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Abstract

Skeletal muscle atrophy is a prevalent complication in multiple chronic diseases and disuse
conditions. Fibroblast growth factor-inducible 14 (Fn14) is a member of the TNF receptor
superfamily and a bona fide receptor of the TWEAK cytokine. Accumulating evidence suggests
that Fn14 levels are increased in catabolic conditions as well as during exercise. However, the

role of Fn14 in the regulation of skeletal muscle mass and function remains poorly understood.

In this study, through the generation of novel skeletal muscle-specific Fn14-knockout mice,

we have investigated the muscle role of Fn14 in the regulation of exercise capacity and
denervation-induced muscle atrophy. Our results demonstrate that there was no difference in
skeletal muscle mass between control and muscle-specific Fnl4-knockout mice. Nevertheless,

the deletion of Fn14 in skeletal muscle significantly improved exercise capacity and resistance

to fatigue. This effect of Fn14 deletion is associated with an increased proportion of oxidative
myofibers and higher capillaries number per myofiber in skeletal muscle. Furthermore, our results
demonstrate that targeted deletion of Fn14 inhibits denervation-induced muscle atrophy in adult
mice. Deletion of Fn14 reduced the expression of components of the ubiquitin-proteasome system
and non-canonical NF-kappa B signaling in denervated skeletal muscle, as well as increased

the phosphorylation of Akt kinase and FoxO3a transcription factor. Collectively, our results
demonstrate that targeted inhibition of Fnl14 improves exercise tolerance and inhibits denervation-
induced muscle atrophy in adult mice.
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INTRODUCTION

Skeletal muscle is the most abundant and highly plastic tissue of the human body

that functions as a crucial regulator of whole-body metabolism and exercise capacity.
Maintenance of healthy muscle mass reduces the morbidity and mortality associated with
various chronic diseases and disuse conditions (1, 2). While nutritional uptake and resistance
exercise improve skeletal muscle mass and function, various catabolic stimuli including
functional denervation lead to the loss of skeletal muscle mass, also known as atrophy (3,
4). At the biochemical level, muscle atrophy involves disruption in proteostasis, especially
due to enhanced activation of proteolytic systems, such as the ubiquitin-proteasome system
(UPS) and autophagy-lysosomal system. (2, 5, 6). Furthermore, it is now increasingly clear
that multiple signaling pathways, such as nuclear factor-xB (NF-xB), p38 MAPK, TGFp/
Myostatin/Activin, Bone morphogenetic proteins, and Akt/FOXO regulate protein content
and skeletal muscle mass and function in various physiological and pathophysiological
conditions (2, 3, 5, 7).

Fibroblast growth factor-inducible 14 (Fn14, gene name: 7TNFRSF12A) is a member of the
TNF receptor superfamily that has been identified as a bona fide receptor for TWEAK
cytokine (8-11). The ligand TWEAK, which is constitutively expressed in almost all cell
types of the immune system and some non-hematopoietic cell types, is initially synthesized
as a type Il transmembrane protein, but then secreted as a soluble cytokine due to furin-
mediated cleavage (12-14). The Fnl14 receptor is expressed at a relatively low level in
healthy tissues. The activity of the TWEAK-Fn14 axis is enhanced because of a highly
induced local expression of Fnl4 in injury, leading to the activation of multiple signaling
pathways known to regulate inflammation, angiogenesis, and cell survival, proliferation,
migration, and differentiation (8-11, 14).

Accumulating evidence suggests that the TWEAK-Fn14 axis plays an important role in

the regulation of skeletal muscle mass and function (4, 13, 15). The activity of the
TWEAKI/Fn14 axis has also been found to be increased in response to acute muscle injury
(16), degenerative muscle diseases such as burn injury (17), myotonic dystrophy (18, 19),
amyotrophic lateral sclerosis (20), inclusion-body myositis (21), and spinal cord injury
associated muscle atrophy and fibrosis (22). Furthermore, the levels of Fnl14 are increased in
skeletal muscle in various catabolic conditions, including functional denervation and fasting
(23-26). We have previously reported that denervation-induced skeletal muscle atrophy

is significantly inhibited in global TWEAK-KO mice and exacerbated in muscle-specific
TWEAK-transgenic mice (23). Furthermore, TWEAK-KO mice show considerably reduced
fasting-induced muscle atrophy (25). Recently, it was reported that the inhibition of the
TWEAKI/Fn14 axis augments basal synaptic transmission and protects against synaptic
transmission deficits following ischemic stroke (27). Intriguingly, there are also published
reports suggesting that Fn14 can regulate some cellular responses independent of TWEAK
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cytokine (4, 15). For example, Johnston et al (28) demonstrated that the expression of

Fn14 in tumors causes skeletal muscle wasting in a mouse model of cancer cachexia.
Furthermore, TWEAK can also engage other receptors, such as CD163, which is expressed
in macrophages (29). During tissue ischemia, soluble CD163 (sCD163) functions as a decoy
receptor for TWEAK. Genetic ablation of CD163 in mice leads to transiently elevated levels
of TWEAK and Notch signaling leading to increased proliferation of muscle progenitor cells
and improvement in skeletal muscle regeneration in response to unilateral femoral ligation
(29).

Although most of the published reports suggest that the expression of Fn14 is induced in
the “settings” of muscle injury or specific atrophy conditions (13), there are other reports
suggesting that the gene expression of Fn14 is significantly upregulated in response to
exercise training in humans (30-32). The transient increase in the expression of Fnl14 in
response to resistance or endurance exercise is associated with the activation of markers

of the non-canonical NF-xB pathway (30). However, it remains unknown whether Fn14 is
induced in the skeletal muscle or other cell types, including blood vessels, present in muscle
tissues. Moreover, the physiological significance of the increased expression of Fn14 in
skeletal muscle tissues in response to exercise training remains unclear.

To understand the dual role of Fn14 in the regulation of exercise capacity and skeletal
muscle mass; in this study, we generated mice with specific deletion of Fn14 in the skeletal
muscle. Here, we show that muscle-specific deletion of Fnl4 improves exercise capacity and
capillary density in the skeletal muscle of mice. Moreover, targeted ablation of Fnl14 inhibits
denervation-induced skeletal muscle atrophy in mice. Our results also demonstrate that Fn14
regulates the activation of NF-xB and Akt-FOXO signaling in denervated skeletal muscle.

MATERIALS AND METHODS

Animals.

Floxed Fn14 (TNFRSF12A, henceforth Fn14f/fy mice (provided by Biogen, Indc.) were
generated by Taconic by inserting loxP sites upstream of exon 2 and downstream of exon 4
of Fn14 as described (33). Fn14f/fl mice were crossed with muscle creatine kinase (MCK)-
Cre (Strain: B6.FVB(129S4)-Tg(Ckmm-cre)5Khn/J, Jackson Laboratory, Bar Harbor, ME)
mice to generate muscle-specific Fn14 knockout (henceforth Fn14MKO) mice and littermate
Fn14M/f mice. All mice were of C57BL6/J background and housed in a 12-h light-dark
cycle with water and food provided ad libitum. Denervation surgery in mice was performed
similar to as described (23). In brief, 10-week-old mice were anaesthetized using isoflurane
and the left and right hindquarters were shaved. Finally, a small incision was made to
transect around 2 mm of the sciatic nerve. The wound site was closed using surgical

glue. The mice were given intraperitoneal injection of carprofen 6h before surgery and

two consecutive days after performing denervation surgery. The mice were euthanized on
day 3 or 14 post-denervation surgery. All experiments were approved by the Animal Care
Operations and the Institutional Animal Care and Use Committee at the University of
Houston.
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Metabolic cage analysis.

We employed an Automated Home Cage Phenotyping System (TSE PhenoMaster,
Chesterfield, MO) to measure the volume of O, consumed (VO5) and volume of carbon
dioxide produced (VCOy), as well as the whole-body energy expenditure and food and water
intake. The system was first calibrated against standard gas mixtures. Finally, individual
mice were transferred to an experimental cage containing specialized lids for water and food
delivery and inlet/outlet airflow. The mice were acclimatized in the cages for 3 days. The
measurement was performed for 24 h at room temperature. Data collected during the light
and dark phases were analyzed and used for statistical analysis.

Grip Strength Measurements.

The total (4-paw) grip strength of mice was measured using a digital grip-strength meter
(Columbus Instruments, Columbus, OH, USA) and normalized by total body weight. In
brief, mice were acclimatized for 5 min before the beginning of the test. The mouse was
allowed to grasp the four-paw pull-bar assembly. The mouse was gently drawn with constant
force in a straight line until it could no longer grasp the bar. The force at the time of release
was recorded as the peak tension. Each mouse was tested 6 times with a 20-40-s break
between tests. The mean peak tension from 6 trials normalized by total body weight was
defined as total grip strength.

In vivo muscle fatigue test.

We used a fatigue protocol where 180 Hz stimulation was given every second for 30 sec for
30 stimuli. The integral force generated during each stimulus was normalized to bodyweight.
Contractile events were recorded with the ASI611A Dynamic Muscle Control software
(Aurora Scientific) and were calculated with the accompanying ASI611A Dynamic Muscle
Analysis software (Aurora Scientific).

Treadmill running protocol:

Mice were subjected to an acute bout of the treadmill (Eco3/6 treadmill; Columbus
Instruments, Columbus, OH) running at 15 m/min for 90 min. All mice in the exercise
group finished the 90-min trial and were visibly exhausted. Mice were sacrificed after 6 h to
study levels of Fn14 in skeletal muscle.

Exercise tolerance Test.

The exercise capacity of mice was determined as described (34). In brief, all mice were
allowed to run on a rodent treadmill (Columbus Instruments, Columbus, OH, USA) at 10
m/min for 5 min at 0% degree incline for acclimation for 3 days. On the exercise-testing day,
the mice were run on the treadmill with a fixed slope of 10%. Mice first ran at 10 m/min

for 5 min, and the speed was increased by 1 m/min every 2 min until they were exhausted.
The criterion of exhaustion was defined as the inability of mice to run on the treadmill for 10
s despite hand prodding. Running time and maximum speed achieved were measured, and
total running distance and work were calculated.
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Histology and morphometric analysis.

Mice were euthanized and tibialis anterior (TA) and soleus muscle were isolated, flash-
frozen in liquid nitrogen, mounted in an embedding medium, and sectioned with a
microtome cryostat. To assess tissue morphology and measure myofiber cross-sectional area
(CSA), 10-um-thick transverse sections with stained hematoxylin and eosin (H&E) dye.
The sections were examined under an inverted microscope (Eclipse TE 2000-U; Nikon) at
room temperature with a Plan x10/0.25 NA Ph1 DL or a Plan Fluor ELWD x20/0.45 NA
Ph1 DM objective lens, a digital camera (Digital Sight DS-Fil; Nikon), and NIS Elements
BR 3.10 software (Nikon). Images of H&E-stained TA or soleus muscle sections were
quantified with Fiji software to measure myofiber CSA. The distribution of myofiber CSA
was calculated by analyzing ~500 myofibers per muscle.

Muscle fiber-type immunostaining.

The composition of slow- and fast-type myofibers in TA and soleus muscle was analyzed

as described (35). Whole muscle sections were used to quantify the percentage of type I,

A, 11X, and 1B myosin heavy chain (MyHC) fibers after staining with mAb against type |
(clone: BA-D5-c), type IIA (clone: SC-71-c), and type IIB (clone: BF-F3-¢) MyHC isoforms
(Developmental Studies Hybridoma Bank).

Succinate dehydrogenase (SDH) staining.

Transverse sections (10 pm) were cut from the mid-belly of the TA muscles on a cryostat
at —20°C. The sections were dried at room temperature for 30 min before incubation in a
solution made up of 0.2 M phosphate buffer (pH 7.4), 0.1 M MgCl2, 0.2 M succinic acid,
and 2.4 mM nitroblue tetrazolium at 37°C in a humidity chamber for 45 min. The sections
were then washed in deionized water for 3 min, dehydrated in 50% ethanol for 2 min, and
mounted for viewing with DPX mount medium (Electron Microscopy Sciences, Hatfield,
PA, USA). Digital photographs were taken from each section at 4X magnification under

a Nikon Eclipse TE 2000-U microscope (Nikon, Melville, NY, USA) with a Nikon digital
camera (Digital Sight DS-Fil).

Immunostaining for CD31.

To analyze the number of capillaries, 10 um-thick transverse sections of TA and soleus
muscle were immunostained for CD31 as previously described (36). Briefly, the sections
were by cold acetone for 10 min and dried in air for 30 min. Rinsed with phosphate-buffered
saline (PBS) twice, blocked in 2% BSA solution at room temperature for 1 h, followed

by incubation with primary antibodies for CD31 and laminin protein at 4°C in a humidity
chamber overnight. On the next day, the slides were rinsed with PBS and incubated with a
secondary antibody. Nuclei were counterstained with DAPI and the sections were mounted
with DPX mounting medium.

Western blot.

The relative amounts of various proteins were determined by performing Western blot
(22). In brief, gastrocnemius (GA) muscle was homogenized in ice-cold lysis buffer [50
mM Tris (pH 8.0), 200 mM NaCl, 50 mM NaF, 0.3% Igepal, 1 MM DTT, 1 mM
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sodium orthovanadate, and 100 uM PMSF] supplemented with protease inhibitor cocktail
(Thermo Fisher Scientific). The samples were centrifuged at 14 000g for 10 min at 4°C,
and the supernatants were collected for subsequent analyses. About 100 pg of protein

was resolved on 10%-12% SDS-polyacrylamide gel, blotted onto 0.45 um nitrocellulose
membrane, and probed with a specific primary antibody. Bound antibodies were detected
by secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technology).
Signal detection was performed by an ECL detection reagent (Bio-Rad, Hercules, CA,
USA). Approximate molecular masses were determined by comparison with the migration
of prestained protein standards (Bio-Rad). Finally, band intensities were quantified with
ImageJ software.

RNA isolation and quantitative real-time PCR (qRT-PCR) assay.

Total RNA isolated from skeletal muscle tissues of mice was subjected to reverse
transcription and real-time quantitative PCR (qPCR) analysis, as previously described (23).

Statistical analyses.

Results are expressed as means + SEM. An unpaired, 2-tailed Student’s t test was used
to compare quantitative data populations with normal distribution and equal variance, or
two-way ANOVA followed by Tukey’s multiple comparison test. A value of p < .05 was
considered significant.

RESULTS

Targeted ablation of Fn14 improves exercise capacity in adult mice.

We first investigated how the gene expression of Fn14 is regulated in response to exercise.
Wild-type mice were subjected to a single acute bout of treadmill exercise. After 6 h, the
mice were euthanized and the mRNA levels of Fn14 were measured by performing the gRT-
PCR assay. Results showed a significant increase in mRNA levels of Fn14 in the TA muscle
of exercised mice compared to corresponding sedentary mice (Figure 1A). To understand
the role of Fn14 in the regulation of skeletal muscle mass and function, we crossed Fn14f/fl
mice with MCK-Cre mice to generate muscle-specific Fn14 knockout (i.e. Fn14mK0) and
littermate control (i.e. Fn14™/M) mice. Our analysis showed that there was no significant
difference in body weight between 8-week-old littermate Fn14/fl and Fn14™KO mice
(Figure 1B). We also found no significant difference in absolute or normalized four-paw
grip strength between Fn14™/fl and Fn14™KO mice (Figure 1C,D). We next analyzed several
aspects of behavior relevant to energy homeostasis by indirect calorimetry. There was no
significant difference in the rate of O2 consumption or CO2 production (Figure 1E,F). Asa
result, there was no significant difference in respiration rate or energy expenditure between
Fn14f/f and Fn14MKO mice (Figure 1G,H). Food and water intake were also comparable
between Fn14f/fl and Fn14mKO mice (Figure 11).

Following a treadmill-based exercise tolerance protocol, we next investigated whether
muscle-specific ablation of Fn14 has any effect on the exercise capacity of adult mice.
Results showed that Fn14™KO mice run for a significantly longer duration and at a higher
speed compared to littermate Fn14™/fl mice (Figure 1J,K). Because Fn14MKO mice kept
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running at a higher speed, the difference in the running distance became higher in Fn14mKO
mice compared to Fn14/f mice (Figure 1L). As a result, work generated by Fn14™mKO

mice was significantly higher compared with Fn14f/fl mice (Figure 1M). We also performed
a fatigue test at 180 Hz of stimulation/second for 30 s. Although statistical significance

was not observed, we found that the Fn14™KO muscle generated more peak tetanic and
integral force compared to Fn14™/fl muscle over the course of the protocol (Figure 1N,0).
Altogether, these results suggest that ablation of Fn14 in skeletal muscle improves exercise
capacity and fatigue resistance.

Targeted deletion of Fn14 improves muscle oxidative phenotype.

To understand the mechanisms responsible for the increased exercise capacity in Fn14mKO
mice, we investigated whether there is any difference in the proportion of oxidative and
glycolytic myofibers in skeletal muscle of adult Fn14f/fl and Fn14MKO mice. Transverse
muscle sections generated from TA or soleus muscle of littermate Fn14™/fl and Fn14mKO
mice were immunostained with antibodies against MyHC type | (slow, oxidative), 1A (fast
oxidative), and I1B (fast, glycolytic). Unstained fibers were considered type I1X. Results
showed that there was no significant difference in the proportion of type 1A myofibers in
TA; however, the proportion of hybrid fibers (intermediate of type 1A and I1X) and type
I1X myofibers was increased whereas the proportion of type 11B myofibers was significantly
reduced in TA muscle of Fn14MKO mice compared with Fn14/fl mice (Figure 2A,B).
Histochemical SDH staining also showed an increase in oxidative myofibers in the TA
muscle of Fn14MKO mice compared with Fn14™/fl mice (Figure 2C). In contrast to the TA
muscle, there was no significant difference in the proportion of type I, 1A, 11X, or 1I1B
myofibers in the soleus muscle of Fn14™/fl and Fn14mKO mice (Figure 2D,E). However, the
proportion of myofibers with intermediate staining (type I and I1A or type I1A and 11B) was
significantly reduced in the soleus muscle of Fn14™KO mice compared with Fn14/fl mice.
These results suggest that targeted deletion of Fn14 improves the proportion of oxidative
myofibers in the skeletal muscle of mice.

Targeted deletion of Fn14 increases capillary supply in skeletal muscle of mice.

Increased blood perfusion in skeletal muscle is associated with increased exercise capacity.
It is also known that muscle-derived factors affect the angiogenesis program in musculature
in a paracrine fashion (37). Our previous work showed that oxidative myofiber type switch,
such as observed in Figure 2C, is often associated with a simultaneous increase in muscle
capillarity (38, 39). Therefore, we sought to determine whether muscle-specific deletion

of Fn14 has any impact on the number of capillaries in the skeletal muscle of mice.
Transverse TA muscle sections were immunostained for CD31 (an endothelial cell marker)
and laminin protein. Nuclei were counterstained with DAPI (Figure 3A). Interestingly,

our results showed that the capillary-to-fiber ratio was significantly increased in Fn14™mKO
mice compared with Fn14™f mice (Figure 3A,B). Similarly, there was also a significant
increase in the capillaries number in the soleus muscle of Fn14M<O compared to Fn14f/fl
mice (Figure 3C). The paracrine angiogenesis program in skeletal muscle is regulated by a
number of factors, including angiopoietin (ANG) 1 and 2 and vascular endothelial growth
factors (VEGFS) (37). Our QRT-PCR analysis showed that the mRNA levels of ANG1,
ANG?2, and VEGF receptor (VEGFR) 2 and VEGFR3 were significantly increased in the
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skeletal muscle of Fn14™KO mice compared to Fn14/fl mice. By contrast, mRNA levels of
VEGF A2, VEGF C, and VEGF D remained comparable in the skeletal muscle of Fn14/fl
and Fn14™KO mice (Figure 3D). Interestingly, we also found that transcript levels of
PGC-1a, a master regulator of mitochondrial biogenesis and angiogenic program, were also
significantly increased in the skeletal muscle of Fn14™KO mice compared with Fn14/fl mice
(Figure 3D). These results suggest genetic ablation of Fnl14 enhances paracrine angiogenesis
in murine skeletal muscle.

Targeted ablation of Fn14 attenuates denervation-induced muscle atrophy in adult mice.

Levels of Fn14 are increased in denervated skeletal muscle of mice (23, 26). We next
investigated whether muscle-specific deletion of Fn14 has any impact on denervation-
induced muscle atrophy. Right hind limb muscles of 10-week-old Fn14/fl and Fn14mKO
mice were subjected to denervation surgery whereas left hind limb muscles were sham-
operated. After 14d, the TA, GA, and soleus muscles were isolated and analyzed by
morphometric and biochemical methods. Western blot analysis showed that levels of

Fn14 protein were drastically increased in denervated GA muscle of Fn14/fl mice. By
contrast, there was no increase in Fn14 protein levels in the denervated muscle of Fn14™mKO
mice (Figure 4A). There was no difference in the wet weight of individual innervated

hind limb muscles. However, the wet weight of the denervated TA muscle of Fn14MKO
mice was significantly higher compared with the denervated TA muscle of littermate
Fn14™f mice (Figure 4B). We next generated transverse sections of TA and soleus

muscle and performed H&E staining (Figure 4C,D). Our quantitative analysis showed that
the proportion of myofibers with a higher cross-sectional area (CSA) was considerably
improved in denervated TA or soleus muscle of Fn14MKO mice compared to Fn14/f mice
(Figure 4E,F). Indeed, average myofiber CSA was significantly higher in the denervated TA
muscle of Fn14MKO mice compared with Fn14™/fl mice (Figure 4G). Our analysis confirmed
that the loss in average myofiber CSA was significantly lower in the denervated TA muscle
of Fn14™KO mice compared with Fn14%/fl mice (Figure 4H). Similarly, we also found that
average myofiber CSA was improved in the denervated soleus muscle of Fn14MKO mice
compared with Fn14f/fl mice (Figure 41). Consequently, percentage loss in soleus muscle
CSA in response to denervation was significantly reduced in Fn14™KO mice compared with
Fn14Mf mice (Figure 4J). Collectively, these results suggest that targeted ablation of Fn14
attenuates denervation-induced muscle atrophy in adult mice.

Targeted ablation of Fnl14 inhibits activation of UPS and autophagy in denervated muscle.

To understand the mechanisms by which ablation of Fn14 inhibits denervation-induced
muscle atrophy, we investigated the expression of muscle-specific E3 ubiquitin ligases and
markers of autophagy. There was a significant increase in mRNA levels of MAFbx, MuRF1,
and MUSAL in GA muscle at day 3 post-denervation. Interestingly, mRNA levels of
MuRF1 and MUSAL1 were significantly reduced in the denervated muscle of Fn14™KO mice
compared with Fn14™/fl mice (Figure 5A). By contrast, there was no significant difference
in mRNA levels of MAFbx or autophagy markers LC3B, Beclinl, and ATG5 between the
denervated muscle of Fn14/fl and Fn14MKO mice (Figure 5A).
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By performing western blot, we also studied the expression of various markers of UPS

and autophagy at 14 days post-denervation. Our analysis showed that protein levels of
MuRF1, TRAF6, and LC3B, but not MAFbx, were significantly higher in denervated
muscle compared with innervated muscle. Intriguingly, the denervation-induced increase

in MURF1 was significantly reduced in Fn14™KO mice compared with Fn14f/fl mice
(Figure 5B,C). Conversion of soluble LC3B-I to lipid-bound L C3B-1/is associated with the
formation of autophagosomes in mammals and has been used as marker to study autophagy
in various cell types, including skeletal muscle. Our analysis showed that total levels of
LC3B-II protein, as well as the ratio of LC3B-I1/LC3B-I, were significantly reduced in

the denervated muscle of Fn14™KO mice compared to Fn14f/fl mice (Figure 5B,C). A
recently published report suggests that MuRF1 mediates the ubiquitination of thick and thin
filament proteins, such as Tropomyosin and Troponin (40). Since the levels of MuRF1 were
reduced in the denervated muscle of Fn14™KO mice, we investigated whether the levels of
Tropomyosin and Troponin are affected in the denervated muscle of Fn14f/fl and Fn14mKO
mice. Troponin and Tropomyosin protein levels were significantly higher in the denervated
GA muscle of Fn14MKO mice compared with Fn14™/fl mice (Figure 5B,C). Taken together,
these results suggest that Fn14-mediated signaling induces muscle proteolysis in denervated
muscle potentially through the activation of UPS and autophagy.

Fnl14 regulates the activation of non-canonical NF-xB pathway in denervated skeletal

muscle.

NF-xB is a major transcription factor that regulates the gene expression of a plethora of
molecules, including those involved in muscle proteolysis (3). By performing western blot,
we measured the levels of phosphorylated and total p65 protein (a marker of canonical NF-
xB signaling) and p100/p52 protein (markers of non-canonical NF-xB) in innervated and
denervated GA muscle of Fn14™/fl and Fn14™mKO mice. There was no significant difference
in the levels of phosphorylated p65 (p-p65) or total p65 protein in the denervated muscle

of Fn14™KO mice compared with Fn14/fl mice (Figure 6A,B). Interestingly, we found that
the levels of both p100 and p52 protein were drastically increased in skeletal muscle in
response to denervation. Importantly, the denervation-induced increase in the levels of p100
was significantly reduced in Fn14MKO mice compared with Fn14™/f mice. By contrast, there
was no significant difference in levels of p52 protein between Fn14™/fl and Fn14mKO mice
(Figure 6A,B). We also found that the levels of TRAF2 protein, an upstream activator of
NF-xB signaling (3), were significantly reduced in the denervated GA muscle of Fn14MKO
mice compared with Fn14™f mice (Figure 6A,B). These results suggest that Fn14 mediates
the activation of non-canonical NF-xB signaling in denervated skeletal muscle.

Targeted ablation of Fnl14 inhibits the activation of FOXO transcription factor.

Forkhead box subfamily O (FOXO) transcription factors, such as FoxO1, FoxO3a, and
FoxO4 stimulate muscle atrophy by augmenting the gene expression of various components
of UPS and autophagy (2). Akt and other kinases phosphorylate FOXO factors at three
conserved residues, which results in their export from the nucleus to the cytoplasm, thereby
inhibiting FOXO-dependent transcription of atrogenes (2, 6). We next investigated whether
genetic ablation of Fn14 affects the phosphorylation of Akt and FOXO factors in the
denervated skeletal muscle of mice. Results showed that there was a significant increase in
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the levels of phosphorylated as well as total Akt levels in the denervated muscle of Fn14™mKO
mice compared to their contralateral undenervated muscle (Figure 7A,B). Protein levels

of phosphorylated and total mTOR protein were significantly increased in the denervated
muscle of both Fn14™/fl and Fn14™mKO mice. However, there was no significant difference

in the levels of p-mTOR or total MTOR in the denervated muscle of Fn14f/fl and Fn14mKO
mice (Figure 7A,B).

Western blot analysis showed that the levels of p-FoxO1 and total FoxO1 and Foxo3a
protein were increased in the denervated muscle. However, there was no significant
difference in p-FoxO1 levels in the denervated GA muscle of Fn14f/fl and Fn14MKO mice.
Total FoxO1 protein levels were significantly higher in the denervated muscle of Fn14mKO
mice compared to Fn14™/fl mice (Figure 7A,B). In addition, levels of p-FoxO3a protein were
significantly higher in denervated GA muscle of Fn14™KO mice compared to Fn14f/fl mice.
By contrast, levels of p-FoxO4 protein decreased after denervation in both Fn14f/fl and
Fn14MKO mice. Interestingly, the levels of p-FoxO4 protein were significantly reduced in the
innervated muscle of Fn14MKO mice compared to the corresponding innervated muscle of
Fn14%/f mice (Figure 7A,B). Taken together, these results suggest that Fn14 regulates the
phosphorylation of Akt and FOXO transcription factors in the denervated skeletal muscle of
mice.

DISCUSSION

Proinflammatory cytokines play an important role in the regulation of myogenesis and
skeletal muscle mass in various physiological and pathophysiological conditions (1-3).
Consistently, the TWEAK-Fn14 system has been found to regulate various aspects of
skeletal muscle physiology. Earlier studies showed that a high concentration of recombinant
TWEAK protein induces the proliferation of cultured myoblasts but inhibits their
differentiation into multinucleated myotubes potentially through the sustained activation of
the canonical NF-xB signaling pathway and degradation of MyoD protein (41, 42). TWEAK
also inhibits the self-renewal of satellite cells both in vitro and in vivo (43). By contrast, low
amounts of recombinant TWEAK protein promote myoblast fusion leading to the formation
of larger size myotubes. These effects of low concentrations of TWEAK on myoblast

fusion are attributed to its ability to activate non-canonical NF-xB signaling which promotes
myoblast fusion (44). Previous studies have also shown that muscle regeneration is delayed
in global Fn14-knockout mice potentially due to a reduction in initial immune response (i.e.
recruitment of monocytes and neutrophils), which is needed for the removal of tissue debris
after muscle damage (42, 45). While low levels of TWEAK induce myaoblast proliferation
and fusion, overstimulation of the Fn14 receptor by TWEAK that occurs in various muscle
degenerative diseases results in the inhibition of muscle regeneration (4, 13, 17, 18). Indeed,
transgenic overexpression of TWEAK (a model of chronic supraphysiological levels of
TWEAK in skeletal muscle) inhibits muscle regeneration in mice. Conversely, muscle
regeneration is slightly improved in TWEAK-KO mice (16).

Since low levels of TWEAK augments myoblast proliferation and fusion, a few studies have
suggested that the increase in the levels of TWEAK and/or Fn14 in the skeletal muscle is an
adaptive myogenic response (15). Indeed, the mRNA levels of Fn14 are transiently increased

FASEB J. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

da Silva et al.

Page 11

in muscle biopsies following resistance or running exercise (30-32). Our results in this study
also show a significant increase in transcript levels of Fn14 in the skeletal muscle of mice
after a bout of treadmill exercise (Figure 1A). However, the physiological significance of
this transient increase in Fn14 levels in skeletal muscle remains unknown. In this study, we
generated mice in which Fn14 was specifically deleted in skeletal muscle. Similar to global
Fn14-KO mice, we did not find any difference in skeletal muscle mass, myofiber CSA, or
grip strength between control and muscle-specific Fn14-KO mice suggesting that Fn14 has
no role in development of skeletal muscle during embryogenesis (Figure 1). Interestingly,
we found that ablation of Fn14 in the skeletal muscle significantly improved exercise
tolerance in adult mice. Moreover, the skeletal muscle of Fn14MXO mice is more resistant

to fatigue in response to chronic stimulation (Figure 1). These results suggest that muscle
Fn14 has a somewhat negative impact on the regulation of exercise capacity. It is notable
that exercise training induces mild muscle injury and associated inflammatory response (46).
Therefore, it is possible that an increase in Fnl4 levels in skeletal muscle tissues after
resistance or run exercise (30—-32) could also be attributed to its expression in inflammatory
immune cells or satellite cells. Furthermore, it remains to be seen whether Fn14MKO mice
undergo enhanced adaptation to long-term exercise training compared to wild type mice.
Our results on untrained mice suggest that this might be the case.

Myofibers are classified into type I, 1A, 11X, and 11B based on the expression of specific
myosin heavy chain (MHC) isoforms. Types | and I1A myofibers exhibit oxidative metabolic
phenotypes, whereas type 1B are primarily glycolytic. Type 11X myofibers are uniquely
fast-twitch yet with high oxidative capacity. Oxidative myofibers generally are rich in
mitochondria, and also have more capillary density compared to glycolytic myofibers

(47). Compared to type 1B myofibers, type I, lIA, and also 11X myofibers exhibit a high
resistance to fatigue and are necessary for endurance (47). Improvement in exercise capacity
is generally associated with the transition to type I1X/11A/I myofibers in skeletal muscle. Our
histological analysis showed that muscle-specific deletion of Fn14 increases the proportion
of type 11X myofibers and significantly decreases type 1lb myofibers in the TA muscle of
mice. In the soleus muscle, there was no difference in the proportion of type I, l1A, 11X,

or 11B except that hybrid myofibers were significantly reduced in Fn14™XO mice compared
with Fn14/f mice (Figure 2). In addition, we found a significant increase in the number of
capillaries per myofiber in Fn14™KO mice, which could be attributed to increased expression
of ANG1, ANG2, VEGF receptors, and PGC-1a. (Figure 3). Notably, PGCla is a key
transcriptional master regulator of oxidative metabolism, angiogenesis, and vascularization
in the skeletal muscle, and its increased expression is associated with improved exercise
capacity (48-50). While more investigations are needed to understand the mechanisms of
action of Fn14 in skeletal muscle, an increased proportion of oxidative myofibers and a
higher number of capillaries surrounding myofibers may be responsible for the improvement
in exercise capacity and resistance to fatigue in Fn14MKO mice. Although to a much lesser
extent compared to skeletal muscle, the MCK-Cre line used in this study can also delete
floxed Fn14 allele in cardiomyocytes (51). Therefore, the depletion of Fn14 levels in cardiac
tissue could be another potential mechanism for the improvement of exercise capacity in
Fn14™KO mice.
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The TWEAK-Fn14 axis has been found to be an important mediator of muscle wasting in
many conditions (13, 15). We have previously reported that transgenic overexpression of
TWEAK in the skeletal muscle of mice causes atrophy whereas global TWEAK-KO mice
show significantly reduced muscle atrophy in response to denervation (23). Importantly, the
expression of TWEAK receptor Fnl4, but not TWEAK itself, is increased in skeletal muscle
in various catabolic states (13, 23, 26). However, it remained unknown whether inhibition

of Fnl4 is sufficient to rescue muscle wasting in various catabolic states. A recent study
demonstrated that Fnl14 expression in tumors causes skeletal muscle wasting in a mouse
model of cancer cachexia (28). While the study showed that Fn14 overexpression in tumors
causes cachexia, it could not dissect the role of Fn14 in muscle during cachexia. A change

in Fnl14 expression in the tumor itself could alter the cytokine milieu and tumor-derived
factors, which can affect muscle differently. Our results in the present study demonstrate that
targeted deletion of Fn14 significantly reduces denervation-induced muscle wasting in adult
mice and hence provides the muscle role of Fn14 in neurogenic atrophy (Figure 4).

The UPS and autophagy are two major proteolytic systems, which stimulate protein
degradation in atrophying skeletal muscle (2). The expression of many E3 ubiquitin ligases,
such as MAFbx, MuRF1, MUSAL, and TRAF®6 is increased in skeletal muscle in various
atrophy conditions leading to the increased degradation of thick and thin filament proteins
(6, 40, 52-54). Results of the present investigation show that Fnl14-mediated signaling
induces the expression of MuRF1 and MUSAL in 3d-denervated skeletal muscle. The

levels of MuRF1 remained low in the skeletal muscle of Fn14MKO mice even after 14

days of denervation. In addition, we found that there was no reduction in the levels of
Tropomyosin and Troponin protein in the denervated muscle of Fn14MKO mice suggesting
that the inhibition of MuRF1 could be an important mechanism for the reduced muscle
proteolysis in Fn14MKO mice following denervation. Furthermore, our results showed that
the ratio of LC3B-11/I protein is also reduced in 14d-denervated skeletal muscle of Fn14mKO
mice indicating inhibition of autophagy (Figure 5). These results suggest that Fn14-mediated
signaling causes denervation-induced muscle atrophy through the activation of the UPS and
autophagy.

Skeletal muscle wasting involves the activation of various transcription factors, such as NF-
xB and FOXOs, which augment the expression of components of the UPS and autophagy
(2). NF-xB transcription factor can be activated through a canonical pathway, which
involves upstream activation of inhibitor of kappa B (IxB) kinase (IKK)-B, degradation
of 1xB protein, and nuclear translocation of p65/p50 dimers. The non-canonical NF-xB
signaling involves the activation of IKKa., phosphorylation, and proteolytic processing
of p100 protein into p52 protein followed by translocation of p52/RelB dimers to

nuclei (3). Published reports demonstrate that the activation of either canonical or non-
canonical NF-xB signaling can lead to skeletal muscle wasting in various conditions,
including denervation (3, 55-57). While no major difference was noticeable in levels of
phosphorylated p65 protein, we observed a drastic reduction in the levels of p100 protein
in denervated skeletal muscle of Fn14™KO mice (Figure 6). These results are consistent
with previously published reports that in addition to the canonical NF-xB pathway, the
TWEAK-Fn14 axis also stimulates non-canonical NF-xB signaling in skeletal muscle (4,
44).
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FOXO family of transcription factors, such as FoxO1, FoxO3a, and FoxO4 are the major
regulators of skeletal muscle wasting. These factors augment the gene expression of
muscle-specific E3 ubiquitin ligases, such as MAFbx, MuRF1, and MUSA1 and stimulate
autophagy in skeletal muscle.2 Akt and other kinases phosphorylate FOXO at key residues,
which results in the export of FOXOs from the nucleus and their sequestration into

the cytoplasm (2). Indeed, the phosphorylation by Akt is a major mechanism for the
inhibition of FOXO transcription factors (1, 6). Our results demonstrate that total, as

well as phosphorylated levels of Akt, are significantly increased in the denervated skeletal
muscle of Fn14MKO mice. Moreover, we also observed a significant increase in the levels

of phosphorylated FoxO3a in the denervated muscle of Fn14™KO mice (Figure 7). Although
the exact mechanisms remain unknown, repression in the activation of non-canonical NF-xB
and FoxO3a transcription factors may be some of the important mechanisms for the reduced
muscle atrophy observed in Fn14™KO mice in response to denervation. It is notable that
while NF-xB was inhibited, there was no effect on the activation of Akt/FOXO signaling or
autophagy in the denervated muscle of wild-type and TWEAK-KO mice (23). These results
suggest that TWEAK and Fn14 can regulate denervation-induced muscle atrophy through
some distinct mechanisms.

In summary, our study demonstrates that suppression of Fn14 in the skeletal muscle
improves exercise capacity and inhibits denervation-induced muscle wasting. Because Fn14
is exclusively expressed and elevated in skeletal muscle under conditions of atrophy,
targeting Fn14 could be a promising approach for the prevention of skeletal muscle wasting
in future therapies.
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FIGURE 1. Effect of muscle-specific ablation of Fnl14 on exercise capacity of mice.
(A) Transcript levels of Fn14 in TA muscle of sedentary and exercised wild-type mice. n=3

in each group. *p < .05, values significantly different from sedentary mice by unpaired t-test.
(B) Average body weight of littermate Fn14/fl and Fn14MKO mice at the age of 10 weeks.
n=5-7 in each group. (C) Average four-paw grip strength of 10-week-old Fn14/fl and
Fn14™KO mice. n=5-7 in each group. (D) Average four-paw grip strength per gram of body
weight of 10-week-old Fn14f/fl and Fn14MKO mice. n=5-7 in each group. Quantification
of (E) oxygen consumption rate (VO2), (F) carbon dioxide production rate (VCO2), (G)
respiratory exchange rate (RER; VCO2/VO2), (H) whole-body energy expenditure (Heat) (1)
food and water intake over 24 h cycle of Fn14/fl and Fn14MKO mice. 7= 5-7 in each group.
After acclimatization, mice were run on a treadmill with a 10% slope and increasing speed
to exhaustion. Maximum running time, speed, distance, work, and power were calculated
based on individual performance. (J) Running time; (K) Speed; (L) Distance; (M) Work. n=
7-12 in each group. Quantification of normalized (N) peak tetanic force and (O) integration
force over 30 sec. n=8-13 in each group. Data are presented as mean =+ SEM. #p< .05,
values significantly different from corresponding Fn14™/fl mice by unpaired Student #test.
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FIGURE 2. Effect of muscle-specific deletion of Fn14 on the composition of slow and fast-type
myofibers.

(A) Representative images of transverse sections of TA muscle after staining for MyHC 1A
and 1B protein. Scale bar: 300 pm. Quantification of percentage of (B) Type 1A, Type I1X,
11B, and intermediate fibers (Hybrid) in TA muscle of 10-week-old Fn14f/fl and Fn14mKO
mice. (C) Representative images of TA muscle sections after staining with SDH. Scale bar:
300 um. (D) Representative images of transverse sections of soleus muscle after staining for
MyHC I, l1lA, and 1IB protein. Scale bar: 50 um. Quantification of percentage of (E) Type, I,
1A, 11X, 11B, and hybrid myofibers in soleus muscle of 10-week-old Fn14™/fl and Fn14mKO
mice. n = 4 in each group. Data are presented as mean + SEM. #p < .05, values significantly
different from corresponding Fn14/fl mice by unpaired Student rtest.
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FIGURE 3. Targeted deletion of Fnl4 increases vascularization in skeletal muscle.
(A) Transverse sections of TA muscle of Fn14™/fl and Fn14mKO mice at the age of 10

weeks immunostained for CD31 (cyan), Laminin (magenta), and DAPI (yellow). Scale bar:
100 pm. (B) Quantification of CD31-positive capillaries per myofiber in TA muscle. (C)
Quantification of CD31-positive capillaries per myofiber in soleus muscle of Fn14™/fl and
Fn14™KO mice. 7= 3-4 in each group. (D) Relative mRNA levels of Angl, Ang2, VEGF
A2, VEGF C, VEGF D, VEGF R1, VEGF R2, VEGF R3, and PGC-1a in GA muscle of
Fn14f/f and Fn14MKO mice assayed by performing qRT-PCR. 7= 3—4 in each group. Data
are presented as mean + SEM. #p < .05, values significantly different from corresponding
Fn14%/f mice by unpaired Student #test.
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FIGURE 4. Role of Fn14 in denervation-induced muscle atrophy.
Littermate Fn14f/fl and Fn14MKO mice at the age of 10 weeks were subjected to sham or

denervation surgery for 14 days followed by isolation of hind limb muscles for biochemical
and histological analysis. (A) Representative immunoblots showing levels of Fn14 and
unrelated protein GAPDH in GA muscle of Fn14™fl and Fn14mKO mice. (B) Wet weight

of TA muscle normalized by body weight in the sham-operated and denervated muscle of
Fn14ff and Fn14MKO mice. 7= 5-7 in each group. Representative photomicrographs of (C)
TA and (D) soleus muscle sections after H&E staining. Scale bar: 50 um. Relative frequency
distribution of myofiber cross-section area (CSA) in sham-operated and denervated (E) TA
and (F) soleus muscle of Fn14f/fl and Fn14™KO mice. 7= 5-7 in each group. (G) Average
myofiber CSA in sham-operated and contralateral denervated TA muscle of Fn14f/fl and
Fn14mKO mice. (H) Percent loss in average myofiber CSA in TA muscle of Fn14f/fl and
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Fn14™KO mice at day 14 post-denervation. 7= 3 in each group. (1) Average myofiber CSA
in sham-operated and contralateral denervated soleus muscle of Fn14™/fl and Fn14mKO mijce.
(J) Percent loss in average CSA in soleus muscle of Fn14™/fl and Fn14mKO mice at day

14 after denervation. /7= 4 in each group. Data are presented as mean + SEM. #p < .05,
values significantly different from corresponding Fn14™/fl mice by unpaired Student #test.
D, denervated; S, sham.
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FIGURE 5. Fn14 increases levels of components of UPS and autophagy in denervated muscle.
Littermate Fn14f/f and Fn14MKO mice at the age of 10 weeks were subjected to sham or

denervation surgery for 3 or 14 days followed by isolation of GA muscle for gRT-PCR
and western blot analysis. (A) Relative mRNA levels of E3 ubiquitin ligases (MAFbx,
MuRF1, MUSAZ1) and autophagy markers (LC3B, Beclinl, ATG5) in sham-operated and
3 days denervated muscle. 7= 4 in each group. (B) Representative immunoblots, (C)
densitometry analysis demonstrating levels of MAFbx, MuRF1, TRAF6, LC3B I, LC3B
I1, Tropomyosin, Troponin, and unrelated protein, GAPDH, in sham-operated and 14 days
denervated muscle. 7= 3-4 in each group. Data are presented as mean + SEM and were
analyzed by two-way ANOVA followed by Tukey’s multiple comparison test. *p < .05,
values significantly different from sham-operated corresponding GA muscle. #p < .05,
values significantly different from 3 or 14 days denervated GA muscle of Fn14™/fl mice.
&p < .05, values significantly different from sham-operated GA muscle of Fn14™/fl mice. D,
denervated; S, sham.
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FIGURE 6. Role of Fn14 in the activation of NF-xB signaling in denervated muscle.
Littermate Fn14f/fl and Fn14MKO mice at the age of 10 weeks were subjected to sham

or denervation surgery for 14 days followed by isolation of GA muscle for western blot
analysis. (A) Representative immunoblots (B) densitometry analysis demonstrating levels of
phosphorylated p65 (p-p65), p65, p100, p52, TRAF2, and unrelated protein, GAPDH, in
sham-operated and 14 days denervated muscle. 7= 3-4 in each group. Data are presented
as mean + SEM and were analyzed by two-way ANOVA followed by Tukey’s multiple
comparison test. *p < .05, values significantly different from sham-operated corresponding
GA muscle. #p < .05, values significantly different from 14 days denervated GA muscle of
Fn14%/f mice. D, denervated; S, sham.
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FIGURE 7. Role of Fn14 in the regulation of Akt/FOXO phosphorylation.
Littermate 10-week-old Fn14f/fl and Fn14™KO mice were subjected to sham or denervation

surgery for 14 days followed by isolation of GA muscle for western blot analysis. (A)
Representative immunoblots and (B) densitometry analysis demonstrating levels of p-AKT,
AKT, p-mTOR, mTOR, p-FoxO1, FoxO1, p-FoxO3a, FoxO3a, p-Fox04, FoxO4 and
unrelated protein, GAPDH in sham-operated and 14 days denervated muscle. 7=3-4 in
each group. Data are presented as mean + SEM and were analyzed by two-way ANOVA
followed by Tukey’s multiple comparison test. *p < .05, values significantly different from
sham-operated corresponding GA muscle. #p < .05, values significantly different from 14
days denervated GA muscle of Fn14™/fl mice. & p< .05, values significantly different from
sham-operated GA muscle of Fn14™/fl mice. D, denervated; S, sham.
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