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Fibroblast growth factor-inducible 14
regulates satellite cell self-renewal and
expansion during skeletal muscle repair
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Skeletal muscle regeneration in adults is predominantly driven by satellite cells. Loss of satellite
cell pool and function leads to skeletal muscle wasting in many conditions and disease states.
Here, we demonstrate that the levels of fibroblast growth factor-inducible 14 (Fn14) were increased
in satellite cells after muscle injury. Conditional ablation of Fn14 in Pax7-expressing satellite

cells drastically reduced their expansion and skeletal muscle regeneration following injury. Fn14
was required for satellite cell self-renewal and proliferation as well as to prevent precocious
differentiation. Targeted deletion of Fn14 inhibited Notch signaling but led to the spurious
activation of STAT3 signaling in regenerating skeletal muscle and in cultured muscle progenitor
cells. Silencing of STAT3 improved proliferation and inhibited premature differentiation of Fn14-
deficient satellite cells. Furthermore, conditional ablation of Fn14 in satellite cells exacerbated
myopathy in the mdx mouse model of Duchenne muscular dystrophy (DMD), whereas its
overexpression improved the engraftment of exogenous muscle progenitor cells into the dystrophic
muscle of mdx mice. Altogether, our study highlights the crucial role of Fn14 in the regulation of
satellite cell fate and function and suggests that Fn14 can be a potential molecular target to improve
muscle regeneration in muscular disorders.

Introduction

Adult skeletal muscle possesses a robust capacity to regenerate, which is predominantly attributed to the
presence of muscle stem cells, known as satellite cells (1, 2). Under normal conditions, satellite cells reside
between the basal lamina and the sarcolemma of myofibers in a reversible quiescent state. Satellite cells
express paired box 7 (Pax7) protein, which is essential for their survival, self-renewal, and the orchestration
of proper muscle regeneration (3). In response to muscle injury, satellite cells rapidly induce MyoD expres-
sion, undergo several rounds of cell division, and eventually differentiate into myoblasts, which fuse with
each other or with injured myofibers to accomplish muscle repair (2). While most activated satellite cells
differentiate into myoblasts, a small proportion of them returns to quiescence to respond to the next round
of muscle injury and regeneration (1, 4). Reduction in satellite cell content and function is a significant con-
tributor for skeletal muscle wasting in many conditions, including aging and degenerative muscle disorders,
such as muscular dystrophy (5-7).

Satellite cell abundance and function are intricately regulated by a complex interplay of signaling
pathways. Notch signaling, which is activated by physical interaction between a cell that expresses Notch
ligands (DII1 and -4 and Jagged-1 [Jagl] and Jag2) and a cell that expresses 1 of the 4 Notch receptors
(Notch1-4), plays a particularly crucial role in the maintenance of the satellite cell pool and the regulation
of cell fate decisions (8—11). Constitutive activation of Notch signaling promotes the self-renewal of satel-
lite cells by upregulating Pax7, whereas its disruption in satellite cells results in impaired muscle regenera-
tion (8, 12-14). In addition to Notch, a few other signaling pathways, such as MAPKs, canonical nuclear
factor kB (NF-«kB), and the Wnt planar cell polarity (PCP) pathway also regulate the expansion of satellite
cells during adult muscle regeneration (15-19). By contrast, other signaling pathways, such as canonical
Wnt/B-catenin, promote satellite cell myogenic lineage progression by limiting Notch signaling and thus
promoting differentiation (10). Recent studies have also demonstrated that deregulation of JAK/STAT
signaling is an important contributor to satellite cell dysfunction in aging muscle and dystrophic muscle
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(20-22) and an interplay between Notch and JAK/STAT signaling is essential for the temporal regulation
of satellite cell fate, ensuring proper coordination between activation and differentiation during skeletal
muscle regeneration (23).

Satellite cell function is also regulated by various cytokines and growth factors that are released by both
myogenic and non-myogenic cells in the injured muscle microenvironment (24). TWEAK and its receptor
fibroblast growth factor—inducible 14 (Fn14) constitute a ligand-receptor dyad that activates multiple signal-
ing pathways to regulate inflammation and cellular proliferation and differentiation (25, 26). Intriguingly,
a few studies have demonstrated that overexpression of Fnl14 is sufficient to activate downstream signaling
pathways even in the absence of TWEAK cytokine (25, 27, 28). A prior study showed that muscle regen-
eration is significantly reduced in global Fnl4-knockout (Fn14-KO) mice potentially due to a diminished
inflammatory immune response (29). More recently, we reported that Fnl4 promotes myoblast fusion
during skeletal muscle regeneration (30). However, the role and mechanisms of action of Fnl4-mediated
signaling in satellite cell homeostasis and function during skeletal muscle regeneration remain unknown.
Furthermore, the role of Fnl4 in the regulation of satellite cell function in models of degenerative muscle
disorders, such as Duchenne muscular dystrophy (DMD), remains completely unknown.

In the present study, using genetic mouse models, we have investigated the role of Fnl4 in the regula-
tion of satellite cell function during muscle regeneration. Our results demonstrate that the levels of Fnl4
are upregulated in satellite cells following muscle injury. Satellite cell-specific deletion of Fnl4 inhibits
the self-renewal and proliferation of satellite cells and reduces muscle regeneration in response to acute
injury. While targeted ablation of Fnl4 inhibits Notch signaling, it leads to spurious activation of STAT3
both in vivo and in vitro, which contributes to satellite cell dysfunction. Finally, conditional deletion of
Fn14 in satellite cells exacerbates the dystrophic phenotype in mdx mice, which mimic DMD pathology.
In contrast, overexpression of Fnl4 in exogenous wild-type (WT) myogenic cells improves their engraft-
ment into the dystrophic muscle of mdx mice following transplantation.

Results
Activation of Fnl4 signaling in satellite cells during muscle regeneration. We first investigated how the expression
of Fnl4 is regulated during muscle regeneration in adult mice. Using a published single-cell RNA-seq
(scRNA-seq) dataset (NCBI GEO GSE143435) (31), we analyzed the expression of the Fnl4 gene (Tnfrs-
f12a) in satellite cells at different time points after injury. In this study, the tibialis anterior (TA) muscle
of adult C57BL/6J mice was injured by a single intramuscular injection of notexin. The TA muscle was
collected at various time points (0 [uninjured], 2, 5, and 7 days) followed by preparation of single-cell sus-
pensions and scRNA-seq (31). Our analysis showed that Fn14 is expressed in satellite cells of uninjured
TA muscle. Intriguingly, the mRNA levels of Fnl4 were increased in satellite cells on day 2 and persisted
through days 5 and 7 after injury. By contrast, the mRNA levels of TWEAK (encoded by 7#fsf12) in sat-
ellite cells were low in uninjured muscle and did not show any increase after muscle injury (Figure 1A).

We also studied the expression of Fnl4 in satellite cells of uninjured and regenerating skeletal mus-
cle of mice. To induce regeneration, the right-side TA muscle of 8-week-old male C57BL/6J mice was
injured by intramuscular injection of 1.2% BaCl, solution, whereas the contralateral TA muscle served
as uninjured control. The muscle tissue was collected on day 5 after injury and Fnl4 expression in satel-
lite cells was analyzed by a FACS-based approach using a well-established panel of cell surface markers:
Lin~ (CD31"CD45 Sca-1"TER119") and a7-integrin* (15). Our analysis showed that Fnl4 was present in
the o7-integrin* cells of both uninjured and injured TA muscles of mice (Figure 1B). We also investigated
how the expression of Fn14 in satellite cells is regulated on day 21, a time point when muscle regeneration
is complete, and satellite cells begin to return to quiescence. For this experiment, the TA muscle of adult
C57BL/6J mice was injured for 5 or 21 days, followed by isolation of satellite cells by a magnetic-activated
cell sorting (MACS) approach and performing quantitative PCR (qPCR). Results showed that the mRNA
levels of Fnl4 were significantly higher in satellite cells of 5-day-injured TA muscle compared with unin-
jured muscle. Interestingly, the mRINA levels of Fn14 in satellite cells were significantly lower in 21-day-in-
jured TA muscle compared with both uninjured and 5-day-injured TA muscle (Figure 1C). These results
suggest a transient increase in the expression of Fnl4 in satellite cells during muscle regeneration.

Satellite cells are rapidly activated (express MyoD) and transition to the progenitor stage after isolation
and culturing. By performing immunostaining for Fnl4 and Pax7 (a marker of satellite cells) proteins, we
investigated the expression of Fn14 in myoblast cultures established from hind limb muscle of C57BL/6J mice.
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Figure 1. Expression of Fn14 in satellite cells. (A) Violin plots showing gene expression of Fn14 (gene: Tnfrsf12a) and TWEAK (gene: Tnfsf12) in satellite
cells at different time points after muscle injury in mice analyzed from a publicly available scRNA-seq dataset (GSE143435). (B) Single cells isolated from
uninjured and injured TA muscle of WT mice were analyzed by FACS for the expression of o7-integrin and Fn14 protein. Representative scatter plots of
FACS-based analysis demonstrate presence of Fn14* cells among o7-integrin* population (lower panel). (C) Satellite cells isolated from TA muscle of WT
mice on day 0, 5, or 21 after injury were analyzed for mRNA levels of Fn14 by performing qPCR. n = 3 mice in each group. Data are presented as mean +
SEM and were analyzed by 1-way ANOVA followed by Tukey’s multiple-comparison test. #P < 0.05, values significantly different from uninjured muscle
(day 0). *P < 0.05, values significantly different from 5-day-injured TA muscle. (D) Representative photomicrographs showing expression of Fn14 in Pax7*
cells in cultured mouse primary myoblasts. Scale bars: 50 um.

Consistent with the scRNA-seq analysis, Fnl4 protein was present in Pax7* cells in myoblast cultures (Figure
1D). These results demonstrate that Fn14 is expressed in muscle progenitor cells both in vivo and in vitro.
Inducible ablation of Fnl4 in satellite cells inhibits muscle regeneration in adult mice. We investigated whether
the satellite cell-specific deletion of Fnl4 affects skeletal muscle regeneration in adult mice. Floxed Fnl4
(henceforth Fn14"") mice were crossed with tamoxifen-inducible satellite cell-specific Cre mice (Pax7-
CreER™) to generate satellite cell-specific inducible Fn14-KO mice (i.e., Fn14"" Pax7-CreER™, henceforth
Fn14*%0) and littermate Fn14"" mice. To induce Fn14 deletion, 7-week-old male Fn14**° mice were given
daily intraperitoneal (i.p.) injections of tamoxifen (75 mg/kg body weight) for 4 consecutive days. The mice
were kept on a tamoxifen-containing chow for the entire duration of the study. Littermate male Fn14"® were
also treated with tamoxifen and served as controls. Next, TA muscle on one side of Fn14%% and Fn145K°
mice was injected with 1.2% BaCl, solution, whereas the contralateral uninjured TA muscle served as a
control. Muscle regeneration was evaluated on days 5, 14, and 21 after injury (Figure 2A). To confirm the
inactivation of Fnl4 in satellite cells of Fn145%° mice, we performed FACS and qPCR analyses. Results
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showed that the proportion of Fnl4*a7-integrin® cells and the mRNA levels of Fn14 in purified satellite cells
were significantly reduced in 5-day-injured TA muscle of Fn14*X° mice compared with the corresponding
muscle of Fn14% mice (Supplemental Figure 1, A-C; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.187825DS1).

There was no significant difference in body weight or wet weight of muscle normalized by body weight
between Fn14"" and Fn14*%° mice under naive conditions (Figure 2, B-D). However, there was a significant
decrease in muscle wet weight normalized by body weight in Fn14*¥° mice compared with Fn14"% mice
on days 5 and 14 after injury (Figure 2, C and D). Next, transverse sections of TA muscle were generated,
followed by performing hematoxylin and eosin (H&E) staining and morphometric analysis. There was no
significant difference in the myofiber cross-sectional area (CSA) in TA muscle of Fnl14"" and Fn14*%° mice
in naive muscle (Figure 2, E and F). In contrast, muscle regeneration was significantly impaired in Fn14+%°
mice compared with their littermate Fnl14"® mice. At both days 5 and 14 after injury, there was a significant
decrease in myofiber CSA of Fn14*¥° mice compared with Fn14"" mice (Figure 2, E, G, and H). Notably,
defects in muscle regeneration (e.g., reduced myofiber CSA and presence of cellular infiltrate) in Fn145%°
mice persisted even on day 21 after injury (Figure 2E). In a separate experiment, we also investigated whether
the deletion of only one allele of the Fnl4 gene in satellite cells contributes to the observed phenotype in
Fn14:K0 mice. We compared muscle regeneration defects in male Fnl4%"; Pax7-CreER™ (Fn14%5K%) mice
with male Fn14:° mice. There was a significant deficit in muscle regeneration in Fn14*%° mice compared
with the corresponding Fn14"sK0 or Fn14"" mice on day 5 after injury (Supplemental Figure 1, D-F).

Deficits in muscle regeneration in Fn145*° mice were also evidenced by immunostaining of 5-day-in-
jured TA muscle sections for embryonic isoform of MyHC (eMyHC), which is expressed in newly formed
myofibers (Figure 2I). Average CSA of eMyHC" myofibers and the proportion of eMyHC" myofibers con-
taining 2 or more centrally located nuclei were significantly reduced in 5-day-injured TA muscle of Fn14sK°
mice compared with Fn14%% mice (Figure 2, J and K). We also investigated the expression of eMyHC in
regenerating myofibers on day 14 and 21 after injury (Supplemental Figure 2, A—C). There were almost
no eMyHC* myofibers in the TA muscle of Fnl4"" mice on day 14 or 21 after injury, suggesting normal
progression of muscle regeneration. In contrast, small-sized eMyHC" myofibers were abundant in the mus-
cle of Fn14sK° mice on day 14 after injury (Supplemental Figure 2, A and B). The presence of eMyHC*
myofibers in TA muscle sections of Fn14:X° mice was even prolonged to day 21 after injury (Supplemental
Figure 2C). These results suggest that satellite cell-specific inducible deletion of Fn14 inhibits skeletal mus-
cle regeneration in adult mice.

To understand the role of Fnl4 in the regulation of the abundance of satellite cells, uninjured and
5-day-injured TA muscle sections of Fn14"" and Fn14*%° mice were immunostained for Pax7 and laminin
protein (Figure 3A). There was no significant difference in the number of satellite cells in uninjured TA
muscle of Fn14"% and Fn14*%° mice (Supplemental Figure 3, A and B). However, the number of satellite
cells per unit area was significantly reduced in the TA muscle of Fnl14**° mice compared with Fn14%%
mice on days 5 and 14 after injury (Figure 3, A—C). Consistent with immunohistochemistry results, FACS
analysis also showed that there was no significant difference in the proportion of satellite cells in uninjured
TA muscle of Fn14% and Fn14:¥° mice (Supplemental Figure 3, C and D). In contrast, the proportion of
satellite cells in Fn14*%° mice was significantly reduced in 5-day-injured TA muscle of Fn14**° mice com-
pared with Fn14%1 mice (Figure 3, D and E). Moreover, the mRNA levels of Pax7 were also significantly
reduced in 5-day-injured TA muscle of Fn14*X° mice compared with Fn14"" mice (Figure 3F). Finally,
the mRNA levels of Myodl, Myh3 (eMyHC), and Myog (myogenin) were significantly reduced in injured
TA muscle of Fn145%° mice compared with Fn14"% mice (Figure 3G). These results suggest that targeted
inducible deletion of Fnl4 reduces the number of satellite cells and attenuates regeneration of injured
skeletal muscle in adult mice.

Fnl4 is required for the proliferation of satellite cells. While the tamoxifen-inducible approach, using a
Cre-ER™ system, is considered highly efficient for excising floxed alleles, it does not always result in a
complete deletion of the target gene due to various factors, including incomplete recombination efficien-
cy that results in a mixed population of cells with varying levels of gene expression. Therefore, for in
vitro experiments, we employed primary myoblast cultures established from skeletal muscle of germline
Fn14-KO mice that ensures complete and sustained ablation of Fnl4 protein in all myogenic cells. We
first performed bulk RNA-seq using primary myoblast cultures established from hind limb muscle of WT
and Fn14-KO mice. Functional enrichment analysis of the differentially expressed genes (DEGs) using
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Figure 2. Satellite cell-specific ablation of Fn14 inhibits muscle regeneration. (A) Schematic representation of the experimental design. (B) Body weight
of Fn14%f and Fn145° mice. (C) Uninjured and 5-day-injured TA muscle wet weight normalized by body weight (BW) of Fn14"/f and Fn14=° mice. (D)
Uninjured and 14-day-injured TA muscle wet weight normalized by BW of Fn14%/f and Fn145%® mice. (E) Representative photomicrographs of HGE-stained
transverse sections of TA muscle of Fn14"/f and Fn145“° mice at indicated time points after injury. Scale bars: 50 um. (F-H) Quantitative analysis of
average myofiber cross-sectional area (CSA) in TA muscle of Fn14%/ and Fn14*® mice on (F) day 0, (G) day 5, and (H) day 14 after injury. (I) Representative
photomicrographs of transverse sections of 5-day-injured TA muscle of Fn14%f and Fn145° mice after immunostaining for eMyHC and laminin protein.
Nuclei were identified by staining with DAPI. Scale bars: 50 um. (J and K) Quantification of (J) average CSA of eMyHC* laminin* myofibers, and (K) percent-
age of eMyHC* laminin* myofibers containing 2 or more centrally located nuclei in 5-day-injured TA muscle of Fn14"f and Fn14**° mice. n = 3-6 mice in each
group. All data are presented as mean + SEM. *P < 0.05, values significantly different from contralateral uninjured muscle of Fn14%/ or Fn145° mice. *P <
0.05, values significantly different from corresponding 5-day- or 14-day-injured TA muscle of Fn14"" mice analyzed by 2-way ANOVA followed by Tukey's
multiple-comparison test. ®P < 0.05, values significantly different from corresponding Fn14™" mice analyzed by unpaired Student’s t test.

gene ontology (GO) annotations showed that several gene sets related to cell projection morphogenesis,
skeletal system development, muscle cell proliferation, cell-cell signaling, and positive regulation of stem
cell proliferation were downregulated in Fn14-KO compared with WT cultures. By contrast, the gene sets
involved in the regulation of myoblast and myotube differentiation, negative regulation of cell prolifera-
tion, and tyrosine phosphorylation of STAT protein were upregulated in Fn14-KO cultures (Figure 4A).
Further analysis of DEGs showed that gene expression of many molecules associated with cell prolifera-
tion and migration were downregulated in Fn14-KO cultures compared with WT cultures (Figure 4B and
Supplemental Figure 4A). To validate the role of Fnl4 in the proliferation of myogenic cells, WT and
Fn14-KO cells were incubated in growth medium for 48 hours and pulsed with EAU for 1 hour, followed
by detection of EAU" cells (Figure 4C). There was a significant reduction in the proportion of EAU" cells
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Figure 3. Fn14 regulates satellite cell number in regenerating skeletal muscle. (A) Representative photomicrographs
of 5-day-injured TA muscle sections of Fn14"" and Fn14°° mice after immunostaining for Pax7 (red) and laminin
(green) protein. Scale bars: 50 um. White arrows point to Pax7* satellite cells. (B and C) Average number of Pax7* cells
per unit area in (B) 5-day-injured and (C) 14-day-injured TA muscle of Fn14"/f and Fn14*%° mice. (D) Representative
FACS dot plots demonstrating the percentage of o7-integrin® cells in 5-day-injured TA muscle of Fn14™" and Fn14<°
mice. (E) Quantification of a7-integrin* satellite cells in 5-day-injured TA muscle of Fn14"" and Fn145*° mice assayed by
FACS. (F and G) Relative mRNA levels of (F) Pax7 and (G) Myod1, Myh3, and Myog in 5-day-injured TA muscle of Fn14f/f
and Fn145*° mice assayed by gPCR. n = 3-4 mice in each group. All data are presented as mean + SEM. #P < 0.05, values
significantly different from corresponding muscle of Fn14™" mice analyzed by unpaired Student’s t test.

in Fn14-KO cultures compared with WT cultures (Figure 4D). In another experiment, myoblast cultures
were also stained with anti-Pax7 and EdU (Supplemental Figure 4B) followed by quantification of Pax-
7*EdU" cells. Results showed that the proportion of Pax7*EdU* cells was significantly reduced in Fn14-
KO cultures compared with WT cultures (Supplemental Figure 4C). Lactate dehydrogenase (LDH) is a
stable enzyme present in all cells and released following plasma membrane damage and cell death (32).
Our analysis showed that there was no significant difference in the levels of LDH in culture supernatants
of WT and Fn14-KO myoblast cultures, suggesting that the deficiency of Fn14 does not affect the survival
of myogenic cells (Supplemental Figure 4D).

We next sought to investigate the role of Fnl4 in the proliferation of satellite cells in response to
muscle injury in vivo. For this experiment, TA muscle of 8-week-old male Fn14"" and Fn14*%° mice
was injured by intramuscular injection of 1.2% BaCl, solution. The mice were given a single i.p. injec-
tion of EdU on day 3 after injury and the TA muscle was isolated on day 14 after injury and processed
for detection of EdU, DAPI staining, and immunostaining for laminin protein (Figure 4E). Quantita-
tive analysis showed that the number of EdU* nuclei per unit area (mm?) was significantly reduced in
TA muscle of Fn14%° mice compared with Fn14"® mice (Figure 4F). To further validate the role of
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Figure 4. Fn14 mediates the activation and proliferation of satellite cells. (A) Gene ontology (GO) biological processes associated with downregulated

and upregulated genes. (B) Heatmap representing selected genes involved in the regulation of cell proliferation in cultured WT and Fn14-KO myogenic cells
generated after analysis of RNA-seq dataset. (C) WT and Fn14-KO myogenic cultures were pulse labeled with EdU for 60 minutes. Representative images
of the cultures after detection of EdU and Hoechst staining (nuclei detection). Scale bars: 50 um. (D) Quantification of percentage of EdU* cells in WT and
Fn14-KO cultures. n = 3 biological replicates in each group. (E) TA muscle of Fn14"™ and Fn14**° mice was injured by intramuscular injection of 1.2% BaCl,
solution. After 3 days, the mice were given an intraperitoneal injection of EdU and 11 days later TA muscles were collected and transverse muscle sections
were generated and stained to detect EdU, anti-laminin, and nuclei. Representative photomicrographs after EdU, laminin, and DAPI staining are presented
here. Scale bars: 50 um. (F) Quantification of the EdU* nuclei per unit area. n = 4 mice in each group. (G) Single myofibers were isolated from EDL muscle
of Fn14%f and Fn145%° mice. After 48 hours of culturing, the myofibers were pulse-labeled with EdU for 60 minutes. Representative merged images of
EdU* and DAPI-stained myofibers are presented here. Scale bars: 100 um. (H) Quantification of number of EdU* cells per myofiber. n = 3 mice in each
group. Analysis was done using 15-20 myofibers for each mouse. All data are presented as mean + SEM. #P < 0.05, values significantly different from WT
myoblast, or corresponding muscle of Fn14%/f mice, analyzed by unpaired Student’s t test.

Fn14 in satellite cell proliferation, we also established single myofiber cultures from extensor digitorum
longus (EDL) muscle of male Fnl4"" and Fn14*X° mice and the myofiber-associated satellite cells
were analyzed after 48 hours of culturing. Consistent with the in vitro and in vivo results, we found a
significant reduction in the number of EAU™* cells per myofiber in cultures from Fn14*%° mice compared
with Fn14"" mice (Figure 4, G and H). Altogether, these results suggest that Fnl4 is essential for the
proliferation of muscle progenitor cells.
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Fnl4 is required for satellite cell self-renewal. In addition to generating sufficient numbers of myoblasts
during skeletal muscle regeneration, activated satellite cells play a crucial role in maintaining their own
reserve pool via self-renewal, which is essential for sustaining continuous muscle regeneration throughout
the lifespan of the organism (33). To investigate the role of Fnl14 in satellite cell self-renewal, we employed
a re-injury model, involving 2 injuries separated by 3—4 weeks (30, 34, 35). Twenty-one days after the first
injury, the TA muscle of Fn14"" and Fn14*K° mice was re-injured using intramuscular injection of 1.2%
BaCl, solution. The TA muscle was isolated on day 5 after the second injury and analyzed by performing
H&E staining, Sirius red staining, and immunostaining for Pax7 and laminin protein (Figure 5, A and
D). There was a significant reduction in the proportion of myofibers containing 2 or more nuclei in TA
muscle of Fn14*X° mice compared with Fn14"% mice (Figure 5B). Additionally, there was an increase in
connective tissue in Fn14s%° mice compared with Fn14"" mice assessed by Sirius red staining (Figure 5C).
Remarkably, the number of Pax7* cells per unit area (mm?) was significantly reduced in TA muscle of
Fn14*%° mice compared with Fn14"" mice after double injury (Figure 5E).

The GO term analysis of DEGs revealed a significant downregulation in the gene expression of mole-
cules involved in cell-cell signaling in Fn14-KO cultures (Figure 4A). Notch is an important cell-cell signal-
ing pathway that is essential for satellite cell self-renewal and proliferation during regenerative myogenesis
(12, 36-38). Indeed, our RNA-seq analysis showed that gene expression of several molecules associated
with the maintenance of stem cell population, including components of Notch signaling, was downregulat-
ed in primary myoblast cultures of Fn14-KO mice compared with WT mice (Figure 5F). Moreover, levels
of cleaved Notchl protein were significantly reduced in Fn14-KO cultures compared with WT cultures,
indicating an inhibition in Notch signaling in Fn14-KO cultures (Figure 5, G and H). Furthermore, gPCR
analysis showed that there was a significant reduction in the mRNA levels of Notch receptors (Notchl and
Notch3), Notch ligands (Jagged? and DIlI), and Notch target genes (HesI, Hes6, and HeyL) in 5-day-injured
TA muscle of Fnl14**° mice compared with the corresponding muscle of Fn14"" mice (Figure 5I). These
results suggest that targeted deletion of Fn14 inhibits self-renewal of satellite cells.

Fnl4 prevents precocious differentiation of satellite cells. GO analysis of DEGs in the RNA-seq experiment
demonstrated significant upregulation of pathways related to myoblast and myotube differentiation (Figure
4A). Further analysis of DEGs showed that mRNA levels of several molecules associated with muscle dif-
ferentiation, including myogenin and Myf6, were significantly upregulated in Fn14-KO cultures compared
with WT cultures (Figure 6A). Based on the expression of Pax7 and MyoD, the progeny of satellite cell
can be classified as self-renewing (Pax7*MyoD"), activated/proliferating (Pax7*MyoD"), or differentiating
(Pax7-MyoD*) (35, 39). To directly assess the role of Fnl4 in myogenic differentiation, equal numbers of
WT and Fn14-KO primary myoblasts were seeded in culture plates and incubated in growth medium for
24 hours followed by immunostaining for Pax7 and MyoD proteins. Results showed that the proportion of
Pax7*MyoD* cells was significantly decreased, whereas the proportion of Pax7 MyoD* cells was signifi-
cantly increased, in Fn14-KO cultures compared with WT cultures (Supplemental Figure 4, E-G). Further-
more, Western blot analysis showed a significant decrease in the protein levels of Pax7 and an increase in
the levels of myogenin in Fn14-KO cultures compared with WT cultures (Figure 6, B and C).

We next established single myofiber cultures from the EDL muscle of male Fnl14% and Fn14*X° mice
and performed anti-Pax7 and anti-MyoD staining at 0 hours and 72 hours of culturing (Figure 6D). While
there was no significant difference in the number of Pax7* cells per myofiber, a significant increase in the num-
ber of MyoD* cells per myofiber was observed in the freshly isolated myofibers of Fn14:*X° mice compared
with Fn14Y% mice (Figure 6, E and F). After 72 hours in suspension culture, the number of clusters per myo-
fiber was significantly reduced in myofiber cultures prepared from Fn14:X° mice compared with Fn14%! mice
(Figure 6G). Importantly, there was a significant decrease in the proportion of Pax7*MyoD- (self-renewing)
and Pax7*MyoD* (activated) cells along with a significant increase in the proportion of Pax7 MyoD* (differ-
entiating) cells per myofiber in Fn14s%° cultures compared with Fn14" cultures (Figure 6, H-J). Collectively,
these results suggest that the absence of Fn14 leads to premature differentiation of muscle progenitor cells.

Deletion of Fnl4 leads to hyperactivation of STAT signaling. JAK/STAT signaling plays an important role
in the regulation of satellite cell function and muscle regeneration (20, 21). Interestingly, GO term analysis
of DEGs from the RNA-seq experiments showed a significant deregulation of the molecules involved in the
regulation of tyrosine phosphorylation of STAT protein and JAK/STAT signaling in Fn14-KO cultures (Fig-
ure 4A and Figure 7A). Interestingly, Western blot analysis showed a dramatic increase in phosphorylation
of STAT3 protein at S727 and Y705 residues without having any effect on total levels of STAT3 protein in
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Figure 5. Fn14 promotes satellite cell self-renewal. (A) TA muscle of Fn14"" and Fn14:“® mice was injured by intramuscular injection of 1.2% BaCl, solu-
tion. After 21 days, the same TA muscle was injured again, and the muscle was isolated 5 days later. Representative photomicrographs of H&E- and Sirius
red-stained TA muscle sections. Scale bars: 50 um. Quantification of (B) percentage of myofibers containing 2 or more centrally located nuclei and (C)
percentage of total area stained with Sirius red. (D) Representative photomicrograph and (E) quantification of Pax7* cells per unit area in double-injured
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cultures generated after analysis of RNA-seq dataset. (G) Immunoblots and (H) densitometry analysis showing levels of cleaved Notch1 and total Notch1
protein in WT and Fn14-KO cultures. n = 3 biological replicates in each group. (I) Relative mRNA levels of Notch receptors (Notch1, Notch2, and Notch3),
Notch ligands (Jagged1, Jagged2, DII1, and DIl4), and Notch targets (Hes1, Hes6, Heyl, and Hey1) in 5-day-injured TA muscle of Fn14™" and Fn145° mice. n =
4 mice in each group. All data are presented as mean + SEM. *P < 0.05, values significantly different from corresponding muscle of Fn14™" mice analyzed
by unpaired Student’s t test.

5-day-injured TA muscle of Fn14s*° mice compared with the corresponding muscle of Fn14"" mice (Figure
7B and Supplemental Figure 5A). There was also a small but significant increase in the levels of p-STAT2 in
5-day-injured TA muscle of Fn145%° mice compared with Fn14"" mice. Interestingly, levels of total STAT2
and STATS5 proteins were also significantly higher in 5-day-injured TA muscle of Fn14° mice compared
with Fn14%" mice. In contrast, there was no difference in the levels of p-STATS5 or total STAT3 protein in
injured TA muscle of Fn14%" and Fn14*%° mice (Figure 7B and Supplemental Figure 5A). Similar to the
in vivo results, we also found an increase in the levels of p-STAT3 protein in Fn14-KO cultures compared
with WT cultures of myogenic cells (Figure 7C and Supplemental Figure 5B). We next sought to determine
whether activated STAT3 has any role in the proliferation and differentiation of Fn14-KO myogenic cells.
Primary myoblasts prepared from WT and Fn14-KO mice were transfected with control or STAT3 siRNA.
After 24 hours of transfection, cellular proliferation was evaluated by pulse labeling of the cells with EAU
for 60 minutes (Figure 7D). Results showed that the siRNA-mediated knockdown of STAT3 significantly
increased the proportion of EQU" cells in Fn14-KO cultures compared with cultures transfected with control
siRNA (Figure 7E). By performing Western blotting, we also investigated the effect of silencing of STAT3
on the protein levels of Pax7 and myogenin in WT and Fn14-KO cultures. While there was no significant
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genes, and inhibitors of JAK/STAT signaling in WT and Fn14-KO cultures generated after analysis of RNA-seq dataset. (B) Immunoblots showing protein
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Fn14-KO myoblasts were transfected with control and STAT3 siRNA. After 24 hours, the cells were pulse labeled with EdU for 60 minutes and analyzed
for EdU incorporation. Representative photomicrographs are presented here. Scale bars: 100 um. (E) Quantification of percentage of EdU*Hoechst33258*
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cultures transfected with control siRNA. #P < 0.05, values significantly different from corresponding WT cultures analyzed by 2-way ANOVA followed by

Tukey’s multiple-comparison test.

effect on the levels of Pax7 protein, knockdown of STAT3 significantly reduced the levels of myogenin pro-
tein in Fn14-KO cultures (Figure 7, F and G). Interestingly, knockdown of STAT3 increased levels of Fn14
protein, suggesting a feedback mechanism between Fnl4 and STAT3 signaling (Figure 7, F and G). These
results suggest that the upregulation of STAT3 signaling contributes to reduced proliferation and precocious
differentiation of Fnl4-deficient satellite cells.

Deletion of Fnl4 in satellite cells attenuates regeneration and exacerbates myopathy in dystrophic muscle of mdx
mice. Dystrophic muscle of mdx and D2.mdx mice (mouse models of DMD) undergo repetitive cycles of
degeneration and regeneration, making them a valuable model for studying muscle repair in response to
chronic injury (40, 41). We first analyzed a published scRNA-seq dataset (NCBI GEO GSE213925) (42) to
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Figure 8. Satellite cell-specific ablation of Fn14 exacerbates dystrophic phenotype in mdx mice. (A) Heatmaps showing expression of Fn14 (gene:
Tnfrsf12a), TWEAK (gene: Tnfsf12), Nfkb1, Nfkb2, Rela, Relb, and Nfkbia in muscle stem cells of WT and mdx, and WT and D2.mdx mice analyzed from a
publicly available single-cell dataset (GSE213925). (B) Representative pictures of 7-week-old mdx;Fn14%f and mdx;Fn145° mice. Quantitative analysis of
(C) body weight, and (D) wet weight of tibialis anterior (TA), gastrocnemius (GA), and quadriceps (QUAD) muscle normalized by BW of corresponding mice.
(E) Representative photomicrographs of GA muscle sections of 7-week-old mdx;Fn14% and mdx;Fn145° mice after H&E staining, anti-eMyHC staining, or
anti-Pax7/anti-laminin/DAPI staining. White arrows point to satellite cells in muscle sections. Scale bars: 50 um. Quantification of (F) number of centro-
nucleated fibers (CNF) per field, (G) average CSA of eMyHC* myofibers, and (H) average number of Pax7* cells per unit area. n = 3-6 mice in each group. All
data are presented as mean = SEM. #P < 0.05, values significantly different from mdx;Fn14%/" mice analyzed by unpaired Student’s t test.

determine how the gene expression of Fn14 is regulated in muscle stem cells of dystrophic muscle of mdx
and D2.mdx mice. Interestingly, transcript levels of Fn14, TWEAK, and various components of canonical
and noncanonical NF-«B signaling were reduced in satellite cells of mdx and D2.mdx mice compared with
corresponding WT mice (Figure 8A). To understand the role of satellite cell Fnl4 signaling in the progres-
sion of the dystrophic phenotype, we crossed Fn14*° mice with mdx mice to generate littermate mdx;Fn-
145%0 and mdx;Fn14"% mice. At the age of 3 weeks, male mdx;Fn14"" and mdx;Fn14**° mice were given
daily i.p. injections of tamoxifen for 4 consecutive days to induce Cre-mediated recombination and were
kept on a tamoxifen-containing chow for the entire duration of the study. The mice were analyzed at the
age of 7 weeks. Deletion of Fnl4 led to a significant reduction in the size and body weight of mdx;Fn145K0
mice compared with mdx;Fn14%1 mice (Figure 8, B and C). Moreover, wet weight of TA, gastrocnemius
(GA), and quadriceps (QUAD) muscles normalized by body weight was significantly reduced in mdx;Fn-
145%° mice compared with mdx;Fn14"% mice (Figure 8D). Analysis of H&E-stained GA muscle sections
showed signs of exacerbated myopathy marked by a significant decrease in the number of centronucleated
fibers in mdx;Fn14*%° mice compared with mdx;Fn14"% mice (Figure 8, E and F). Moreover, the average
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Figure 9. Overexpression of Fn14 improves engraftment of myoblasts into dystrophic muscle. (A) Western blot
demonstrating levels of Fn14 protein in myoblasts transduced with EGFP (control) or Fn14-overexpressing (Fn140E)
retrovirus. (B) TA muscle of 8-week-old mdx mice was injured by intramuscular injection of 1.2% BaCl, solution. After
24 hours, the muscle was injected with 1 x 10° primary myoblasts stably transduced with control or Fn140E retrovirus.
After 28 days, the TA muscle was isolated and weighed. (C) Representative anti-dystrophin-stained images of TA mus-
cle sections of mdx mice transplanted with control or Fn140E myoblasts. Scale bars: 50 um. (D) Quantitative analysis
of average CSA of dystrophin* myofibers in TA muscle of mdx mice transplanted with control or Fn140E myoblasts. n =
3-4 mice in each group. All data are presented as mean + SEM. *P < 0.05, values significantly different from TA muscle
injected with control myoblasts by unpaired Student’s t test.

CSA of eMyHC" myofibers and the number of Pax7* cells per unit area were also significantly reduced in
mdx;Fn145%° mice compared with mdx;Fn14%" mice (Figure 8, E, G, and H).

To further evaluate the role of Fnl4 in satellite cell function, we performed myoblast transplantation
and studied their engraftment in skeletal muscle of mdx mice (43, 44). Cultured myoblasts prepared from
WT mice were stably transduced with control or Fnl4-overexpressing (Fn14OE) retrovirus. Western blot
analysis confirmed overexpression of Fnl4 in myoblasts transduced with Fn14OE retrovirus (Figure 9A).
Next, TA muscle of mdx mice was injured by intramuscular injection of 1.2% BaCl, solution. After 24
hours, the TA muscle was injected with control or Fn14OE myoblasts. After 4 weeks, the TA muscle was
isolated and analyzed. While there was no significant difference in wet weight of TA muscle injected with
control or Fn140E myoblasts (Figure 9B), there was a significant increase in the average CSA of dystro-
phin* myofibers in the TA muscle injected with Fn14OE myoblasts compared with that injected with con-
trol myoblasts (Figure 9, C and D). Collectively, these results suggest that targeted ablation of Fn14 exacer-
bates myopathy in mdx mice potentially due to impairment in muscle regeneration and overexpression of
Fnl4 in exogenous myoblasts enhances their engraftment in dystrophic muscle of mdx mice.

Discussion

Skeletal muscle regeneration is a complex process that involves a number of intrinsic and extrinsic fac-
tors, which regulate the activation, proliferation, and differentiation of muscle progenitor cells (24). The
TWEAK receptor Fnl4 is expressed on the cell surface of a variety of mesenchymal cells, including muscle
progenitor cells (27, 29, 45). An earlier study showed that muscle regeneration is delayed in whole-body
Fn14-KO mice potentially due to reduced expression of chemokines, which promotes the recruitment of
phagocytic cells after muscle damage (29). We recently demonstrated that deletion of Fnl4 in myoblasts,
but not in differentiated myofibers, inhibits muscle regeneration following acute injury and Fn14 regulates
the myoblast fusion step during muscle repair (30). The role of Fn14 in myoblast fusion is also supported by
another report demonstrating that low doses of recombinant TWEAK protein promote fusion of cultured
myoblasts (46). However, the role of Fnl4 in the regulation of satellite cell function remained unknown.
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In this study, we demonstrate that Fnl4-mediated signaling is crucial for satellite cell homeostasis
and function during skeletal muscle regeneration. Interestingly, we found that the levels of Fnl4, but not
TWEAK, are increased in the satellite cells during muscle regeneration (Figure 1). Published reports suggest
that the activity of the TWEAK-Fn14 system is enhanced mainly due to highly inducible local expression
of Fnl4 after injury in many tissues (26-28). Therefore, it is likely that the increased expression of Fnl4 in
satellite cells is sufficient to activate the TWEAK/Fn14 signaling in these cells during muscle regeneration.
Alternatively, it is also possible that elevated expression of Fn14 activates the downstream signaling pathways
in satellite cells independently of TWEAK cytokine. Indeed, previous studies have demonstrated that overex-
pression of Fnl4 can activate downstream signaling pathways in the absence of TWEAK cytokine (27, 28).

Deletion of Fn14 in satellite cells of mice inhibits regenerative myogenesis, which is also evidenced by
the findings that the expression of eMyHC protein persisted in Fn14**° mice even on day 21 after injury
(Figure 2 and Supplemental Figure 2). Interestingly, the effect of satellite cell-specific deletion of Fnl4
on muscle regeneration observed in this study (Figure 2) was much more pronounced than that observed
in whole-body Fn14-KO mice, which also show a delay in muscle regeneration after acute injury (29, 30).
These differences in the severity of regeneration defects between whole-body and conditional satellite cell—
specific Fn14-KO mice could be attributed to the fact that in whole-body Fn14-KO mice, the deficiency of
Fnl4 in satellite cells may be partially compensated by other factors present during embryonic develop-
ment. Moreover, it is possible that the lack of Fnl4 signaling in other cell types also influences the injured
muscle microenvironment, including the inflammatory response, which may compensate for the lack of
Fn14 in satellite cells to some extent. For our present study, we used tamoxifen-inducible satellite cell-spe-
cific Fn14-KO mice, which allows understanding the role of satellite cell Fn14 signaling in skeletal muscle
regeneration that is devoid of any confounding effects of Fn14 deficiency during muscle development and
in other cell types that are present in regenerating skeletal muscle.

Our results also demonstrate that Fnl4 plays a crucial role in the self-renewal and proliferation of sat-
ellite cells following injury-induced muscle regeneration. There was a dramatic reduction in the abundance
of satellite cells in regenerating muscle of Fn14:%° mice (Figures 3 and 5). Several signaling pathways have
now been identified that regulate satellite cell fate and their ability to repair injured myofibers. Notch sig-
naling is essential for the self-renewal and proliferation of satellite cells and to inhibit their differentiation
into myogenic lineage through repressing the levels of MyoD (8, 9, 11, 12). Moreover, Notch3 is required
for maintaining the quiescent satellite cell population in adult skeletal muscle (47). Genetic ablation of
either Notchl or Notch2 alone in activated satellite cells attenuates population expansion and self-renewal
but induces premature myogenesis (13). Intriguingly, our results demonstrate that the levels of Pax7 and
cleaved Notchl protein are reduced in cultured Fn14-KO myoblasts. Furthermore, the gene expression of
various components of Notch signaling, including receptors, ligands, and target genes was significantly
reduced in regenerating muscle of Fn14*° mice compared with corresponding control mice (Figure 5,
G-I), suggesting a signaling crosstalk between Fnl4 and Notch pathways to promote the self-renewal and
proliferation of satellite cells in adult skeletal muscle.

A striking observation of the present study was that the gene expression of multiple components of the
JAK/STAT signaling pathway, including ligands (e.g., IL-6) and target genes was significantly upregulated,
whereas the expression of negative regulators (e.g., Socs2, Socs3, and Socs5) of this pathway was reduced in
Fn14-KO myoblast cultures compared with the corresponding controls (Figure 7A). Our experiments further
demonstrate that satellite cell-specific deletion of Fnl4 leads to the activation of STAT3 signaling in regener-
ating muscle as well as in cultured myoblasts (Figure 7, B and C). It has been previously reported that extracel-
lular molecules, such as IL-6 and leukemia inhibitory factor, activate STAT3 that augments myogenic differ-
entiation through interaction with the transcription factor MyoD (48). Recent studies have demonstrated that
genetic ablation of STAT3 in satellite cells augments their expansion during muscle regeneration but inhibits
their differentiation (20). The study showed that transient STAT3 inhibition promotes satellite cell expansion
and improves tissue repair in both aged and dystrophic muscle of mice (20). Similarly, another study demon-
strated that genetic knockdown or pharmacological inhibition of JAK2 and STAT3 stimulates the proliferation
of satellite cells and their engraftment in vivo (21). In contrast, Zhu et al. demonstrated that physiological levels
of STAT3 are essential for the self-renewal of satellite cells during muscle regeneration (22). Our results demon-
strate that aberrant activation of STATS3 is responsible for the reduced proliferation and precocious differen-
tiation of Fnl4-deficient satellite cells (Figure 7). Interestingly, we also observed that knockdown of STAT3
augments the expression of Fnl4 in cultured myoblasts (Figure 7F), suggesting the presence of a regulatory
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circuitry between Fn14 and STAT3 in the regulation of satellite cell expansion and differentiation. Altogether,
our experiments demonstrate that Fn14 regulates both Notch and STAT?3 signaling, which may be important
mechanisms regulating the satellite cell content and function during regenerative myogenesis. Future studies
should investigate the molecular interactions through which Fn14 regulates these pathways in satellite cells.

The critical role of Fnl4-mediated signaling in satellite cell function is further supported by our find-
ings in the mdx mice. DMD is a genetic muscle disorder, which involves chronic degeneration and regen-
eration of myofibers and eventually replacement of muscle tissue by connective tissues (49, 50). The mdx
mouse model is widely used to study muscle regeneration in disease conditions and in response to repeated
cycles of injury (51, 52). Targeted deletion of Fnl4 in mdx mice exacerbates myopathy potentially due to
a reduced number of satellite cells, which results in the impairment of regeneration of injured myofibers
(Figure 8). Interestingly, we also found that the gene expression of Fnl4 and its downstream targets is sig-
nificantly reduced in muscle progenitor cells of both mdx and clinically relevant D2.mdx models of DMD,
suggesting that Fn14 is involved in the etiology of DMD (Figure 8A). The beneficial role of Fnl4-mediated
signaling in satellite cell function is supported by our findings that overexpression of Fnl4 in exogenous
muscle progenitor cells resulted in their enhanced engraftment when transplanted into the dystrophic mus-
cle of mdx mice (Figure 8, I-L). Since Fn14 also promotes myoblast fusion through augmenting the gene
expression of various profusion molecules (30), it is possible that in addition to improving abundance and
myogenic potential of satellite cells, overexpression of Fnl4 in muscle progenitor cells also augments their
fusion with injured myofibers of dystrophic muscle, resulting in a better engraftment.

The results of our present study and previously published reports demonstrate that Fnl4 signaling in
muscle progenitor cells is required for their proliferation and fusion with injured myofibers (30, 46). It is
notable that chronic stimulation of Fn14 by its ligand TWEAK has been shown to inhibit satellite cell self-re-
newal and myotube formation in cultured myoblasts after induction of differentiation (29, 53-55). Chronic
treatment with high levels of TWEAK protein might have broad nonspecific effects leading to impairment in
myogenesis and muscle atrophy (28, 53, 54, 56, 57). By contrast, overexpression of Fnl4 in myoblasts, even in
the absence of TWEAK cytokine, is sufficient to activate downstream signaling and augment myoblast fusion
without affecting myogenic differentiation (30), suggesting that overexpression of Fnl4 is a valid approach
to improve satellite cell myogenic potential and their fusion with injured myofibers to improve muscle repair.
Our studies were performed with TA and EDL muscles, which predominately contain fast twitch myofibers.
Future studies will investigate whether Fnl4-mediated signaling in satellite cells similarly regulates regenera-
tion in the soleus muscle and GA, which contain both slow and fast twitch myofibers.

In summary, the present study has identified a previously unrecognized role of Fnl4 in regulating
satellite cell homeostasis and function. Fnl4 is necessary for maintaining the satellite cell pool, sustaining
the myogenic potential upon stimulation, and regulating self-renewal following activation. While more
investigations are needed, our study suggests that augmenting the levels of Fnl4 in satellite cells could be
an important therapeutic approach for various muscle wasting conditions, such as aging and degenerative
muscle disorders.

Methods

Sex as a biological variable. All experiments involving animals were conducted using male mice at 7 to 12
weeks of age. However, no phenotype differences were observed between male and female mice in our
initial studies.

Animals. Whole-body Fn14-KO mice (29) and Fn14"" mice (58) were provided by Linda Burkly (Bio-
gen Inc., Cambridge, Massachusetts, USA). Fn14"® mice were crossed with Pax7-CreER™ mice (Jax strain:
B6;129-Pax 7m>1er/ERTIFan / ) to generate satellite cell-specific Fn14-KO (Fn14*%°) mice. Similarly, mdx mice
were crossed with Fn14:K© to generate mdx;Fn14**° mice and littermate mdx;Fn14"" mice. All mice were
in the C57BL/6J background. For Cre-mediated inducible deletion of Fn14 in satellite cells, Fn14*X° mice
were given an 1.p. injection of tamoxifen (10 mg per kg body weight) in corn oil for 4 consecutive days and
kept on tamoxifen-containing standard chow (Harlan Laboratories) for the entire duration of the experi-
ment. For the mdx;Fn14**° mice, injections of tamoxifen were given at the age of 3 weeks, for 4 days to
induce Cre-mediated recombination and mice were kept on a tamoxifen-containing chow and analyzed at
the age of 7 weeks. Fn14"" and mdx;Fn14"" mice were also injected with tamoxifen following the same
regimen and served as controls. All surgeries were performed under anesthesia, and every effort was made
to minimize suffering.
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Skeletal muscle injury. TA muscle of adult mice was injected with 50 pL of 1.2% BaCl, (Sigma Chemical
Co.) dissolved in saline to induce necrotic injury. The mice were euthanized at different time points after
injury and TA muscle was isolated for biochemical and morphometric analysis.

Histology and morphometric analysis. Uninjured or injured TA muscle was isolated from mice and sec-
tioned with a microtome cryostat. For the assessment of muscle morphology and quantification of myofi-
ber CSA, 8-um-thick transverse sections of TA muscle were stained with H&E. Sirius red (StatLab) staining
was performed to visualize fibrosis. Stained muscle sections were visualized, and images were captured
using an inverted microscope (Nikon Eclipse Ti-2E), a digital camera (Digital Sight DS-Fi3, Nikon), and
NIS Elements AR software (Nikon) at room temperature. ImageJ software (NIH) was used for quantitative
analysis and image levels were equally adjusted using Photoshop CS6 software (Adobe).

Immunohistochemistry. Frozen TA muscle sections were fixed in acetone or 4% paraformaldehyde (PFA)
in PBS, blocked in 2% bovine serum albumin in PBS for 1 hour, followed by incubation with anti-Pax7
or anti-eMyHC and anti-laminin in blocking solution at 4°C overnight under humidified conditions. The
sections were washed briefly with PBS before incubation with goat anti-mouse—Alexa Fluor 594 or 568
and goat anti-rabbit—Alexa Fluor 488 secondary antibody for 1 hour at room temperature and then washed
3 times for 15 minutes each with PBS. Nuclei were counterstained with DAPI. The slides were mounted
using fluorescence medium (Vector Laboratories).

Isolation and culturing of primary myoblasts. Primary myoblasts were prepared from the hind limbs of
8-week-old male mice following a previously described protocol (59, 60). Cultures were transfected with
control or STAT3 siRNA (Santa Cruz Biotechnology) using Lipofectamine RNAiIMAX Transfection
Reagent (Thermo Fisher Scientific).

Generation and use of retroviruses. A pBABE-Puro empty vector and a pBABE-Puro-EGFP plasmid
were purchased from Addgene. Mouse Fnl4 cDNA was isolated and ligated at BamHI and Sall sites in
the pBABE-Puro plasmid. The integrity of the cDNA was confirmed by performing DNA sequencing.
Approximately 5 x 10° Platinum-E packaging cells (Cell Biolabs, Inc.) were transfected with 10 pg of
pBABE-Puro-Fn14 or pPBABE-Puro-EGFP using FuGENE-HD (Promega). After 24 hours of transfection,
the media were replaced with growth media supplemented with 10% FBS. After 48 hours of transfec-
tion, viral supernatants were collected, filtered through 0.45-um filters, and added to primary myoblasts in
growth media containing 10 pg/mL polybrene. After 2 successive retroviral infections, cells were selected
using 1.2 pg/mL puromycin for 1 week.

Myoblast transplantation. TA muscle of 8-week-old mdx mice was injured by an intramuscular injection
of 50 uL 1.2% BaCl, solution. After 24 hours, the muscle was injected with 1 x 10 primary myoblasts
prepared from WT mice and transduced with the retrovirus expressing EGFP (control) or Fnl14 cDNA.
Twenty-eight days after transplantation, the TA muscle was isolated and transverse sections made were
immunostained for dystrophin protein, followed by measuring average CSA of dystrophin® myofibers (44).

Isolation, culture, and staining of single myofibers. Single myofibers were isolated from EDL muscle after
digestion with collagenase II (Sigma-Aldrich) and trituration as previously described (61). Suspended fibers
were cultured in 60-mm horse serum—coated plates in DMEM supplemented with 10% FBS (Invitrogen),
2% chicken embryo extract (Accurate Chemical and Scientific Corporation), 10 ng/mL basis fibroblast
growth factor (PeproTech), and 1% penicillin-streptomycin for 3 days. Freshly isolated fibers and cultured
fibers were fixed in 4% PFA and stained with anti-Pax7 (1:10; Developmental Studies Hybridoma Bank
[DSHB]) and MyoD (1:200; sc-377460, Santa Cruz Biotechnology Inc.).

Cell proliferation assay. Satellite cell or myoblast proliferation was assayed by labeling the cells with EAU
using a Click-iT EdU Cell Proliferation Assay kit (Invitrogen) as previously described (55). To study prolif-
eration of muscle progenitor cells in vivo, the mice were given an i.p. injection of EAU (4 ug per gram body
weight) on day 3 after BaCl,-medited injury of TA muscle. On day 11 after EdU injection, the mice were
euthanized, and TA muscle was isolated and transverse sections were made. The TA muscle sections were
subsequently immunostained with anti-laminin for marking boundaries of myofibers and processed for the
detection of EAU™ nuclei. In case of single myofiber or myoblast cultures, EQU pulse labeling was performed
for 60 minutes. The EAU* nuclei on muscle sections were detected as instructed in the Click-iT EdU Alexa
Fluor 488 Imaging Kit (Invitrogen). DAPI or Hoechst stain was used to identify nuclei. Finally, images were
captured and the number of intramyofiber EAU* myonuclei per myofiber, percentage of 2 or more EdU*
centrally nucleated fibers, and percentage of EdU* myonuclei/total DAPI* nuclei were evaluated using NTH
ImagelJ software. Three to 4 different sections from the mid-belly of each muscle were included for analysis.
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FACS. Satellite cells from injured TA muscle were analyzed by FACS. After muscle digestion with
collagenase type II, cells were incubated in DMEM (supplemented with 2% FBS). For satellite cell quantifi-
cation or isolation from heterogeneous cell populations, cells were immunostained with antibodies against
CD45, CD31, Sca-1, and Ter-119 for negative selection (all PE conjugated), and against a7-integrin (APC
conjugated) for positive selection. To detect Fnl4 expression in satellite cells, the cells were also incubated
with anti-Fn14 and then incubated with anti-mouse IgG2b FITC secondary antibody. FACS analysis was
performed on an Accuri C6 cytometer (BD Biosciences) equipped with 3 lasers. The output data were pro-
cessed, and plots were prepared using FlowJo software (BD Biosciences).

Satellite cell isolation. Satellite cells were isolated from uninjured and injured TA muscles of WT,
Fn14"% and Fn14*%° mice using a Satellite Cell Isolation Kit, mouse (Miltenyi Biotec). Briefly, TA muscle
of 8-week-old mice was injured by an intramuscular injection of 50 uL 1.2% BaCl, solution. After 5 or 21
days, muscles were isolated, washed in PBS, minced into coarse slurry, and enzymatically digested at 37°C
for 1 hour by adding 2% collagenase II (Gibco/Life Technologies). The digested slurry was spun, pelleted,
and triturated several times and then passed through a 70 um and then 30 pm cell strainer (BD Falcon). The
filtrate was spun at 1,000g and the cell pellets were used for satellite cell isolation using the manufacturer’s
protocol (Miltenyi Biotec).

LDH assay. The amount of LDH in culture supernatants was measured using a commercially available
LDH Cytotoxicity Assay kit following the protocol suggested by the manufacturer (Thermo Fisher Scientific).

RNA isolation and gPCR. RNA isolation and qPCR were performed following a standard protocol, as
described previously (59). In brief, total RNA was extracted from injured TA muscle or freshly isolated
satellite cells of mice using TRIzol reagent (Thermo Fisher Scientific) and an RNeasy Mini Kit (Qiagen)
according to the manufacturers’ protocols. First-strand cDNA for PCR analyses was made with a com-
mercially available kit (iScript cDNA Synthesis Kit, Bio-Rad). The quantification of mRNA expression
was performed using the SYBR Green dye (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad)
method on a sequence detection system (CFX384 Touch Real-Time PCR Detection System, Bio-Rad). The
sequences of the primers are described in Supplemental Table 1. Data normalization was accomplished
with an endogenous control (B-actin), and the fold change in the normalized values between control and
experimental groups was calculated using the 2724 method.

Western blot. Relative amounts of various proteins were determined by performing immunoblotting using
primary antibodies (Supplemental Table 2) following a previously described protocol (59). Approximate molec-
ular masses were determined by comparison with the migration of prestained protein standards (Bio-Rad).

Analysis of scRNA-seq dataset. The publicly available dataset (GSE143437) raw data were processed using
Seurat package in R software (v4.2.2) to analyze gene expression of specific molecules in satellite cells of
WT mice at different time points after injury. Similarly, another publicly available dataset (GSE213925) was
analyzed to study the gene expression of the same molecules in satellite cells of WT, mdx, and D2.mdx mice.

RNA-seq and data analysis. Total RNA from WT and Fn14-KO cultures was extracted using TRIzol
reagent (Thermo Fisher Scientific) using the RNeasy Mini Kit (Qiagen). The mRNA-seq library was pre-
pared using poly(A)-tailed enriched mRNA at the UT Cancer Genomics Center using the KAPA mRNA
HyperPrep Kit protocol (KK8581, Roche) and KAPA Unique Dual-indexed Adapter kit (KK8727, Roche).
The Illumina NextSeq 550 was used to produce 75-base paired-end mRNA-seq data at an average read
depth of approximately 38M reads/sample. RNA-seq fastq data were processed using the CLC Genomics
Workbench 20 (Qiagen), followed by trimming of adapter sequences and alignment to the mouse reference
genome Refseq GRCm39.105 from the Biomedical Genomics Analysis Plugin 20.0.1 (Qiagen). Normaliza-
tion of RNA-seq data was performed using trimmed mean of M values. Genes with an absolute fold change
(FC) of 1.5 or greater (or log,FC > 0.5) and P value of less than 0.05 were assigned as DEGs. We have
previously published results based on the dataset (accession code provided in Data availability) (30). We uti-
lized a subset of these samples (only 0-hour time point) to evaluate gene expression of different molecules
associated with satellite cell function. Heatmaps were generated by using the heatmap.2 function (62) with
z-scores calculated based on transcripts per million (TPM) values. Average of absolute TPM values for
control group are provided in Supplemental Table 3. TPM values were converted to log(TPM + 1) to han-
dle zero values. Genes involved in specific pathways were manually selected for heatmap expression plots.

Statistics and experimental design. The sample size was calculated using power analysis methods for a
priori determination based on the SD and the effect size was previously obtained using the experimental
procedures employed in the study. For animal studies, we calculated the minimal sample size for each

JCl Insight 2025;10(5):e187825 https://doi.org/10.1172/jci.insight.187825 17



. RESEARCH ARTICLE

group as 8 animals. Considering a likely drop-off effect of 10%, we set sample size of each group of 6 mice.
For some experiments, 3 to 4 animals were sufficient to obtain statistically significant differences. Animals
with same sex and same age were employed to minimize physiological variability and to reduce SD from
the mean. The exclusion criteria for animals were established in consultation with a veterinarian and exper-
imental outcomes. In case of death, skin injury, ulceration, sickness, or weight loss of greater than 10%, the
animal was excluded from analysis. Tissue samples were excluded in cases such as freeze artifacts on his-
tological sections or failure in extraction of RNA or protein of suitable quality and quantity. We included
animals from different breeding cages by random allocation to the different experimental groups. All ani-
mal experiments were blinded using number codes until the final data analyses were performed. Statistical
tests were used as described in the figure legends. Results are expressed as mean = SEM. Statistical analyses
used 2-tailed Student’s ¢ test or 2-way ANOVA followed by Tukey’s multiple-comparison test to compare
quantitative data populations with normal distribution and equal variance. A P value of 0.05 or less was
considered statistically significant unless otherwise specified.

Study approval. All animal procedures were conducted in strict accordance with the institutional guide-
lines and were approved by the Institutional Animal Care and Use Committee and Institutional Biosafety
Committee of the University of Houston (PROT0201900043).

Data availability. All relevant raw data related to this manuscript are available in the Supporting Data
Values file. Raw data files for RNA-seq experiments can be found in the NCBI SRA repository using the
accession code PRINA999372.
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