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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a currently incurable disease that causes progressive 

motor neuron loss, paralysis and death. Skeletal muscle pathology occurs early during the course 

of ALS. It is characterized by impaired mitochondrial biogenesis, metabolic dysfunction and 

deterioration of the neuromuscular junction (NMJ), the synapse through which motor neurons 

communicate with muscles. Therefore, a better understanding of the molecules that underlie this 

pathology may lead to therapies that slow motor neuron loss and delay ALS progression. Kruppel 

Like Factor 15 (KLF15) has been identified as a transcription factor that activates alternative 

metabolic pathways and NMJ maintenance factors, including Fibroblast Growth Factor Binding 

Protein 1 (FGFBP1), in skeletal myocytes. In this capacity, KLF15 has been shown to play a 
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protective role in Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA), 

however its role in ALS has not been evaluated. Here, we examined whether muscle-specific 

KLF15 overexpression promotes the health of skeletal muscles and NMJs in the SOD1G93A ALS 

mouse model. We show that muscle-specific KLF15 overexpression did not elicit a significant 

beneficial effect on skeletal muscle atrophy, NMJ health, motor function, or survival in SOD1G93A 

ALS mice. Our findings suggest that, unlike in mouse models of DMD and SMA, KLF15 

overexpression has a minimal impact on ALS disease progression in SOD1G93A mice.
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Introduction

Amyotrophic Lateral Sclerosis (ALS) is a progressive and fatal neurodegenerative disease 

that preferentially affects the neuromuscular system. Treatment options are limited and are 

only able to extend survival by 2–3 months. Thus, there is a pressing need to pursue all 

possible strategies to develop treatments for ALS [1]. ALS compromises the function and 

viability of skeletal muscles, motor neurons and the synapse formed between them, the 

neuromuscular junction (NMJ). Deleterious changes in skeletal muscles are thought to occur 

prior to symptom onset and have been linked to progressive degeneration of motor neurons 

[2,3]. In light of this, preserving the function and structure of skeletal muscles may slow 

NMJ and motor neuron degeneration in ALS.

A number of studies lend support to the possibility that pathological changes in skeletal 

muscles influence ALS progression. Research in ALS patients and in the SOD1G93A ALS 

mouse model has shown that progressive degeneration of skeletal muscles [2,3] and their 

NMJs [4–6] are an early pathological feature of ALS and likely occur prior to motor 

neuron loss. Overexpression of SOD1G93A or SOD1G37R specifically in skeletal muscles 

results in muscle atrophy in young adult mice [7–9] and NMJ denervation, motor neuron 

loss and impaired motor function with increasing age [8,9]. The introduction of these 

mutant genes specifically into skeletal muscles also alters the morphology and impairs the 

function of mitochondria, suggesting that metabolic pathways in muscles may be a primary 

target of ALS pathology [7]. In support of this, skeletal muscles of individuals afflicted 

with ALS have been reported to exhibit morphological abnormalities in mitochondria [10–

13], increased reliance on fatty acid oxidation and other alternative metabolic pathways 

[14–17]. These changes in skeletal muscle metabolism are in line with dramatic increases 

in global energy expenditure in ALS patients [18]. As a prominent site of energy usage 

within the body [19], disruptions in skeletal muscle metabolism are thought to substantially 

contribute to global hypermetabolism in ALS patients. Therapeutic approaches that target 

energy availability or metabolism, however, have had mixed success in ALS patients [18], 

highlighting the need to identify additional metabolic regulators that could influence disease 

progression.
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The transcription factor Kruppel Like Factor 15 (KLF15) is highly expressed in skeletal 

muscles where it induces gene programs that govern adaptive metabolic pathways in 

response to changes in the extracellular environment, hormonal cues or physiological stress 

[20–22]. Skeletal muscle specific Klf15 deletion in mice impairs muscle lipid metabolism 

and substantially impacts systemic energy expenditure, body weight and lipid homeostasis in 

non-muscle tissues [23]. Recent studies in mouse models have demonstrated that KLF15 

exerts protective effects in skeletal muscles affected by Duchenne muscular dystrophy 

(DMD) [22] and has mixed success in improving spinal muscular atrophy (SMA) [24,25]. 

KLF15 exerts these positive effects through regulation of both metabolic and non-metabolic 

genes [22]. The latter group includes the secreted fibroblast growth factor binding protein 

1 (FGFBP1) [22], which has been shown to prevent NMJ degeneration in SOD1G93A mice 

[26]. Moreover, KLF15 is enriched in slow twitch skeletal muscles [20], which are resistant 

to ALS pathology [27]. The involvement of KLF15 in promoting metabolism of alternate 

nutrients in skeletal muscles, particularly those afflicted by chronic stress such as DMD, and 

inducing expression of synaptogenic factors such as FGFBP1, suggests that it may serve a 

protective role in skeletal muscles afflicted by ALS.

In the current study, we asked if KLF15 overexpression in skeletal muscles delays muscle 

atrophy, loss of motor function, and death associated with ALS. To do so, we crossed 

the SOD1G93A mouse line, a model of ALS, with a transgenic line in which KLF15 is 

overexpressed specifically by skeletal muscle fibers. We found that muscle-specific KLF15 

overexpression did not prevent muscle atrophy or slow overall disease progression in ALS 

mice. This may be partly due to the failure of overexpressed KLF15 to increase levels 

of FGFBP1 and other target genes in skeletal muscles of SOD1G93A mice. These results 

demonstrate that unlike in DMD and SMA, KLF15 overexpression does not protect skeletal 

muscles in a mouse model of ALS.

Methods

Animals

SOD1G93A mice [28] were purchased from Jackson Laboratories 

(RRID:IMSR_JAX:004435, Bar Harbor, ME). KLF15 muscle transgenic mice in a pure 

C57BL/6J background, which have been described by the laboratories of Saptarsi Haldar 

and Mukesh Jain [22] (no RRID available), were obtained with permission and herein 

referred to as MTg. Heterozygous MTg female mice were crossed with heterozygous 

SOD1G93A male mice to generate wild type (WT), MTg, SOD1G93A and SOD1G93A;MTg 

littermates for experimental comparisons. All mice were maintained on a mixed genetic 

background. A lethal dose of isoflurane was used to sacrifice mice for tissue collection. 

Animals were housed in a 12-hour light/dark cycle with access to food and water ad libitum. 

Breeding, housing, and experimental use of animals were performed in a pathogen free 

environment in accordance with the National Institutes of Health, Virginia Tech Institutional 

Animal Care and Use Committee (Protocol# 18-148 and 18-176), and Brown University 

Institutional Animal Care and Use Committee (Protocol# 19-05-0013) guidelines.
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Immunohistochemistry (IHC)

Intracardial perfusion with phosphate buffered saline followed by 4% paraformaldehyde 

(PFA) was performed on mice prior to collection of tissue for IHC. For analysis of 

nicotinic acetylcholine receptors (AChRs), the extensor digitorum longus (EDL) muscle was 

incubated in blocking buffer (5% BSA, 3% goat serum, 0.1% Triton X-100 in PBS) for 1 h 

at room temperature, Alexa Fluor 488 conjugated alpha-bungarotoxin (Invitrogen #B13422) 

diluted 1:1000 in blocking buffer for 2h at room temperature, washed 3X in PBS, and whole 

mounted to a microscope slide in Vectashield (Vector Laboratories, Burlingname, CA). For 

muscle fiber analysis, the tibialis anterior (TA) muscle was incubated in 30% sucrose diluted 

in PBS for 48 h at 4°C, mounted in Tissue Freezing Medium (General Data, Cincinnati, OH, 

#TFM-5), and cross-sectioned at 16 μm with a cryostat. TA cross sections were mounted to 

gelatin coated microscope slides, washed 3X in PBS, incubated in blocking buffer (5% BSA, 

3% goat serum, 0.1% Triton X-100 in PBS) for 1 h at room temperature, incubated in rabbit 

anti-laminin antibody (Sigma-Aldrich, St. Louis, MO, #L9393, RRID: AB_477163) diluted 

1:250 in blocking buffer overnight at 4°C, washed 3X in PBS, incubated in Alexa Fluor 

488 conjugated polyclonal goat anti-rabbit IgG (Invitrogen#A-110008, RRID: AB_143165) 

diluted 1:1000 in blocking buffer for 1 h at room temperature, washed twice in PBS, 

incubated in DAPI (1:1000 in PBS) for 20 minutes at room temperature, washed twice 

in PBS, and covered in Vectashield mounting medium (Vector Laboratories, Burlingname, 

CA).

Imaging

Images were obtained with a Zeiss LSM 710 or Zeiss LSM 900 laser scanning confocal 

microscope (Carl Zeiss Microscopy, Berlin, Germany) using a 20× (0.8 numerical aperture) 

objective. Maximum intensity projections and stitching of tile scans were generated with 

Zeiss Zen software (RRID: SCR_013672).

AChR Analysis

An average of 72 endplates per animal were randomly sampled using the grid overlay 

function in ImageJ software (RRID:SCR_003070) based on the fractionator method [29] 

from tile scan images of the EDL muscle in which AchRs were labeled with Alexa Fluor-

conjugated alpha bungarotoxin (fBTX). Receptor fragmentation was assessed by counting 

the number of AChR islands at an individual endplate. ImageJ was used to measure the area 

of AChR endplates. The genotype and sex of the samples were blinded to the analyst.

Muscle fiber size analysis

Analyses of skeletal muscle fiber minimum Feret’s diameter (MFD) and presence of 

centrally located nuclei were performed on cross sections collected from the medial TA 

and soleus. Muscle fibers were identified by laminin labeling of the ECM adjacent to the 

sarcoplasm. Muscle fibers with centrally located nuclei were identified by the presence 

of one or more DAPI-labeled nuclei within a muscle fiber cross section and not directly 

touching laminin labeled ECM. An average of 374 muscle fibers per muscle were randomly 

sampled using the grid overlay function in ImageJ software (RRID:SCR_003070) based on 

the fractionator method [29]. Muscle fiber minimum Feret’s diameter measurements and 
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counting of muscle fibers with central nuclei were performed with ImageJ. The genotype 

and sex of the samples were blinded to the analyst.

RNA isolation and qPCR

Flash frozen TA samples were homogenized in Trizol (Life Technologies, Carlsbad, CA) 

and RNA was isolated from homogenates and treated with Dnase with the Bio-Rad Aurum 

RNA Isolation Kit (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. 

RNA was reverse transcribed with iScript™ Reverse Transcription Supermix (Bio-Rad) and 

qPCR was performed with iTAQ SYBR Green Supermix (Bio-Rad) using 300 nM primers 

(Table 1), no template controls and no reverse transcriptase controls on a CFX Connect 

Real Time PCR System (Bio-Rad). Expression values were normalized to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) or Beta-2-Microglobulin (B2M) using the 2−ΔΔCT 

method.

Rotarod Test

Rotarod (Ugo-Basile, Gemonio Italy) tests were performed on post-natal day (P)90 MTg and 

littermate WT controls and P70, P90, and P110 SOD1G93A;MTg and SOD1G93A littermate 

controls. Acceleration parameters were 5 revolutions per minute (rpm) start speed with an 

acceleration of 7.2 rpm2. Three trials were given per day with at least 15 minutes of rest 

time between trials. To train mice on the rotarod, 2 consecutive days of rotarod trials were 

administered before obtaining results on day 3. Results from each biological replicate are 

reported as the average latency to fall time for the 3 trials administered on day 3. Latency to 

fall was defined as the total amount of time spent on the rotarod, following commencement 

of acceleration, before the mouse lost its footing causing it to either slip or fall from the 

rotarod. SOD1G93A;MTg and SOD1G93A mice that participated in rotarod trials at multiple 

ages only underwent training at the youngest age tested.

Four Limb Hanging Test

Hanging tests [30] were performed on p90 MTg and littermate WT controls and p70, p90, 

and p110 SOD1G93A;MTg and SOD1G93A littermates. Mice were weighed before being 

placed on an aluminum mesh screen composed of 1×1 cm squares. The screen was inverted, 

placed 40 cm above a padded surface, and observed for a maximum of 600 seconds. 

Hanging time is defined as the length of time that the mouse maintained its grip on the mesh 

screen after inversion. Mice that did not fall within 600 seconds of screen inversion were 

removed from the screen and received the maximum score of 600 seconds. The maximum 

600 second score was not achieved by any of the SOD1G93A;MTg or SOD1G93A mice. Each 

mouse underwent 3 trials, separated by 15 minute rest periods, and the best of 3 trials was 

reported. Mice that refused to participate, by immediately jumping from the screen, were 

excluded from the study. Results are reported as holding impulse, which is defined as the 

maximum hang time multiplied by the mouse body weight.

Survival Study

SOD1G93A;MTg and SOD1G93A littermates were closely monitored for loss of motor 

function following symptom onset. Age of survival was defined as the age at which the 
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animal reached the Virginia Tech IACUC humane endpoint criterion, defined as a righting 

reflex greater than or equal to 20 seconds.

Statistics

Comparisons between 2 means were made with an unpaired Student’s t-test or Welch’s 

unpaired Student’s t-test based on an F-test of variance. For analysis of experiments with 

2 variables, comparisons between means were made with a 2-Way ANOVA and Bonferroni 

post-hoc analysis. A Kolmogorov-Smirnov Test was used to compare the distribution of 

muscle fiber sizes. A log-rank test was used to evaluate animal survival. An n was defined 

as one animal for all experiments except comparisons of muscle fiber size distribution (Fig. 

2 I, J & Fig. 3 I, J) where an n was defined as one muscle fiber. The Microsoft Excel Data 

Analysis plugin (RRID:SCR_016137) and GraphPad Prism (RRID: SCR_002798) were 

used for statistical analyses. Data are expressed as mean ± standard deviation.

Results

Molecular analysis of SOD1G93A;MTg skeletal muscle

Previous studies have examined the impact of DMD [22] and SMA [24] on KLF15 

expression in skeletal muscles, however, KLF15 expression in ALS-afflicted skeletal 

muscles is currently unknown. We analyzed KLF15 mRNA levels by qPCR and found 

that it is not differentially expressed in the TA muscles of pre-symptomatic (P70) or early 

symptomatic (P90) SOD1G93A mice, as compared to WT littermate controls (Fig. 1 A). 

To determine whether increasing KLF15 expression improves the health of ALS-afflicted 

muscles, we crossed the SOD1G93A mouse line with a skeletal muscle-specific KLF15 

transgenic line (MTg) [22] to create SOD1G93A;MTg mice. In MTg mice, skeletal muscle-

specific KLF15 overexpression is driven by the muscle creatine kinase promoter. KLF15 

overexpression was confirmed in P90 MTg (Fig. 1B) and SOD1G93A;MTg (Fig. 1 C) TA 

muscles using qPCR. Our qPCR analysis confirmed that KLF15 expression was elevated 

4-fold and 3-fold in the TA muscle of healthy adult MTg mice and SOD1G93A;MTg mice, 

respectively, as compared to non-transgenic littermates.

KLF15 overexpression does not protect skeletal muscle from ALS

We assessed the effect of muscle-specific KLF15 overexpression on skeletal muscles 

afflicted with ALS. We examined the morphology of muscles with varying resistance to 

ALS-induced pathogenesis in male and female P90 SOD1G93A mice. Disease pathology, 

including muscle fiber atrophy and NMJ degeneration, is prevalent in hindlimb muscles of 

SOD1G93A mice at this age [31], however pathology is more severe in the TA as compared 

to the soleus, which is resistant to ALS [32,33]. Moreover, ALS pathology progresses more 

rapidly in male, versus female, SOD1G93A mice, regardless of muscle type. Muscle fiber 

size was evaluated by measuring the minimum Feret’s diameter (MFD) of muscle fiber 

cross sections following delineation of the perimeter of muscle fibers by immunostaining 

for pan-laminin. In the soleus of healthy control mice, muscle fiber sizes were minimally 

impacted by muscle overexpression of KLF15 (Fig. 2 A, B, E, F, I, J); where a very modest 

but statistically significant shift in muscle fiber size distribution was observed in females 

(Fig. 2 I) but not males (Fig. 2 J). The soleus of SOD1G93A mice was also minimally 
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impacted by muscle overexpression of KLF15, where a small but statistically significant 

shift in muscle fiber size distribution was observed in males (Fig. 2 J). In addition, we 

found no changes in muscle mass associated with muscle KLF15 overexpression in healthy 

or SOD1G93A mice (Fig. 2 L). Surprisingly, soleus muscle mass was significantly lower 

in female SOD1G93A mice, regardless of KLF15 overexpression, but not males (Fig. 2 L). 

Regenerating muscle fibers, as indicated by the presence of a nucleus at the center of the 

muscle fiber cross section, were infrequently observed in the soleus and were not impacted 

by genotype (Fig. 2 M).

In the TA, which is more susceptible to ALS, we found that muscle KLF15 overexpression 

increases the overall distribution of muscle fiber sizes in healthy control mice (Fig. 3 A, 

B, E, F), with a more robust impact in females (Fig. 3 I) than males (Fig. 3 J). In P90 

SOD1G93A mice, muscle overexpression of KLF15 decreased the distribution of muscle 

fiber sizes in females (Fig. 3 C, D, I) but increased it in males (Fig. 3 G, H, J). These trends 

were reflected in mean muscle fiber size (Fig. 3 K). Differences in TA muscle mass were not 

observed in healthy or SOD1G93A;MTg mice, as compared to littermate controls, however 

TA muscle mass was lower in male and female SOD1G93A mice, regardless of KLF15 

overexpression (Fig. 3 L). As in the soleus, significant differences in regenerating muscle 

fibers related to muscle KLF15 overexpression were not observed in healthy or SOD1G93A 

TA muscles (Fig. 3 M).

Overexpressing KLF15 in muscles does not affect the structure of the NMJ postsynapse

Declining health of ALS-afflicted muscles is associated with degeneration of NMJ 

endplates, characterized by fragmentation of nicotinic acetylcholine receptors (AChRs) 

clusters and decreased endplate area [27]. To evaluate the impact of muscle-specific KLF15 

overexpression on NMJ integrity, we visualized NMJs in the EDL muscle following 

labeling of AChRs with fluorescently conjugated alpha-bungarotoxin (fBTX) (Fig. 4 A–

H). We did not observe differences associated with muscle KLF15 overexpression in the 

overall area (Fig. 4 I) or fragmentation (Fig. 4 J) of postsynaptic AChRs in P90 healthy 

control or SOD1G93A mice. Together, these results suggest that increased expression of 

KLF15 in skeletal muscles has no discernible impact on muscle fiber atrophy during the 

early symptomatic stages in SOD1G93A mice or NMJ endplate morphology in healthy or 

SOD1G93A mice.

Muscle-specific KLF15 overexpression does not slow ALS-pathogenesis in mice

We next asked whether muscle-specific KLF15 overexpression impacts body weight, motor 

function, or muscle strength in SOD1G93A mice. Similar body weights were observed 

in MTg versus non-transgenic controls in both the SOD1G93A and healthy cohorts (Fig. 

5 A–C). Analysis of motor function using the rotarod test in healthy adult (P90) WT 

and MTg littermates showed that the average latency to fall time is not impacted by 

muscle-specific KLF15 overexpression (Fig. 5 D). Analysis of pre-symptomatic (p70), early 

symptomatic (p90), and symptomatic (p110) SOD1G93A and SOD1G93A;MTg littermates 

showed a progressive age-related decrease in rotarod performance, regardless of genotype, 

in females (Fig. 5 E), and males (Fig. 5 F), however, rotarod performance was not impacted 

by muscle overexpression of KLF15. Evaluation of muscle strength using the four-limb 
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hanging test showed no differences related to muscle KLF15 overexpression in healthy 

control (Fig. 5 G) or SOD1G93A (Fig. 5 H, I) mice, however an age-related loss of muscle 

strength was observed in males and females, regardless of genotype (Fig. 5 H, I). These 

results suggest that muscle KLF15 overexpression does not impact the onset or progression 

of motor function loss in SOD1G93A mice.

Muscle-specific KLF15 overexpression does not extend survival of SOD1G93A mice

A survival analysis was performed to determine if muscle-specific KLF15 overexpression 

has a global, long-term impact on ALS disease progression in SOD1G93A mice. Differences 

in lifespan were not observed in male or female SOD1G93A;MTg mice when compared to 

sex-matched SOD1G93A littermate controls (Fig. 6). The mean survival ages for SOD1G93A 

and SOD1G93A;MTg mice, respectively, were 157.7 ± 12.4 d and 155.6 ± 10.0 d for females 

(Fig. 6 A), and 145.2 ± 11.4 d and 150.3 ± 11.0 d for males (Fig. 6 C), and 151.1 ± 13.2 d 

and 152.2 d ± 10.8 d for males and females combined (Fig. 6 E).

These results provide further evidence that disease progression and ALS pathology in 

SOD1G93A mice are not impacted by muscle KLF15 overexpression.

KLF15 overexpression fails to induce expression of protective genes in SOD1G93A mice

The absence of improvement in skeletal muscle health in SOD1G93A;MTg mice led us 

to ask whether KLF15 overexpression affected the expression of genes with important 

roles in the health of NMJs and muscle fibers. Previous transcriptomic analysis of the 

quadriceps muscle from healthy adult MTg mice demonstrated that KLF15 promotes the 

expression of Fgfbp1 [22], a gene which has been shown to play a protective role in 

ALS-afflicted skeletal muscles [26]. Our qPCR analysis of the TA muscle showed that while 

FGFBP1 is elevated 2-fold in healthy adult MTg mice, as compared to WT littermates 

(Fig. 7 A), it is not elevated in SOD1G93A;MTg versus SOD1G93A littermates (Fig. 7 B). 

We also failed to see a change in the expression of CD36 antigen/fatty acid translocase 

(CD36) in the TA of SOD1G93A;MTg mice (Fig. 7 C). This gene is regulated by KLF15, 

promotes lipid metabolism [23] and is upregulated in the TA muscles of early symptomatic 

SOD1G86R mice [15]. Further analysis of markers for metabolic substrate availability and 

muscle atrophy in TA muscles, including peroxisome proliferator-activated receptor-gamma 

coactivator-1α (PGC1α), tripartite motif containing 63 (TRIM63), eukaryotic translation 

initiation factor 4E (EIF4E) and EIF4E binding protein 1 (EIF4EBP1) [34], revealed no 

differences in transcript levels between SOD1G93A and SOD1G93A;MTg littermates (Fig. 7 

D–G). These results provide evidence that KLF15 overexpression in SOD1G93A muscle has 

little impact on the transcription of genes in key metabolic and atrophy signaling pathways. 

These data also suggest that upstream inhibitors of KLF15 block its ability to promote 

transcription of target genes in ALS.

Discussion

KLF15 is a key regulator of metabolic plasticity in skeletal muscle during physiological 

and disease-related stress [20,21]. Increased energy expenditure and utilization of alternative 

energy sources such as amino acids and fatty acids by skeletal muscles are hallmarks of 
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ALS and are thought to contribute to progressive muscle atrophy and motor degeneration 

associated with the disease [18]. We asked whether overexpression of KLF15 by skeletal 

muscles could prevent muscle atrophy, NMJ postsynaptic degeneration, and loss of motor 

function in the SOD1G93A mouse model of ALS. Our analysis of hindlimb skeletal muscles 

with varying fiber type composition and disease susceptibility showed that muscle-specific 

KLF15 overexpression had a negligible impact on the health of the soleus (Fig. 2) and TA 

(Fig. 3) muscles of early symptomatic ALS mice. These results were supported by rotarod 

and four-limb hanging tests which showed a similar lack of improvement in motor function 

in symptomatic muscle-specific KLF15 overexpressing SOD1G93A mice (Fig. 5). Moreover, 

mean survival time of SOD1G93A mice was not impacted by muscle-specific KLF15 

overexpression (Fig. 6). Unexpectedly, KLF15 overexpression did not impact transcript 

levels of genes with known roles in the health of ALS-afflicted muscles that are under direct 

regulatory control of KLF15, including FGFBP1[22] and CD36 [23]. Taken together, the 

results of this study show that chronically increasing KLF15 expression in skeletal muscle 

at a level of approximately 3-fold over baseline does not improve disease outcome in the 

SOD1G93A ALS mouse model.

Our findings are surprising in light of previous studies showing that transgenic KLF15 

overexpression improves the health of chronically stressed muscles in mouse models of 

DMD [22] and SMA [24]. KLF15 has recently been directly implicated in supporting 

muscle mitochondrial function, in addition to activating alternative metabolic pathways, by 

promoting several genes of the mitochondrial carnitine shuttle [23]. In this capacity, KLF15 

increases mitochondrial access to long chain fatty acids [23] which are an increasingly 

important energy substrate for muscle mitochondria in the symptomatic stages of ALS 

[18]. Indeed, efforts to boost mitochondrial carnitine shuttling have extended survival of 

SOD1G93A mice [35], although they have shown limited success in ALS patients [36]. Our 

observation that CD36, a protein that promotes fatty acid metabolism and is regulated by 

KLF15 [23], is not upregulated in SOD1G93A;MTg muscle suggests that the lack of a rescue 

phenotype in SOD1G93A;MTg mice may be due in part to a disruption in KLF15-mediated 

activation of key alternative metabolic pathways by SOD1G93A pathology. It is also possible 

that, despite the efforts of KLF15 to activate alternate metabolic pathways in energetically 

deprived skeletal muscles, severely dysfunctional mitochondria are simply unable to utilize 

these alternative energy sources. Indeed, impairment of mitochondrial function has been 

well documented in skeletal muscles of ALS models and patients [10–13].

A second explanation for the absence of a distinct phenotype in SOD1G93A;MTg mice 

is that the availability of alternate energy substrates, rather than KLF15, may be the 

rate-limiting factor in meeting the increased energy demands of ALS-afflicted muscle. 

Previous studies have demonstrated that energy substrate scarcity is a hallmark of ALS. 

Hypolipidemia is common in male ALS patients [37] and SOD1G93A mice [38,39] and 

obesity is a negative ALS risk factor [40]. Efforts to delay ALS progression through 

implementation of high energy diets have been successful in SOD1G93A mice [14] but 

have had mixed success in ALS patients [41]. Therefore, it is possible that alternate energy 

sources, such as lipid stores, are depleted in presymptomatic SOD1G93A mice, a process that 

may even be accelerated by increased KLF15 levels, obviating any benefits related to KLF15 

overexpression.
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Experimental conditions may also factor into our failure to observe a clear phenotype in 

muscle KLF15 overexpressing SOD1G93A mice. For example, it is possible that KLF15 was 

not sufficiently induced to alter ALS pathology at the timepoints observed in our study. We 

observed an approximately four-fold increase in KLF15 mRNA expression in healthy MTg 

TA muscle (Fig. 1B), however this increase was slightly diminished in SOD1G93A;MTg 

muscle (Fig. 1 C). This increase is somewhat less robust than that of previous studies 

of MTg mice [22,24], which may reflect differences related to the SOD1G93A allele 

or the background of this strain. In a recent study, SMA pathology was not improved 

following adeno-associated virus-mediated (AAV) KLF15 overexpression [25]. The authors 

of this study propose that differences in the extent to which KLF15 is overexpressed may 

impact its therapeutic potential, noting previous studies that demonstrate that changes in 

KLF15 abundance impact expression of atrophy versus ergogenic genes. Timing may have 

been another factor. Our observations of muscle fiber atrophy were limited to a single 

timepoint (P90). While few previous studies have examined the timing of muscle atrophy 

in the SOD1G93A model, particularly at a histological level, there is clear evidence of 

pronounced atrophy of predominately fast-twitch skeletal muscles as early as 60 days of age 

in SOD1G93A mice [32,33]. Therefore, KLF15 overexpression may have a significant impact 

on muscle fiber atrophy during earlier disease stages, or perhaps even end stages, which 

were not observed in this study. Nonetheless, we did not detect appreciable differences in 

motor function or survival in SOD1G93A;MTg mice.

An intriguing finding in our study is that muscle mass is lost in both the TA and soleus of 

female SOD1G93A mice without a concomitant decrease in muscle fiber size at 90 days of 

age. This pattern of muscle atrophy was not evident in SOD1G93A males, where decreases 

in both muscle mass and muscle fiber size were observed in the TA but not the soleus 

(Fig. 2 & 3). These results suggest that muscle fiber loss, rather than reductions in muscle 

fiber size, may be a major driver of pathology in female SOD1G93A mice. While muscle 

fiber atrophy has been evaluated in the TA of SOD1G93A mice [32,33], to our knowledge 

sex-related differences in this process have not been reported, and hence they are an area of 

interest for future studies. More relevant to the current study, our data suggest that negative 

regulators of KLF15 are prevalent, active and prevent KLF15 from increasing expression of 

genes important for NMJ and muscle health in ALS. Thus, future studies should focus on 

discovering and targeting such negative regulators of KLF15 rather than increasing KLF15 

expression to preserve the health of NMJs and muscles in ALS.
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• Muscle-specific KLF15 overexpression did not affect ALS pathology in 

SOD1G93A mice.

• KLF15 overexpression had no effect on NMJs and muscle fibers in 

SOD1G93A mice

• KLF15 failed to increase expression of target genes in in SOD1G93A mice.

• In ALS, negative regulators of KLF15 may inhibit its function in skeletal 

muscles.
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Figure 1. 
qPCR analysis of KLF15 mRNA in WT, SOD1G93A, MTg and SOD1G93A;MTg TA 

muscles. (A) P70 and P90 WT and SOD1G93A. (B) P90 WT and MTg. (C) P90 SOD1G93A 

and SOD1G93A;MTg. All values reported as mean ± SD; n = 3 (A), 8 (B), 4 (C). * p < 0.05
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Figure 2. 
Assessment of soleus muscle atrophy in P90 MTg SOD1G93A and healthy control mice. 

(A-H) Representative images of laminin IHC in soleus muscle cross sections of female 

and male mice. (I,J) Cumulative distribution plots of muscle fiber sizes based on minimum 

Feret’s diameter (MFD) measurements of muscle fiber cross sections. (I) Female mice, n 

≥ 736 muscle fibers/genotype. (J) Male mice, n ≥ 739 muscle fibers/genotype. (K) Mean 

soleus muscle fiber size, n ≥ 2 mice. (L) Mean soleus muscle weight, n ≥ 3 mice. (M) 

Mean percentage of regenerating muscle fibers, identified by the presence of a centrally 

located nuclei within the muscle fiber cross section, n ≥ 4 mice. Averages in panel M 

represent males and females. † p < 0.05 versus WT, Kolmogorov-Smirnov Test. # p < 

0.05 versus SOD1G93A, Kolmogorov-Smirnov Test. * p < 0.05, SOD1G93A genotype effect, 

2-way ANOVA. Scale bar = 50 μm. Values in panels K-M are mean ± S.D.
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Figure 3. 
Assessment of TA muscle atrophy in P90 MTg SOD1G93A and healthy control mice. (A-H) 

Representative images of laminin IHC in TA muscle cross sections of female and male mice. 

(I,J) Cumulative distribution plots of muscle fiber sizes based on minimum Feret’s diameter 

(MFD) measurements of muscle fiber cross sections. (I) Female mice, n ≥ 717 muscle fibers/

genotype. (J) Male mice, n ≥ 738 muscle fibers/genotype. (K) Mean TA muscle fiber size, 

n ≥ 2 mice. (L) Mean TA muscle weight, n ≥ 4 mice. (M) Mean percentage of regenerating 

muscle fibers, identified by the presence of a centrally located nuclei within the muscle fiber 

cross section, n ≥ 4 mice. Averages in panel M represent males and females. † p < 0.05 

versus WT, Kolmogorov-Smirnov Test. # p < 0.05 versus SOD1G93A, Kolmogorov-Smirnov 

Test. * p < 0.05, SOD1G93A genotype effect, 2-way ANOVA. Scale bar = 50 μm. Values in 

panels K-M are mean ± S.D.
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Figure 4. 
Assessment of NMJ postsynaptic integrity in P90 MTg SOD1G93A and healthy control mice. 

(A-H) Representative images of AChRs of the NMJ post-synapse labeled with fBTX. (I) 

Mean area of fBTX-labeled AChR postsynaptic area. (J) Fragmentation of AChR clusters, 

determined by the mean number of discrete AChR islands per NMJ. * p < 0.05, SOD1G93A 

genotype effect, 2-way ANOVA. N = 3–4. Scale bar = 20 μm. Values are mean ± S.D.
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Figure 5. 
Body weight and motor function are not altered in MTg SOD1G93A or healthy control 

mice. (A-C) Mouse body weight comparisons. (A) P90 healthy control WT versus MTg. 

n = 5–6. (B) Female SOD1G93A versus SOD1G93A;MTg. n = 5–8. (C) Male SOD1G93A 

versus SOD1G93A;MTg. n = 4–8. (D-F) Average rotarod test latency to fall times. (D) P90 

healthy control WT versus MTg. n = 5–6. (E) Female SOD1G93A versus SOD1G93A;MTg. 

n = 6–8. (F) Male SOD1G93A versus SOD1G93A;MTg. n = 7–11. (G-I) Average holding 

impulse scores in the four limb hanging test. (G) P90 healthy control WT versus MTg. n = 
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4–6. (H) Female SOD1G93A versus SOD1G93A;MTg. n = 4–7. (I) Male SOD1G93A versus 

SOD1G93A;MTg. n = 4–7. Values are mean ± S.D. * p < 0.05 age effect, 2-way ANOVA.
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Figure 6. 
Increasing KLF15 in muscles does not alter the lifespan of SOD1G93A mice. (A,C,E) Mean 

survival ages ± S.D of SOD1G93A and SOD1G93A;MTg littermates. (B,D,F) Kaplan-Meier 

survival plots of SOD1G93A and SOD1G93A;MTg littermates. (A,B) Female mice, n = 22–

23. p = 0.3021, log-rank test. (C,D) Male mice, n = 22–40. p = 0.1025, log-rank test. (E,F) 

Male and female mice, n = 44–63. p = 0.5641, log-rank test.

Massopust et al. Page 21

Neurobiol Dis. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Transcriptional analysis of TA muscles collected from P90 mice using qPCR. (A) FGFBP1 

in WT vs MTg littermates. (B-G) Comparisons between SOD1G93A and SOD1G93A;MTg 

littermates. (B) FGFBP1, (C), CD36, (D) PGC1α, (E) TRIM63, (F) EIF4E, (G) EIF4EBP1. 

All values reported as mean ± SD; n = 4, * p < 0.05.
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Table 1.

qPCR primers sequences.

Gene Forward Primer (5’–3’) Reverse Primer (5’–3’)

B2M TGCTATCCAGAAAACCCCTCAA GGATTTCAATGTGAGGCGGG

CD36 TTCCTCTGACATTTGCAGGTCT TGTCTGGATTCTGGAGGGGT

EIF4E ACTGTGGAACCGGAAACCA CCCACCTGTTCTGTAGAGGG

EIF4EBP1 AGCCATTCCTGGGGTCACTA ATTGTGACTCTTCACCGCCTG

FGFBP1 ACACTCACAGAAAGGTGTCCA CTGAGAACGCCTGAGTAGCC

GAPDH CCCACTCTTCCACCTTCGATG GTCCACCACCCTGTTGCTGTAG

KLF15 GCTGGAGGTTTTCCCGCTC GTGGGAAGCGATGCACTTTG

PGC1α CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC

TRIM63 ACAGAG GGTAAAGAAGAACACC GCGTGTCTCACTCATCTCCTT
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