to the insulin resistance presenting in DM1.

USP25m
TUG, the protein that tethers GSVs to the intracellular domain, is cleaved by USP25m,
which acts upon the UBX region of TUG (Habtemichael et al., 2018). The USP25 gene is

expressed ubiquitously in the body, but is spliced to include exon 19a and 19b to encode a longer

isoform specific to muscle and adipose tissue, denoted as USP25m. In TA muscles from 33 DM1

74



patients, exon 19a and 19b was excluded and thus mis-spliced by 12.5% compared to the 8
healthy controls that were assessed (Nakamori et al., 2013). They predict that this exclusion
could dysregulate deubiquination and would thereby increase proteolysis of proteins in the
skeletal muscle tissue. However, this exclusion of 19a and 19b could also alter the function of
USP25m in the insulin signaling pathway. When USP25m was knocked down in adipose cells,
TUG cleavage and subsequent GLUT4 translocation was impaired (Habtemichael et al., 2018).
This demonstrates that if its function is altered by mis-splicing in DM1, then it could impact

TUG cleavage thereby dysregulating the translocation of GLUT4 to the plasma membrane.

3.2 Significance — Extended

Insulin signaling is integral in the anabolic processes that drive cell growth and cell
division. Therefore, it is important to investigate insulin resistance in DM, as it can exacerbate
some of the other symptoms implicated in the disorder such as muscle atrophy and weakness
(Renna et al., 2019). Studies have assessed the use of classical insulin sensitizing treatments in
DM, like metformin, however the impacts of these treatments on insulin resistance in DM1 have
not been extensively explored (Gagnon et al., 2018; Garcia-Puga et al., 2022). Our study sought
to provide context on the response for insulin molecules in DM1 after AMPK stimulation. In doing
so, we were able to explore the responses of the molecules in two models of DM1 where we
confirmed dysregulated insulin signaling prior to, and after acute AMPK stimulation. Our data
indicates the possibility that proximal AKT insulin signaling is impaired. This could limit the
synergistic effect that AMPK stimulation could have on AS160, affecting downstream GLUT4
translocation.

AICAR is not a regulated substance that can be prescribed to patients and is primarily used

in studies to isolate the effects of AMPK stimulation on downstream molecular interactions. Thus,
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AICAR serves as a proxy for exercise interventions in pre-clinical models and can provide insight
for how exercise may affect the insulin signaling pathway. Similar to exercise, AICAR stimulates
AMPK signaling, but it does not mimic the exact same systemic benefits that exercise provides
patients (Cantd6 and Auwerx, 2009a). Therefore, our data provides insight on how AMPK
stimulation from resistance training or aerobic exercise could interact with the insulin signaling
pathway in DM1.

Resistance training, where the muscle is subjected to a sustained load, has been studied in
DMI patients. These studies reliably showed improvements in muscle mass, strength, mobility,
and mitochondrial improvements, but provided little details on insulin signaling improvements
(Roussel et al., 2020; Di Leo et al., 2023). In a T2D resistance training study, patients were
subjected to a 6-week single-leg training regimen which increased functional strength in the trained
leg. Additionally, they also found improvements in glucose uptake along with increased protein
content for the insulin receptor, AKT and GLUT4 (Holten et al.).

Similar to the resistance training studies in DM1 patients, there was little information
pertaining to insulin signaling in patients after aerobic exercise studies (Roussel et al., 2019;
Mikhail et al., 2022). There were strength, mobility, and mitochondrial improvements that were
detailed, although specific insulin signaling markers were not assessed. However, in a similar T2D
study, exercise intervention lowered HbA 1c levels, a marker of hyperglycemia (Sigal et al., 2007).
This is consistent with another study that found increased GLUT4 translocation to the plasma
membrane after an acute cycling bout in T2D patients (Kennedy et al., 1999). Another
demonstrated that aerobic training regimen yields improvements in GLUT4 content in skeletal
muscle tissues for T2D patients (O’Gorman et al., 2006). GLUT4 has a relatively higher abundance

in Type 1 oxidative fibers (Daugaard et al., 2000b), so the selective Type I oxidative fiber atrophy
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in DM1 (Vihola et al., 2003) could suggest overall lower GLUT4 content in DM1 patients. A
chronic AMPK stimulation study in HSA-LR mice saw an oxidative fiber type shift (Ravel-
Chapuis et al., 2018), suggesting that perhaps chronic AMPK stimulation could subsequently
increase Type I fibers and GLUT4 content DM1 patients.

Our findings provide molecular insight into the metabolic response that DM1 patients
could have after an acute exercise bout. With AMPK stimulation through exercise, DM1 patients
may have improved strength, muscle mass, and mobility as seen in previous DM1 exercise studies
(Roussel et al., 2019). With chronic exercise regimens, patients may even have increased insulin
signaling as seen in T2D patients (Holten et al.; O’Gorman et al., 2006). Metabolic adaptations
from exercise are classically linked with improvements in glucose uptake which prompted the
investigation of the insulin signaling pathway in DMI. In pre-clinical models, this study has
demonstrated the impaired response of insulin signaling molecules prior to and after acute AMPK
stimulation in DM, but it does not discount the overall validity of exercise for DM1 patients.
Given the acute nature of our treatment, it is still necessary to investigate if higher intensity or

chronic AMPK stimulation can elicit greater insulin signaling benefits.

3.3 Limitations — Extended

Key to this study was the stimulation of the exercise pathway through the AMPK-PGC-
la axis through acute AICAR treatment. We decided to conduct this study in female HSA-LR
mice and patient-derived myotubes. However, we recognize that DM1 can present in a sex-
specific manner, with further sex-specific responses to exercise (Dogan et al., 2016; Ravel-

Chapuis et al., 2018).
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Sex can influence metabolic dynamics which impacts insulin activity. Women typically
exhibit lower cardiometabolic risk than men, and the decline in circulating estrogen after
menopause can narrow this gap (Carr, 2003). Estrogen provides a protective effect against
insulin resistance and thus contributes to the lower prevalence of insulin resistance and TD2 in
females (Mauvais-Jarvis, 2015). Estrogen can bind to alpha and beta estrogen receptors on the
nucleus to exert expression changes for genes, including the gene for PGC-1a (Klinge, 2008).
DM 1-related hypogonadism has not been extensively studied in females, but there are cases of
female DM1 patients presenting with hypogonadism which could contribute to low estradiol
levels (Damon et al., 2024). If estradiol levels are lower in female HSA-LR mice, then this
protective effect could also potentially be lost. To fully contextualize any potential sex
differences, male mice should also be assessed in parallel to female mice. Metabolic responses
to exercise are also sex specific (Venables and Jeukendrup, 2008). Men and women will have
improved glucose uptake after training, but several human studies report that women have higher
baseline insulin sensitivity and distinct post-exercise glucose uptake compared with men
(Beaudry et al., 2022). So, in future studies it would be ideal to conduct further studies in sex-
matched pre-clinical models to gather a clear scope for the sex-specific modifiers that may
contribute to the results of the study.

Due to the transient nature of the AMPK and AS160 phosphorylation, mice were treated
for 30 minutes with AICAR, while myotubes were treated with it for 60 minutes (Sriwijitkamol
et al., 2007; Funai and Cartee, 2008). It would be insightful to explore time course treatments to
investigate the interactions of the proteins after extended AMPK stimulation. Further,
investigations with acute and chronic exercise regimens in the mice could elucidate some of the

long term and systemic benefits that exercise has on the insulin signaling pathway.
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3.4 Conclusion

After employing both a mouse and human myotube model, this study demonstrated that
the insulin signaling pathway is impaired in DM1 and is not rescued with acute AMPK
stimulation. Namely, we found that acute AMPK activation did not rescue the Akt-AS160
signaling pathway in either of the models, suggesting that GLUT4 translocation is impaired in
DM1 and does not respond to acute AMPK stimulation. We contextualize our findings in the
clinical sense to highlight the significance of understanding exercise interactions with insulin
signaling in DM 1. Further, we acknowledge that in future work, investigating sex-differences,
assessing chronic AICAR treatment and exploring exercise regimens in pre-clinical models
would be insightful for further elucidating these pathways. Altogether, this study provides new
insights into the pathomechanisms of insulin resistance in DM1 and furthers the understanding of

metabolic behaviour in DM1 patients.
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Figure 3.1. Summary of Findings When adenosine monophosphate activated protein
kinase (AMPK) was stimulated with AICAR, (1) peroxisome proliferator-activated receptor
gamma coactivator 1 alpha (PGC-1a) expression (2) and glucose transporter 4 (GLUT4)
expression (3) showed no change (red n.c.) in HSA-LR and human myotube models of DM1
(2,3). Akt and Akt substrate of kDa 160 (AS160) activity was impaired in response to AICAR

treatment in both DM 1skeletal muscle models (4,5).
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Supplemental Figure 1. Mouse Western blot and IF Quantifications. A.-C. WT comparison of A)
total AMPK, B) pAMPK, and C) pAMPK/AMPK before and after AICAR treatment. D.-F.
HSA-LR comparison of D) total AMPK, E) pAMPK, and F) pAMPK/AMPK before and after
AICAR treatment. G.-I. Total ACC comparison at G) baseline, after AICAR treatment in H) WT
and I) HSA-LR mice. J.-L. Total AKT comparison at J) baseline, after AICAR in K) WT and L)
HSA-LR mice. M.-P. membrane bound GLUT4 (mGLUT4) response after AICAR treatment in
M) WT and N) HSA-LR and total GLUT4 (tGLUT4) response after AICAR treatment in O) WT
and P) HSA-LR mice.
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Supplemental Figure 2. Myotube Western blot Quantifications. A.-E. No difference in baseline
A. pACC, B. PGC-1a, C. AS160, D. AKT, or E. GLUT4 in control (CTL) or myotonic
dystrophy type 1 (DM1) myotubes.
F. No change in total adenosine monophosphate activated protein kinase (AMPK) levels after
insulin, AICAR or combination treatment in CTL or DM 1 myotubes. G. Decreased
pAMPK/AMPK detected after combination treatment in DM1 myotubes. H., I. No difference
detected in total H) AKT or I) AS160 levels across treatment groups or conditions in in CTL or

DM1 myotubes.
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Supplemental Figure 3. Uncropped total and phosphorylated (Threonine 172) AMPK mouse
western blots for Figure 2A. Expected banding at 62 kDa. Western blot banding found above
represents AICAR treatment.

~64 kDa (Pink lines). Red asterisks indicates the blot used for representative blot. “WT”
represents wildtype mice and “HSA” represents human skeletal actin long repeat mice. “V”

represents vehicle treatment and “A”
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Supplemental Figure 4. Uncropped total and phosphorylated (Serine 79) ACC mouse western
(Pink lines). Red asterisks indicates the blot used for representative blot. “WT” represents



wildtype mice and “HSA” represents human skeletal actin long repeat mice. “V” represents

vehicle treatment and “A” represents AICAR treatment.
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Supplemental Figure 10. Uncropped total GLUT4 myotube Western blots used for Figure 5A.
Expected banding at 50-55 kDa. Western blot banding found between ~50-55 kDa (Pink lines).
Red asterisks indicates the blot used for representative blot. “C” represents Control myotubes

and “D” represents DM 1 myotubes. “I” represents insulin treatment and “A” represents AICAR
treatment. ’nc” represents normalizing control.
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Supplemental Figure 11. Uncropped phosphorylated (Serine 79) ACC myotube western blots for
Figure SA. Expected banding at ~285 kDa. Western blot banding above ~245 kDa (Pink lines).
Red asterisks indicates the blot used for representative blot. “C” represents Control myotubes
and “D” represents DM 1 myotubes. “I” represents insulin treatment and “A” represents AICAR
treatment. ’nc” represents normalizing control.
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Supplemental Figure 12. Uncropped total PGC-1a myotube western blots for Figure SA.
Expected banding at 90-100 kDa. Western blot banding found between ~85-95 kDa (Pink lines).
Red asterisks indicates the blot used for representative blot. “C” represents Control myotubes

and “D” represents DM 1 myotubes. “I”” represents insulin treatment and “A” represents AICAR
treatment. ’nc” represents normalizing control.

102



AMPK

PAMPK

AMPK

PAMPK

AMPK

PAMPK

cbcbcbcCbD

-+ - -+t
PRI, Tk 770, 7 7

e e - @ - -
- -

cbcbcbceCcb
A e

I:
A - - - - + + + +

e —— ——— ——— —

cbcCcbcCcDCD
I: -+ + - - + +
A - - - - + + ++
75-
63- P T E—— S

—— — ——— —

cCDCD
-+ 4+

cCDCD
-+ o+

AMPK

PAMPK

AMPK

PAMPK

AMPK

PAMPK

cbcbcbcCcbcCDCDnc
B T S
p R

cbcCcb cbcbcbDCD

I -+ + -+ - -+ o+

A - - - - + + + 4+ - - - -
. ES
W -
- - — - ———— —

————— ——————— — _ 4

cCDCD cbcbcCcbCD
- o+ + - -+ + - - + +
A - - - - + + ++ - - - -

- s
PR el L -6,

75-
63-
48-

Supplemental Figure 13. Uncropped total and phosphorylated (Threonine 172) AMPK myotube
western blots used for Figure 5A. Expected banding at 62 kDa. Western blot banding found
between ~60-65 kDa (Pink lines). Red asterisks indicates the blot used for representative blot.
“C” represents Control myotubes and “D” represents DM 1 myotubes. “I”” represents insulin
treatment and “A” represents AICAR treatment. ’nc” represents normalizing control.
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Supplemental Figure 14. Uncropped total and phosphorylated (Serine 473) AKT myotube
western blots used for Figure 6A. Expected banding at 60 kDa. Western blot banding found
between ~60-65 kDa (Pink lines). Red asterisks indicates the blot used for representative blot.
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“C” represents Control myotubes and “D” represents DM 1 myotubes. “I”” represents insulin
treatment and “A” represents AICAR treatment. ’nc” represents normalizing control.
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Supplemental Figure 15. Uncropped total and phosphorylated (Threonine 642) AS160 myotube
western blots used for Figure 7A. Expected banding at 160 kDa. Western blot banding found
between ~160-175 kDa (Pink lines). Red asterisks indicates the blot used for representative blot.
“C” represents Control myotubes and “D” represents DM 1 myotubes. “I”” represents insulin
treatment and “A” represents AICAR treatment. ’nc” represents normalizing control.
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Supplemental Figure 16. Uncropped total vinculin myotube western blots for Figure SA, 6A, 7A.
Expected banding at ~124 kDa. Western blot banding found between ~110-120 kDa (Pink lines).
Red asterisks indicate the blot used for representative blot. “C” represents Control myotubes and
“D” represents DM1 myotubes. “I” represents insulin treatment and “A” represents AICAR
treatment. ’nc” represents normalizing control.
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Supplemental Table 1. List of Antibodies Used in Western Blotting.

Primary | Company, Dilution | Secondary | Company, Dilution
Antibody | Catalogue Number, Antibody | Catalogue
RRID Number, RRID
Mouse Santa Cruz, 73614, 1:2000 Goat anti- | Thermo Fisher 1:5000
anti- RRID:AB 2941767 mouse Scientific, 31430,
Vinculin horse RRID:AB 228307
radish
peroxidase
(HRP)
Rabbit Cell Signaling, 1:1000 Goat anti- | Thermo Fisher 1:5000
anti-ACC | 36628, rabbit HRP | Scientific, 31460,
RRID:AB 2219400 RRID:AB 228341
Rabbit Cell Signaling, 3661, | 1:500
anti- RRID:AB 330337
pACC
(Ser79)
Rabbit Cell Signaling, 1:1000
anti- 24478,
AS160 RRID:AB 2199376
Rabbit Cell Signaling, 1:1000
anti- 42888,

RRID:AB 10545274
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pAS160

(Thr642)
Rabbit Thermo Fisher 1:500
anti- Scientific, PAS-
PGC-la | 72948,
RRID:AB 2718802
Rabbit Cell Signaling, 9272, | 1:1000
anti-AKT | RRID:AB 329827
Rabbit Cell Signaling, 1:1000
anti- 92718,
pAKT RRID:AB 329825
(Serd73)
Rabbit Cell Signaling, 1:1000
anti- 25328,
AMPK RRID:AB 330331
Rabbit Cell Signaling, 1:500
anti- 25318,
pAMPK | RRID:AB 330330
(Thr172)
Rabbit Abcam, ab33780, 1:1000
anti- RRID:AB 2191441
GLUT4
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Supplemental table 2. List of molecular targets identified in sedentary HSA-LR versus sedentary
WT condition
See excel file Molecular Targets sed vs wt

Supplemental table 3. List of molecular targets identified in exercised HSA-LR versus sedentary
HSA-LR condition
See excel file Molecular Targets ex vs sed

Supplemental table 4. List of all canonical pathways identified in sedentary HSA-LR versus
sedentary WT condition
See excel file canonical pathways sed vs wt

Supplemental table 5. List of all canonical pathways identified in exercised HSA-LR versus
sedentary HSA-LR condition
See excel file canonical pathways ex vs sed

Supplemental table 6. List of molecular targets identified in PI3K-AKT canonical pathway in
HSA-LR versus sedentary WT condition
See excel file pi3k akt sed vs wt

Supplemental table 7. List of molecular targets identified in PI3K-AKT canonical pathway in
exercised HSA-LR versus sedentary HSA-LR condition
See excel file pi3k akt ex vs sed

Supplemental table 8. List of molecular targets identified in SLC2A4 (GLUT4) translocation
canonical pathway in HSA-LR versus sedentary WT condition
See excel file glut4 translocation sed vs wt

Supplemental table 9. List of molecular targets identified in SLC2A4 (GLUT4) translocation in
exercised HSA-LR versus sedentary HSA-LR condition
See excel file pi3k glut4 translocation ex vs sed

Supplemental table 10. List of upstream regulators identified in HSA-LR versus sedentary WT
condition
See excel file upstream regulators sed vs wt

Supplemental table 11. List of upstream regulators identified in exercised HSA-LR versus

sedentary HSA-LR condition
See excel file upstream regulators ex vs sed
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