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Abstract

TNF-related apoptosis-inducing ligand (TRAIL) is known to induce apoptosis in cancer cells,
although non-apoptotic functions have also been reported for this cytokine in various cell types.
TRAIL and its receptor TRAIL-R2 are expressed in skeletal muscles, but a potential role of
muscle-derived TRAIL in myogenesis has not been explored. Here we report that TRAIL is an
autocrine regulator of myogenic differentiation. Knockdown of TRAIL or TRAIL-R2 enhanced
C2C12 myoblast differentiation, and recombinant TRAIL inhibited expression of the cell cycle
inhibitor p21, accompanied by suppression of myoblasts from exiting the cell cycle, a requisite
step in the myogenic differentiation process. Blocking cell cycle progression restored
differentiation from inhibition by recombinant TRAIL, supporting the notion that TRAIL exerts its
effect in myogenesis through modulating cell cycle exit. We also found that TRAIL knockdown
led to enhanced muscle regeneration in mice upon injury, recapitulating the in vitro observation.
Additionally, inhibition of ERK activation reversed the negative effect of recombinant TRAIL on
p21 expression and myoblast differentiation, suggesting that ERK signaling may be a mediator of
TRAIL’s function to suppress cell cycle withdrawal and inhibit differentiation. Taken together, our
findings uncover a muscle cell-autonomous non-apoptotic function of TRAIL in skeletal
myogenesis.
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Introduction

TRAIL, also known as TNFSF10 (tumor necrosis factor superfamily member 10) and
Apo2L, was initially identified as a member of the TNF family with a capacity to induce
apoptosis in various types of transformed cells (1,2). Since then, TRAIL has been widely
studied in oncology because of its antitumor properties. For example, suppression of tumor
growth by treatment with TRAIL has been reported from mouse xenograft models (3,4).
Conversely, TRAIL knockout mice were more susceptible to transplanted lymphoma, as
indicated by the knockout animals’ lower survival rates than the wild-type counterparts due
to tumor burden (5).

TRAIL is expressed as a type Il transmembrane protein, which can be subsequently cleaved
to release a soluble form that retains biological activities of full-length TRAIL. Both
membrane-bound TRAIL and soluble TRAIL are present as homotrimers. In humans, five
TRAIL receptors have been identified (6,7). TRAIL receptors 1-4 (TRAIL-R1-4) are type |
transmembrane proteins. TRAIL-R1 (also known as DR4 and TNFRSF10A) and TRAIL-R2
(also known as DR5 and TNFRSF10B) can induce apoptosis through their cytoplasmic
death domain (8). Thus, binding of TRAIL by TRAIL-R1 or TRAIL-R2 leads to formation
of the death-inducing signaling complex (DISC) and triggers a caspase cascade, resulting in
apoptosis (6). TRAIL can also bind TRAIL-R3 (also known as DCR1 and TNFRSF10C) and
TRAIL-R4 (also known as DCR2 and TNFRSF10D). However, due to the lack of a
cytoplasmic death domain, these two receptors cannot further transduce apoptotic signals
and they act as decoy receptors by competing for ligand binding (9). Lastly, TRAIL can bind
to a soluble decoy receptor, osteoprotegerin (OPG, also known as TNFRSF11B), which also
functions as a decoy receptor for receptor activator of NF-kappaB ligand (RANKL) (10,11).
In mice, TRAIL-R2 is the only apoptosis-related receptor displaying marked sequence
homology with human TRAIL-R1 (43%) and TRAIL-R2 (49%) (12). Two decoy receptors
without signaling capacity, mDcTRAIL-R1 (or TNFRSF23) and mDcTRAIL-R2 (or
TNFRSF22), have been identified in mice (13,14). In addition, mouse OPG is believed to
also function as a soluble decoy receptor (6).

Aside from the pro-apoptotic signaling through DISC, TRAIL and its receptors can induce
apoptosis-independent signaling (15). It has been reported that TRAIL can activate NF-xB,
leading to proliferation of Jurkat cells (16) or migration and invasion of human
cholangiocarcinoma (CCA) cells (17). TRAIL also activates the Jun N-terminal kinase
(JNK) and p38 Mitogen-Activated Protein Kinase (MAPK) pathways in HT1080 cells (15).
Moreover, it has been shown that another member of the MAPK family, ERK1/2 is activated
by TRAIL, leading to human endothelial cell proliferation (18) or proliferation and
migration of vascular smooth muscle cells (19).

Adult skeletal muscles in mammals have the capacity to undergo robust regeneration upon
damage or injury, owing to the activation of quiescent satellite cells (20). Activated satellite
cells proliferate and then withdraw from the cell cycle, followed by differentiation and
fusion to form new or repaired myofibers. This sequential process of proliferation, cell cycle
withdrawal, differentiation and fusion can be recapitulated in vitro by cultured myoblasts,
such as the mouse satellite cell-derived C2C12 cells (21,22). TRAIL and TRAIL-R2 were
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reported to express in cultured mouse myoblasts, in which a recombinant TRAIL induced
apoptosis through TRAIL-R2 (23). TRAIL is also expressed in human myositis skeletal
muscles, and it is implicated in apoptotic or autophagic cell death of the diseased muscles
(24,25). Whether muscle-derived TRAIL plays a non-cell death role in myogenic
differentiation had not been explored. In the current study, we find that TRAIL functions as
a negative regulator of myogenic differentiation, and that TRAIL signals through TRAIL-R2
and ERK to suppress cell cycle withdrawal of myoblasts.

Materials and Methods

Antibodies and other reagents

Cell Culture

Anti-MHC (MF20, used at 1:500), anti-myogenin (F5D, 1:500) and Ad5-luciferase
adenovirus were obtained from the Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD, National Institutes of Health and maintained by the
University of lowa, Department of Biological Sciences. Anti-TRAIL (sc-7877, 1:500) for
detection of human TRAIL was from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-
TRAIL (PA5-47073, 1:500) for detection of mouse TRAIL, ELISA kit for detection of
mouse TRAIL (EMTNFSF10), peroxidase-conjugated anti-goat 1gG antibody (A27014,
1:1000), Alexa Fluor 594-conjugated goat anti rabbit secondary antibody (A-11072, 1:500)
and U0126 were from Thermo Fisher Scientific (Waltham, MA, USA). Anti-tubulin
(ab11304, 1:10000) and anti-p21 (ab109199, 1:500) were from Abcam (Cambridge, MA,
USA). Anti-TRAIL-R2 (AF721, 1:1000) and human TRAIL recombinant protein (375-TEC)
were from R&D Systems (Minneapolis, MN, USA). Anti-pERK (4370, 1:500), anti-ERK
(4696, 1:1000) and anti-Ki-67 (12202, 1:400) were from Cell Signaling Technology
(Danvers, MA, USA). Peroxidase-conjugated anti-rabbit (115-036-003, 1:1000) and anti-
mouse (111-036-003, 1:1000) IgG antibodies and FITC-conjugated anti-mouse 1gG
(115-096-003, 1:100) were from Jackson Immuno Research Laboratories (West Grove, PA,
USA). 5-ethynyl-2’-deoxyuridine (EdU) was from Carbosynth Limited (Compton, UK).
Fluorescein azide 5-isomer was from Lumiprobe (Hunt Valley, MD, USA). Cytosine p-D-
arabinofuranoside hydrochloride (Ara-C), gelatin and collagen type | from calf skin were
from Sigma-Aldrich (St. Louis, MO, USA). Adenovirus expressing human full-length
TRAIL (140841A) was from Applied Biological Materials (Richmond, BC, Canada).
pCMV-untagged empty vector (CVV011) and pCMV-untagged mouse full-length TRAIL
(MG50166-UT) were from Sino Biological (Wayne, PA, USA).

C2C12 myoblasts were a gift from S. Kaufman at the University of Illinois and originally
obtained from ATCC. Cells were maintained in DMEM containing 4.5 g/L glucose, 10%
fetal bovine serum, and 1% penicillin-streptomycin at 37°C with 7.5% CO». To induce
differentiation, cells were plated on tissue culture plates coated with 0.2% gelatin, grown to
100% confluence, and then cultured in differentiation medium (DMEM containing 2% horse
serum). The cells were replenished with fresh differentiation medium daily for 3 days.
Myoblasts were transfected by using TransIT-LT1 (Mirus, Madison, WI) according to the
manufacturer’s recommendations. Cells were selected in 0.5 mg/mL Hygromycin.
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Mouse primary myoblast isolation and differentiation

Primary myoblasts were isolated from 2 to 5-day-old FVB mice as described previously
(26), and cultured on 0.1 mg/mL collagen-coated tissue culture plates. Differentiation was
induced at 50-70% cell density in differentiation medium for 2 days.

Immunofluorescence microscopy and quantitative analysis of myocytes in vitro

C2C12 cells and primary myoblasts differentiated in 12-well plates were fixed with 3.7%
formaldehyde and incubated with anti-MHC, -Ki-67 or -myogenin antibody, followed by
incubation with DAPI and FITC- or Alexa-conjugated secondary antibody. Cells were
observed with a Leica DMI 4000B fluorescence microscope (Leica, Wetzlar, Germany). The
fluorescence images were captured using a RETIGA EXi camera (QImaging, Surry, BC,
Canada) and Image Pro Express software (Media Cybernetics, Rockville, MD, USA).
Images were analyzed using ImageJ software (NIH, Bethesda, MD, USA). The
differentiation index or fusion index was calculated as the percentage of nuclei in MHC-
positive cells or in MHC-positive cells with more than one nucleus, respectively. The
percentage of Ki-67- or myogenin-positive cells was calculated by taking DAPI signals as
the total number of cells. Each data point was generated from quantifying five randomly
chosen microscopic fields.

Lentivirus-delivered RNA interference

shRNAs in the pLKO.1-puro vector were purchased from Sigma-Aldrich (MISSION TRC).
Clone IDs are: shTRAIL#1, TRCN0000066235; shTRAIL#2, TRCN0000066236;
shTRAIL-R2#1, TRCN0000012323; shTRAIL-R2#2, TRCN0000012327. A hairpin of
scrambled sequence (shScramble) used for a negative control and lentivirus packaging were
previously described (27). C2C12 cells were transduced with lentiviruses in growth medium
with 8 pg/mL polybrene and selected in 3 pg/mL puromycin for 2 days, followed by plating
into 12-well plates to induce differentiation. For transduction of primary myoblasts,
polybrene and puromycin selection were omitted to preserve cell viability.

Quantitative RT-PCR

C2C12 cells or isolated muscle tissues were lysed in Trizol (Invitrogen, Carlsbad, CA,
USA), and RNA was isolated following the manufacturer’s protocol. cDNA was synthesized
from 1 ug RNA using the gScript™ cDNA Synthesis kit (Quantabio, Beverly, MA, USA)
following the manufacturer’s protocol. Quantitative PCR was performed with a StepOne
Plus (Applied Biosystems, Foster City, CA, USA) using gene-specific primers. B-actin or
Hprt was used as a reference to obtain the relative fold change for target samples using the
comparative Ct method. Mouse pB-actin primers: forward 5’-ttgctgacaggatgcagaag-3’;
reverse 5’-atccacatctgctggaaggt-3’. Mouse Hprt primers: forward 5°-
atggactgattatggacaggactg-3’; reverse 5’-tccagcaggtcagcaaagaac-3’. Mouse TRAIL primers:
forward 5’-tccaatctccaaggatggaaaga-3’; reverse 5’-gatgtaatacaggccctcctgcete-3°.

Western blotting

Cells were lysed in SDS sample buffer with 5% B-mercaptoethanol. Proteins were resolved
on SDS-PAGE, transferred onto polyvinylidene fluoride membrane (EMD Millipore,
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Darmstadt, Germany) and incubated with various antibodies in accordance with
manufacturers’ recommendations. Detection of horseradish peroxidase-conjugated
secondary antibodies was performed with SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific, Waltham, MA, USA), and images were captured on an
iBright CL1000 imaging system (Thermo Fisher Scientific, Waltham, MA, USA).
Quantification of western blot band intensities was performed with densitometry of images
using ImageJ software (NIH, Bethesda, MD, USA).

Cell proliferation and apoptosis assays

To measure proliferation of C2C12 cells, EdU labelling was performed as previously
described (27). To examine apoptosis, TUNEL assays were performed according to
manufacturer’s protocol (Promega, Madison, WI, USA).

Injury-induced muscle regeneration and intramuscular TRAIL knockdown in mice

Male (D7AI and D14Al) or female (D3AIl) C57BL/6 wild-type mice aged 10-12 weeks
were used in all the regeneration experiments. Animals were randomly allocated to the
different experimental groups. Muscle injury was induced by injection of 50 uL of 1.2%
(w/v) BaCl, dissolved in saline into mouse TA muscles as previously described (28). To
knockdown TRAIL, lentivirus expressing ShTRAIL (and shScramble as negative control)
was concentrated to 1x 107 — 1x108 IU/mL via ultracentrifugation and co-injected with
BaCl, into mouse TA muscles. The injured muscles were collected at 3, 7 or 14 days after
injury and subjected to RNA isolation or cryosection and staining.

Muscle tissue cryosection, hematoxylin and eosin staining, and immunohistochemistry

TA muscles were isolated and frozen in liquid nitrogen-cooled 2-methylbutane and
embedded in TBS tissue freezing medium (Thermo Fisher Scientific, Waltham, MA, USA).
Sections of 10 um thickness were obtained with a Microm HM550 (Thermo Fisher
Scientific, Waltham, MA, USA) at —20°C, placed on uncoated slides, and stained with
hematoxylin and eosin (H&E). Separately, the sections from D3AI were fixed by 1.5%
paraformaldehyde, incubated with anti-Ki-67 antibody, followed by incubation with DAPI
and Alexa-conjugated secondary antibody. Images were obtained by DMI 4000B
fluorescence microscope (Leica, Wetzlar, Germany) with a 20X dry objective (Fluotar,
numerical aperture 0.4; Leica). Five bright field or fluorescence images were randomly
captured using RETIGA EXi camera (QImaging, Surry, BC, Canada) and Image Pro
Express software (Media Cybernetics, Rockville, MD, USA). The images were analyzed for
cross-sectional area of all centrally nucleated regenerating myofibers (H&E staining) or
counting Ki-67-positive nuclei using ImageJ. All procedures were performed by an
investigator that were blinded to sample identification.

Statistical analysis

All the data shown are representative results of at least three independent experiments with
cells, or 5-8 mice for each data point in animal experiments. The exact sample size for each
experiment is described in figure legends. All the quantitative values are presented as mean
+ SEM. Whenever necessary, statistical significance of the data was analyzed by performing
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two-tailed paired Student’s #tests. The specific types of test and the P-values, when
applicable, are indicated in the figure legends. Statistical comparison was considered
significant when P< 0.05. All statistical analysis was performed using Excel.

Study approval

Results

All the animal experiments in this study followed protocols approved by the Animal Care
and Use Committee at the University of Illinois at Urbana-Champaign.

Data availability: All data are contained within the manuscript.

TRAIL is a negative regulator of myoblast differentiation

Since the expression of TRAIL had been reported in myablasts (23), we wondered whether
its expression level changed during myogenesis. C2C12 mouse myoblasts were induced to
differentiate by serum deprivation for up to 72 hrs. We observed that the level of TRAIL
mMRNA increased by ~3-fold at 24 hrs of differentiation and returned to pre-differentiation
level by 72 hrs (Fig. 1A). The secreted TRAIL protein level increased by ~2-fold at 24 hrs
and this level was largely maintained throughout differentiation (Fig. 1B).

To examine a potential role of endogenous TRAIL in myogenesis, we delivered shRNAs by
lentiviral transduction into C2C12 myoblasts. Two independent shRNAs (shTRAIL)
knocked down TRAIL mRNA by ~50% and ~70% compared to a negative control ShRNA
with a scrambled hairpin sequence (shScramble) (Fig. 1C). Increased differentiation was
observed in correlation with the knockdown, as quantified by differentiation index (% of
myosin heavy chain (MHC)-positive cells) and fusion index (% of MHC-positive cells with
two or more nuclei) (Fig. 1D). Knockdown of TRAIL in mouse primary myaoblasts also
resulted in statistically significant increase in fusion index (Fig. 1E). However, unlike
C2C12 myoblasts, which mimic satellite cells in vivo and maintain their stemness by
limiting the degree of differentiation (29), primary myoblasts achieved a differentiation
index of near 100%, precluding any further increase by TRAIL knockdown (Fig. 1E).

Expression of the early myogenic marker myogenin was found to be up-regulated upon
TRAIL knockdown in C2C12 cells from 0 to 48 hrs of differentiation, and the late myogenic
marker MHC was elevated by the knockdown at 48 and 72 hrs (Fig. 1F). These data suggest
that TRAIL may have a negative role in myogenic differentiation.

Consistent with a negative function of TRAIL, overexpression of TRAIL from a cDNA
construct inhibited differentiation of C2C12 cells treated with the shScramble virus (Fig.
2A). In addition, the effect of TRAIL knockdown was reversed by TRAIL overexpression
(Fig. 2A), validating the shRNA to be on-target. Endogenous TRAIL was not detected by
western blotting of the cell lysates (Fig. 2A) although it was detected in the medium by
ELISA (Fig. 1B). Similar to overexpression of TRAIL, a soluble recombinant TRAIL
(STRAIL) added to the cell medium also inhibited myoblast differentiation and countered
the effect of TRAIL knockdown (Fig. 2B). Taken together, our observations suggest that
TRAIL is likely a muscle cell-derived negative regulator of myogenic differentiation.
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TRAIL-R2, the receptor of TRAIL, negatively regulates myoblast differentiation

Next, we wished to test whether the myogenic function of TRAIL was mediated by TRAIL-
R2, the only known functional receptor for TRAIL in mice (12). With lentivirus-delivered
shRNAs we knocked down the TRAIL-R2 protein in C2C12 cells by 50-70% (Fig. 3A) and
observed that, similar to TRAIL knockdown, depletion of TRAIL-R2 increased both
differentiation and fusion indices (Fig. 3B). Myogenin expression was upregulated by
TRAIL-R2 knockdown during the early phase of differentiation (0-24 hrs), whereas elevated
MHC expression was observed later through 72 hrs (Fig. 3C). Interestingly, the protein level
of TRAIL-R2 decreased during differentiation (see shScramble in Fig. 3C), in contrast to the
increase of TRAIL (Fig. 1A&1B). Importantly, upon TRAIL-R2 knockdown, TRAIL
overexpression no longer had an effect on myoblast differentiation (Fig. 3D). These results
are consistent with the notion that TRAIL functions through TRAIL-R2 to negatively
regulate myogenic differentiation.

TRAIL inhibits myoblast differentiation through impeding cell cycle withdrawal

We set out to investigate the mechanism by which TRAIL/TRAIL-R2 regulates myogenic
differentiation. In the early stage of myogenesis, proliferating myoblasts exit the cell cycle,
which is a requisite step prior to myoblast fusion into myotubes. Since TRAIL had been
reported to promote proliferation of other types of cells (18,19), we wondered whether it
might impact cell cycle withdrawal of myoblasts. Knockdown of TRAIL decreased the
number of EdU-labeled C2C12 cells at the onset of differentiation (Fig. 4A), indicating a
reduced rate of proliferation. TRAIL knockdown in primary myoblasts at the time of
differentiation also led to a modest but statistically significant decrease in EdU-labeled cells
(Fig. 4B). Conversely, overexpression of TRAIL (Fig. 4C), as well as addition of STRAIL in
cell medium (Fig. 4D), increased the number of EdU-labeled C2C12 cells. Interestingly,
neither the effect of TRAIL knockdown (Fig. 4E) nor that of STRAIL addition (Fig. 4F) on
EdU-labeling was observed when C2C12 cells were actively proliferating, suggesting that
TRAIL may impact cell cycle specifically at the time of differentiation.

As a marker of cell proliferation, Ki-67 was also examined in C2C12 cells by
immunostaining. We found a reduced number of Ki-67-positive cells upon TRAIL
knockdown at the onset of differentiation (Fig. 4G), which was accompanied by an increased
number of C2C12 cells expressing the early myogenic marker myogenin (Fig. 4H).

Knockdown of the receptor TRAIL-R2 in C2C12 had an effect mirroring that of TRAIL
knockdown: decreased numbers of EdU-positive (Fig. 41) and Ki-67-positive cells (Fig. 4J),
and an increased number of myogenin-positive cells (Fig. 4K). Taken together, the
observations thus far suggest that muscle-derived TRAIL may signal to suppress cell cycle
withdrawal that is necessary for myogenic differentiation.

It has been well established that p21€!P, a cell cycle inhibitor, plays a critical role in
myogenic differentiation by promoting cell cycle withdrawal (30,31). We observed that p21
expression was upregulated when TRAIL (Fig. 5A) or TRAIL-R2 (Fig. 5B) was knocked
down in C2C12 cells. TRAIL knockdown in primary myoblasts also resulted in a modest but
statistically significant increase of p21 expression (Fig. 5C). Conversely, TRAIL
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overexpression in C2C12 cells decreased p21 expression, and reversed the effect of TRAIL
knockdown on p21 upregulation (Fig. 5D). Adding STRAIL to C2C12 cells revealed an
acute (and thus potentially direct) effect — p21 expression was reduced as early as 30 min
after STRAIL addition (Fig. 5E). These observations are consistent with p21, and
subsequently cell cycle withdrawal, being a mediator of the myogenic effects of TRAIL.

To directly probe a causal role of cell cycle withdrawal in the regulation of myogenesis by
TRAIL, we treated C2C12 cells with the cell cycle inhibitor Ara-C. As shown in Fig. 5F,
Ara-C treatment rescued differentiation from the inhibition by overexpression of TRAIL, as
reflected in both differentiation and fusion indices. Collectively, our data suggest that
TRAIL inhibits myogenic differentiation by preventing myoblasts from exiting the cell
cycle.

TRAIL depletion enhances muscle regeneration in vivo

To probe a physiological relevance of the myogenic function of TRAIL discovered above in
cell culture, we turned to a well-established mouse model of injury-induced muscle
regeneration. Barium chloride (BaCl,) injection into the tibialis anterior (TA) muscle of the
hindlimb leads to confined muscle necrosis, which is followed by de novo regeneration
(28,32). Here, we co-injected lentivirus expressing TRAIL shRNA with BaCl, into TA
muscles and isolated the injected muscles for analysis on various days after injury (Al).
Knockdown of TRAIL was confirmed by analyzing the mRNA isolated from injected
muscles on Day 3 Al. Because lentivirus delivery was only expected in the injured part,
which was typically 1/3 to 1/2 of the TA muscle, the observed knockdown efficiency of 20%
in the entire TA was fully expected (Fig. 6A). Importantly, we observed statistically
significant, ~25% increase in the average regenerating myofiber size (cross sectional area)
upon TRAIL knockdown on both Day 7 and Day 14 Al (Fig. 6B), suggesting that
endogenous TRAIL has a negative role in muscle regeneration.

To further test the possibility that the upregulated muscle regeneration upon TRAIL
knockdown in vivo was due to enhanced cell cycle withdrawal as we observed /n vitro, we
probed Day 3 Al TA muscle sections for the proliferation marker Ki-67. As shown in Fig.
6C, TRAIL knockdown muscles had fewer Ki-67-positive cells, indicating a lower level of
proliferation at the early stage of muscle regeneration. This observation is consistent with
TRAIL preventing proliferating cells from exiting the cell cycle.

ERK mediates myogenic function of TRAIL

We next searched for a potential signaling mechanism that mediates the myogenic function
of TRAIL. The MAP kinase ERK1/2, a well-known regulator of cell proliferation,
suppresses differentiation, likely by preventing cell cycle withdrawal (33). In addition,
TRAIL has been reported to activate ERK in non-muscle cells (18,34). Therefore, we
decided to test a potential role of ERK1/2 signaling in the regulation of myogenic
differentiation by TRAIL. First, we treated myoblasts with recombinant TRAIL and
examined phosphorylation of ERK1/2 at various time points. As shown in Fig. 7A, after 2, 4
and 6 hrs of TRAIL treatment, phosphorylation of ERK1/2 was found to increase modestly.
Consistently, TRAIL knockdown in primary myoblasts led to a decrease in pERK (Fig. 7B).
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The specificity of the anti-pERK antibody was confirmed with lysates of serum-starved and
serum-stimulated C2C12 cells (Fig. S1).

To directly probe a functional relevance of ERK1/2 signaling in mediating TRAIL’s effect,
we utilized the highly specific MEK inhibitor U0126. Treatment by U0126 reversed the
inhibitory effect of overexpressed TRAIL (Fig. 7C) and sTRAIL (Fig. 7D) on myoblast
differentiation such that differentiation and fusion indices were restored to the control levels
(Fig. 7E). In cells overexpressing TRAIL, the reduced p21 expression was restored by
U0126 treatment to a level no longer significantly different from the control (without TRAIL
overexpression), consistent with p21 being a mediator of the effect of ERK signaling on cell
cycle withdrawal. Finally, expression of the differentiation marker myogenin was also
restored in TRAIL-overexpressing cells by U0126 (Fig. 7F). Taken together, our
observations support the notion that TRAIL negatively regulates myogenic differentiation in
an ERK1/2-dependent manner.

Discussion

In this report we have provided evidence for a role of TRAIL in negatively regulating
skeletal myogenesis both in vitro and in vivo, a non-canonical function distinct from the
widely studied pro-apoptotic signaling of TRAIL. Our data suggest that TRAIL exerts this
myogenic function by suppressing cell cycle withdrawal necessary for myoblast
differentiation. We further show that TRAIL-R2, the only known functional TRAIL receptor
in mice, ERK signaling, and the cell cycle inhibitor p21 likely mediate TRAIL’s myogenic
function (see Fig. 7G for a proposed model). Previously TRAIL-R2 (DR5) was reported to
have a positive role in myoblast differentiation through the FADD/Caspase pathway that
regulates MyoD expression (35). This discrepancy with our findings could be due to the
different myoblast cell lines utilized — 23A2 in that study and C2C12 in ours. It is important
to note that our in vitro findings have been recapitulated in vivo by our observations in a
muscle regeneration model.

It was reported that a soluble TRAIL induced apoptosis in murine myoblasts (23). However,
we did not observe any change in apoptosis of C2C12 cells upon either TRAIL knockdown
(Fig. S2A) or recombinant sSTRAIL addition at the concentration (100 ng/mL) found to
inhibit differentiation (Fig. S2B). In the aforementioned study induction of apoptosis was
observed in 23A2 myoblasts treated with a soluble TRAIL at 0.5-2 pg/mL, and indeed we
found that apoptosis was induced in C2C12 cells by TRAIL at those high concentrations
(Fig. S2B). Therefore, it is likely that TRAIL has dose-dependent dual effects on skeletal
muscle cells — at low doses it suppresses myogenic differentiation and it can induce
apoptosis at high concentrations. Dose-dependent pleiotropic functions have been reported
for other TNF superfamily members. For instance, in primary culture of Schwann cells,
treatment with low dosages (1-2 ng/mL) of TNF-a stimulated cell proliferation, whereas
higher dosages (10-40 ng/mL) induced apoptosis (36). Similarly, low dosages (0.156-1.56
ng/mL) of Fas ligand (FasL, also known as CD95 and Apo-1L) stimulated proliferation of
brain endothelial cells, and higher dosages (100-1000 ng/mL) induced apoptosis (37).
Hence, it appears to be a common theme that TNF factors promote cell proliferation and
induce cell death at low and high dosages, respectively. However, our data show that TRAIL
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does not affect the proliferation of myoblasts per se; only when myoblasts are poised for
differentiation does TRAIL prevent their withdrawal from the cell cycle.

We observed enhanced muscle regeneration in mice that received intramuscular delivery of
TRAIL shRNA. However, neither TRAIL™~ mice (38) nor TRAIL-R27/~ mice (39)
displayed any developmental phenotype, although they have not been studied in any context
of adult skeletal muscle functions. Compensatory effects could take place in the knockout
mice, given the known redundancy of functions of TNF superfamily members. Alternatively,
it is possible that TRAIL has a specific function in adult muscle regeneration that is distinct
from embryonic muscle development. It also cannot be ruled out that the knockdown
phenotype is dependent on the residual TRAIL, which is absent upon knockout.

It is important to acknowledge that our intramuscular RNAI delivery method would result in
the knockdown of TRAIL in both muscle cells and infiltrating immune cells (macrophages,
in particular). Hence, we are not able to conclude that it is the muscle-derived TRAIL that
acts as a brake on muscle regeneration. In fact, there is a general paucity of experimental
evidence in the literature that definitively proves the function of muscle-secreted cytokines
(or myokines) on myogenesis /in vivo. Studies with muscle-specific manipulation of
endogenous gene expression would be necessary to establish the physiological relevance of
those muscle-derived cytokines, including TRAIL.

TRAIL has long been studied as a candidate anti-cancer agent (6). Our current findings
implicate TRAIL in a potentially new therapeutic strategy in muscle disease, regardless of
the relevant source of TRAIL (muscle versus infiltrating immune cells). In a recent study,
injection of an anti-TRAIL antibody resulted in improved strength of dystrophic EDL
muscles in max mice, a model for Duchenne muscular dystrophy (DMD) (40). Although this
effect was postulated to be due to suppressed apoptosis, in light of our results a role of the
anti-TRAIL antibody on myogenic differentiation in the regeneration of dystrophic muscles
is also possible. Indeed, DMD muscles contain elevated numbers of satellite cells, which fail
to enter the myogenic program, possibly due to prolonged cell division (41). TRAIL may
contribute to preventing the satellite cells from exiting the cell cycle.

Our previous RNAI screen identified a number of cytokines as candidates of autocrine
regulators of C2C12 myoblast differentiation (42). Two of them, the chemokine C-X-C
motif ligand 14 (Cxcl14) and Fms-like tyrosine kinase 3 ligand (FIt3L) have been found to
regulate myogenic differentiation via suppressing and promoting cell cycle withdrawal,
respectively, both mediated by ERK signaling and expression of the cell cycle inhibitor p21
(43,44). Additional muscle-derived cytokines with a similar function and mechanism are
likely to continue to emerge. It is reasonable to speculate that nature has devised a cytokine
network to ensure fail-proof and/or finely-tuned control over a point of no return in the
myogenic process such as exiting the cell cycle. Future investigation of these cytokines at
the systems level is warranted.
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. TRAIL, as well as its receptor TRAIL-R2, has a non-apoptotic function in
skeletal muscle as a negative regulator of myogenic differentiation.

. TRAIL signaling inhibits cell cycle withdrawal, a requisite step for myogenic
differentiation.

. Depletion of TRAIL enhances skeletal muscle regeneration in vivo.

. The negative myogenic function of TRAIL is mediated by ERK signaling.
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Figure 1. Depletion of TRAIL promotes myoblast differentiation.
(A) RNA was isolated from differentiating C2C12 cells at different time points followed by

gRT-PCR analysis (n=4). (B) Culture medium during C2C12 differentiation was collected at
different time points and ELISA assay was performed to determine secreted TRAIL levels
(n=3). (C) C2C12 cells were transduced with lentiviruses expressing sShTRAIL or
shScramble (Scr) followed by 2 days of puromycin selection. Cell lysates were then
collected and subjected to gRT-PCR analysis (n=5). (D) Cells treated as in (C) were induced
to differentiate for 72 hrs, followed by staining for MHC (green) and DAPI (magenta), and
differentiation and fusion indices were quantified (n=7). (E) Mouse primary myoblasts were
transduced with lentiviruses expressing shRNAs overnight, cultured in growth medium for 1
day, and then induced to differentiate for 48 hrs, followed by staining for MHC (green) and
DAPI (magenta). Differentiation and fusion indices were quantified (n=3). (F) C2C12 cells
treated as in (C) were induced to differentiate, and at different time points, cells were lysed
and subjected to western analysis. Representative blots are shown. Results of quantification
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by densitometry are shown for 3 independent experiments. The MHC and myogenin protein
levels were determined relative to the level of tubulin. Data were normalized to shScramble
at each differentiation time point. When applicable, data are presented as mean with error
bars representing SEM. Two-tailed #test was performed to compare each data to control. *P
< 0.05; **P< 0.01. NS, not significant. Scale bars: 50 pm.
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Figure 2. Exogeneous TRAIL inhibits myoblast differentiation.
(A) C2C12 cells were transduced with lentiviruses expressing shTRAIL or shScramble

followed by 2 days of puromycin selection. Cells were then transfected with a mouse full-
length TRAIL expression construct (TRAIL) or the corresponding empty vector (vector),
selected with hygromycin, and differentiated for 72 hrs, followed by staining for MHC
(green) and DAPI (magenta). Differentiation and fusion indices were quantified (n=4).
Overexpression of TRAIL was confirmed by western blotting. (B) Cells treated as in (A)
were cultured with 100 ng/mL sTRAIL or vehicle (control) for 6 to 9 hrs and then induced
to differentiate for 72 hrs with STRAIL present for the first 24 hrs, followed by staining for
MHC (green) and DAPI (magenta). Differentiation and fusion indices were quantified (n=5).
All error bars represent SEM. Two-tailed #test was performed to compare each data to
control (first bar in each graph). *£< 0.05; **P< 0.01.
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Figure 3. Depletion of TRAIL-R2 promotes myoblast differentiation.
(A) C2C12 cells were transduced with lentiviruses expressing ShTRAIL-R2 or shScramble

followed by 2 days of puromycin selection. Cell lysates were then collected and subjected to
western analysis. Representative blots and results of quantification are shown for 5
independent experiments. (B) Cells treated as in (A) were induced to differentiate for 72 hrs,
followed by staining for MHC (green) and DAPI (magenta), and differentiation and fusion
indices were quantified (n=5). (C) Cells treated as in (A) were induced to differentiate, and
at different time points, cells were lysed and subjected to western analysis. Representative
blots and results of quantification are shown for 3 independent experiments. (D) Cells
treated as in (A) were transfected with TRAIL or empty vector, selected with hygromycin,
and differentiated for 72 hrs, followed by staining for MHC (green) and DAPI (magenta).
Differentiation and fusion indices were quantified (n=4). Expression of TRAIL was
confirmed by western blotting. For (A) and (C), quantification of western blots was
performed by densitometry. The level of each specific protein was determined relative to the
level of tubulin, and the data were normalized to shScramble at each time point. When
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applicable, data are presented as mean with error bars representing SEM. Two-tailed #test
was performed to compare each data to control. *P< 0.05; **P< 0.01. NS, not significant.
Scale bars: 50 pm.
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Figure 4. TRAIL and TRAIL-R2 promote myoblast proliferation at the onset of differentiation.
(A) C2C12 cells were transduced with lentiviruses expressing shTRAIL or shScramble

followed by 2 days of puromycin selection. At 24 hr of differentiation, cells were labeled
with EdU for 2 hrs in differentiation medium, stained for EdU (green) and DAPI (blue), and
the percentage of cells positive for EdU staining was quantified (n=6). (B) Mouse primary
myoblasts were transduced with lentiviruses expressing ShRNAs overnight, cultured in
growth medium for 1 day, and then labeled with EdU for 2 hrs in differentiation medium at 0
hr of differentiation and processed as in (A) (n=5). (C) C2C12 cells were transfected with
TRAIL or empty vector and selected with hygromycin for 2 days. At 0 hr of differentiation,
cells were labeled with EdU for 2 hrs in differentiation medium, and processed as in (A)
(n=5). (D) C2C12 cells were grown in the presence of vehicle (Control) or 100 ng/mL
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STRAIL for 24 hrs. At 0 hr of differentiation, cells were labeled with EdU for 2 hrs in
differentiation medium, and processed as in (A) (n=6). (E) C2C12 cells were transduced
with lentiviruses expressing shTRAIL or shScramble followed by 2 days of puromycin
selection. Cells were then grown to ~20% confluence, labeled with EdU for 2 hrs in growth
medium, and processed as in (A) (n=5). (F) C2C12 cells were grown to ~20% in the
presence of vehicle (Control) or 100 ng/mL sTRAIL for 24 hrs, labeled with EAU for 2 hrs
in growth medium, and processed as in (A) (n=4). (G) C2C12 cells treated as in (A) were
stained for Ki-67 (green) and DAPI (blue), and the percentage of cells positive for Ki-67
staining was quantified (n=4). (H) C2C12 cells treated as in (A) were stained for myogenin
(green) and DAPI (blue), and the percentage of cells positive for myogenin staining was
quantified (n=4). (1) C2C12 cells were transduced with lentiviruses expressing shTRAIL-R2
or shScramble followed by 2 days of puromycin selection. At 24 hr of differentiation, cells
were labeled with EAU for 2 hrs in differentiation medium and processed as in (A) (n=5). (J)
C2C12 cells treated as in (1) were stained for Ki-67 (green) and DAPI (blue), and the
percentage of cells positive for Ki-67 staining was quantified (n=4). (K) C2C12 cells treated
as in (1) were stained for myogenin (green) and DAPI (blue), and the percentage of cells
positive for myogenin staining was quantified (n=4). All error bars represent SEM. Two-
tailed #test was performed to compare each data to control. *~< 0.05; **P< 0.01. NS, not
significant. Scale bars: 50 pm.
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Figure 5. TRAIL inhibits p21 expression.
(A) C2C12 cells were transduced with lentiviruses expressing ShTRAIL or shScramble

followed by 2 days of puromycin selection. Cells were then lysed at O hr of differentiation
followed by western analysis (n=6). (B) C2C12 cells were transduced with lentiviruses
expressing sShTRAIL-R2 or shScramble followed by 2 days of puromycin selection. Cells
were then lysed at 0 hr of differentiation and subjected to western analysis (n=7). (C) Mouse
primary myoblasts were transduced with lentiviruses expressing shRNAs overnight, cultured
in growth medium for 1 day, and then lysed at O hr of differentiation followed by western
analysis (n=4). (D) C2C12 cells treated as in (A) were transfected with TRAIL or empty
vector, selected with hygromycin and lysed at O hr of differentiation, followed by western
analysis (n=4). (E) C2C12 cells were induced to differentiate for 6 to 9 hrs, and then treated
with vehicle or 100 ng/mL sTRAIL for 15, 30 or 60 min, followed by cell lysis and western
analysis (n=5). (F) C2C12 cells were transduced with adenoviruses expressing human full-
length TRAIL or luciferase (Control), followed by differentiation for 72 hrs with or without
2 pg/mL Ara-C during the first 24 hr of differentiation. Cells were stained for MHC (green)
and DAPI (magenta), and differentiation and fusion indices were quantified (n=3).
Expression of TRAIL was confirmed by western blotting. Quantification of p21 protein was
performed by densitometry analysis of western blots. The level of p21 protein was
determined relative to the level of tubulin, and the data were always normalized to control at
each time point. All error bars represent SEM. For (F), one-tailed #test was performed to
compare each data point to control (without Ara-C). For all other panels, two-tailed #test
was performed to compare each data to control (first bar in graph unless otherwise noted).
*P<0.05; **P <0.01. NS, not significant. Scale bar: 50 um.
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Figure 6. TRAIL knockdown enhances muscle regeneration post-injury.
(A) Mouse TA muscles were co-injected with BaCl, and lentiviruses expressing shTRAIL or

shScramble, isolated on Day 3 Al and subjected to RNA isolation and gRT-PCR (n=5). (B)
TA muscles injected as in (A) were isolated on Day 7 or Day 14 Al and subjected to
cryosection. Upon H&E staining, cross-sectional area (CSA) was quantified for regenerating
myofibers (n=6 for D7Al, n=8 for D14Al). (C) TA muscles injected as in (A) were isolated
on Day 3 Al, cryosectioned and immunostained for Ki-67 (red) along with DAPI (blue). The
percentage of Ki-67 positive cells was quantified (n=5). All error bars represent SEM. Two-
tailed £test was performed to compare shTRAIL to shScramble. *£< 0.05; **P< 0.01.
Scale bars: 50 pm.
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Figure 7. TRAIL inhibits differentiation through ERK signaling.
(A) C2C12 cells were induced to differentiation for 6 to 9 hrs, and then treated with 100

ng/mL sTRAIL or vehicle (control). Cells were lysed at 1, 2, 4 or 6 hrs, followed by western
analysis (n=5). (B) Mouse primary myoblasts were transduced with lentiviruses expressing
shRNAs overnight, cultured in growth medium for 1 day, and then induced to differentiate
for 24 hrs, followed by lysis and western analysis (n=4). (C) C2C12 cells were transfected
with TRAIL or empty vector, selected with hygromycin, and induced to differentiate for 72
hrs in the presence or absence of U0126 (3 uM) for the first 24 hrs of differentiation. Cells
were then stained for MHC (green) and DAPI (magenta). Differentiation and fusion indices
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were quantified (n=4). (D) C2C12 cells were grown with 100 ng/mL sTRAIL or vehicle
(Control) for 6 to 9 hrs and induced to differentiate for 72 hrs in the presence or absence of
STRAIL for the first 24 hrs of differentiation. U0126 (3 pM) was also added for the first 24
hrs of differentiation. Cells were than stained for MHC (green) and DAPI (magenta).
Differentiation and fusion indices were quantified (n=3). (E) Cells treated as in (C) were
induced to differentiate for 6 hrs in the presence or absence of U0126 (3 uM). Cells were
then lysed and subjected to western analysis (n=4). (F) Cells treated as in (C) were induced
to differentiate for 48 hrs in the presence or absence of U0126 (3 uM) for the first 24 hrs of
differentiation. Cells were then lysed and subjected to western analysis (n=4). Quantification
of western blots was performed by densitometry. The level of each specific protein was
determined relative to the level of tubulin, and the data were normalized to control. All error
bars represent SEM. Two-tailed #test was performed to compare each data to control. *P <
0.05; **P < 0.01. Scale bars: 50 um. (G) A proposed model: TRAIL/TRAIL-R2 negatively
regulates myogenesis by inhibiting cell cycle withdrawal through activation of ERK
signaling and inhibition of p21 expression.
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