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Abstract
Objective—Multinucleated cells are relatively resistant to classical apoptosis, and the factors
initiating cell-death and damage in myositis are not well defined. We hypothesized that non-
immune autophagic cell death may play a role in muscle fiber damage. Recent literature indicates
that tumor necrosis factor-alpha-related apoptosis inducing ligand (TRAIL) may induce both
NFκB (nuclear factor kappa-light chain enhancer of activated B cells) activation and autophagic
cell death in other systems. Here, we have investigated its role in cell death and pathogenesis in
vitro and in vivo using myositis (human and mouse) muscle tissues.

Methods—Gene expression profiling indicated that expression of TRAIL and several autophagy
markers was specifically upregulated in myositis muscle tissue; these results were confirmed by
immunohistochemistry and immunoblotting. We also analyzed TRAIL-induced cell death
(apoptosis and autophagy) and NFκB activation in vitro in cultured cells.

Results—TRAIL was expressed predominantly in muscle fibers of myositis, but not in biopsies
from normal or other dystrophic-diseased muscle. Autophagy markers were upregulated in human
and mouse models of myositis. TRAIL expression was restricted to regenerating/atrophic areas of
muscle fascicles, blood vessels, and infiltrating lymphocytes. TRAIL induced NFκB activation
and IκB degradation in cultured cells that are resistant to TRAIL-induced apoptosis but undergo
autophagic cell death.

Conclusion—Our data demonstrate that TRAIL is expressed in myositis muscle and may
mediate both activation of NFκB and autophagic cell death in myositis. Thus, this non-immune
pathway may be an attractive target for therapeutic intervention in myositis.
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It is generally thought that the muscle dysfunction and weakness in idiopathic inflammatory
myopathies (IIM) is the result of tissue damage caused by adaptive immune response to
ubiquitously expressed autoantigens. There is growing evidence that non-immune
mechanisms also equally contribute to muscle damage and dysfunction in myositis (1–3).
The molecular mechanisms of muscle fiber death in IIM remain poorly understood. Cell
death mechanisms can be broadly divided into two categories, Type I and Type II (4). Type
I cell death (apoptosis) occurs in mononucleated cells and involves the condensation of
cytoplasm and chromatin, controlled DNA and cellular fragmentation, and macrophage
removal of cellular debris (4). Type II cell death (autophagy) has been demonstrated in
multi-nucleated muscle fibers (5) and can affect cell damage through the formation of
autophagic vesicles for removing cellular masses, damaged organelles, and/or proteins (6).
Several cellular receptor/ligand complexes can induce cell death: Fas/Fas ligand (7), tumor
necrosis factor-α (TNFα)/TNF receptor-1 or -2 (8), and TNFα-related apoptosis-inducing
ligand (TRAIL)/death receptor-5 (DR5) (9). Downstream activation of these receptor/ligand
complexes can activate caspase-dependent apoptosis (10). Normal human skeletal muscle
cells are relatively resistant to classical apoptosis (11). Several independent studies have
shown that classical apoptotic changes are absent from the skeletal muscle of myositis
patients (11–13). Muscle fibers are known to atrophy and be replaced by fibrotic tissue and/
or fat, but the exact underlying molecular pathways responsible for muscle fiber death in
myositis remain obscure (11, 14).

TRAIL has been implicated in tissue remodeling and lumen formation (15), induces
capase-3-independent autophagic cell death in other model systems (15), and is expressed in
myositis muscle(16, 17). TRAIL is a type II transmembrane protein that is expressed on
variety of cells (18) and can induce NFκB activation upon binding to its receptor (19). We
propose that TRAIL-induced autophagy may be responsible for the skeletal muscle death
that occurs in myositis and that the interaction between TRAIL and NFκB may modulate
both the inflammation and cell death pathways of myositis. In the present study, the
expression and role of TRAIL in muscle cell death have been investigated in humans with
myositis, in MHC class I transgenic mouse model of the disease, and in cell culture. The
results indicate that TRAIL mediates muscle fiber damage via autophagy in both humans
and in a mouse model of myositis.

MATERIALS AND METHODS
Patient biopsies

Myositis muscle biopsy specimens from eight patients with myositis (four polymyositis
[PM] and four dermatomyositis [DM]) and four healthy controls were used for these studies.
Human samples were handled according to the National Institutes of Health and Johns
Hopkins School of Medicine Institutional Review Board (IRB) guidelines. Patients with
myositis met the Bohan and Peter criteria for probable or definite disease (20). Tissue was
either: (1) formalin-fixed, processed in paraffin, and stained with hematoxylin and eosin, or
(2) snap-frozen in isopentane chilled in liquid nitrogen, cut in 8-mm sections, and processed
for immunohistochemical analysis. Histologic analysis showed a variable degree of
inflammation between patients.

Mice
Transgenic mice conditionally expressing major histocompatibility complex class I (MHC)
molecules, under the control of a muscle-specific creatine kinase promoter (HT double-
transgenic), were generated as previously described (21). Unaffected, single-transgenic
littermates (H or T) were used as controls. Gene induction and phenotypic assessments were
performed as previously described (21). The double-transgenic animals (HT) showed several
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features of human myositis. Animals were cared for in accordance with our Institutional
Animal Care and Use Committee (IACUC) guidelines, and all experimental protocols were
IACUC-approved.

Immunohistochemical staining
Frozen muscle biopsy sections (5–8μm) were fixed in acetone, and endogenous peroxidase
activity was blocked by applying hydrogen peroxide at room temperature for 10 min as
described (11). Sections were incubated with the following primary antibodies: mouse anti-
human developmental MHC (Novocastra, Newcastle-Upon-Tyne, UK), mouse anti-human
TRAIL (1:20 dilution) (BD Pharmingen, San Diego, CA), and mouse anti-human DR5
(1:20) (R&D Systems) and developed as previously described (11). Negative controls were
involved incubation with isotype-matched antibody or omitting the primary antibody.

Protein extraction and quantification
Tissue samples were homogenized as previously described (11). Western blotting using
rabbit polyclonal anti-human Beclin (AbCam, Cambridge, MA) and rabbit polyclonal anti-
human LC-3 (Novus Biologicals, Littleton, CO) was performed as described (11). Vinculin
(mouse monoclonal anti-human, Sigma-Aldrich, St. Louis, MO) was used as a loading
control. The autoradiograms were scanned using an Arcus II scanner (Agfa, Mortsel,
Belgium), and volume analysis was carried out using Quantity One software (Bio-Rad
Discovery Series; Bio-Rad, Richmond, CA).

Isolation of fixed single muscle fibers and immunofluorescence microscopy
Muscle fixation, isolation of single fibers, and immunostaining have been described in detail
by Raben et al 2009 (22). In brief, the soleus muscles (slow-twitch type I) and the white
portion of the gastrocnemius muscles (fast-twitch type II muscle) were removed from
single- and double-transgenic mice. Single fibers were obtained by manual teasing under a
light microscope and maintained in blocking solution in wells of a 24-well plate. The fibers
were then permeabilized and incubated overnight at 4°C on a plate shaker with primary
antibody (GM-130 (BD Transduction Laboratories, San Jose, CA), lysosome-associated
membrane protein 1 (LAMP; BD Pharmingen, San Diego, CA); α-tubulin (Sigma-Aldrich,
St. Louis, MO); LC-3 (microtubule-associated protein 1 light chain 3; a gift from Dr T.
Ueno, Juntendo University School of Medicine, Japan). At least three animals from each
genotype were used to obtain single muscle fibers for immunostaining. For each
immunostaining and for confocal analysis, at least 20 fibers were isolated from each muscle
type.

Gene expression profiling and analysis
Expression profiling was performed as previously described, using the Affymetrix mouse
genome array 430 version 2.0 (23): Gastrocnemius and soleus muscles were removed from
single- (n=4) and double-transgenic (n=4) mice, homogenized in Trizol reagent (Invitrogen,
Carlsbad, CA) using a Polytron homogenizer (Brinkmann, Westbury, NY), and processed as
previously described (23). Probe set analysis was done using both the dCHIP and MAS 5.0
expression algorithms. The signal intensity values (absolute analyses) of probe sets were
then loaded into GeneSpring (Silicon Genetics, Redwood City, CA) for further analysis.
Gene identification is listed in Supplemental Table 1.

Electron microscopy
Quadriceps from HT and control mice were removed and mid-belly portions were cubed to
facilitate orientation during embedding and sectioning. Specimens were fixed in 3%
glutaraldehyde in 0.1M phosphate buffer (pH 7.4) for 2h to 1 day, postfixed in 1% OsO4 in
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0.1 M phosphate buffer (pH 7.4) overnight at 4°C, and rinsed in 10% saccharose 3 times (10
min each) before staining en bloc in 3% aqueous uranyl acetate for 1h at room temperature.
Ultrathin sections were cut for staining with uranyl acetate and lead citrate. The sections
were examined and photographed with an electron microscope at 75kV (H7000, Hitachi,
Tokyo, Japan). These experiments were performed in Dr. Kunio Nagashima’s electron
microscopy facility, SAIC-Frederick, Inc, Frederick, Maryland.

Immunoblotting and immunofluorescent staining of cultured cells
Cell culture and Western blotting were carried out as described previously (11). In brief,
normal human skeletal muscle cells (SKMC Clonetics, San Diego, CA) were cultured in F10
growth medium (Ham’s F10 nutrient mixture [Life Technologies, Gaithersburg, MD]
supplemented with 20% FBS [HyClone, Logan, UT], 2% chick embryo extract [Life
Technologies, Grand Island, NY], 100 U/ml penicillin, and 100 μg/ml streptomycin).
Human salivary gland (HSG)cells were passaged in RPMI containing 10% heat-inactivated
calf serum according to standard tissue culture procedures. Cells were incubated for 24–48h
with varying concentrations of recombinant TRAIL (rTRAIL) (1 to 20 ng/ml; R&D
Systems, Minneapolis, MN) to induce cell death. Cells were lysed in buffer A (1% Nonidet
P-40, 20 mM Tris [pH.7.4], 150 mM NaCl, 1 mM EDTA, and protease inhibitors), and 25
μg of each sample were separated on 10% SDS polyacrylamide gels and transferred to
nitrocellulose membranes. Western blotting was performed using antibodies recognizing
PARP (rabbit polyclonal anti-human, New England Biolabs, Beverly, MA), IkB (rabbit
polyclonal anti-human, Cell Signaling Technology, Danvers, MA), and vinculin (as a
loading control). SKMC were incubated with rTRAIL, and autophagic vesicles were
identified by staining with monodansylcadaverine (MDC) (Sigma-Aldrich, St. Louis, MO).

RESULTS
Expression of TRAIL is specifically higher in skeletal muscle of myositis patients

TRAIL mRNA expression was determined in muscle biopsies from patients with various
myopathies (Supplemental Figure 1). As compared to the expression in normal human
muscle (NHM), the expression of TRAIL was not significantly higher in any of the 13
myopathic biopsies, with the exception of the myositis (JDM) patients’ muscle tissues. The
relative expression of TRAIL in myositis muscle was significantly higher than that in NHM,
indicating that elevated TRAIL expression is unique to myositis muscle tissue and may be
involved in the disease pathogenesis pathway. Consistent with the higher expression of
TRAIL in myositis muscle, TRAIL protein expression was higher in adult myositis (DM and
PM) patient tissues than in muscle from normal or DMD biopsies (Figure 1). In normal and
DMD tissues, there was no immunohistochemical staining for TRAIL, despite extensive
degeneration of the muscle fibers in DMD muscle. DM myofibers showed extensive staining
in the perifascicular area of the muscle and the infiltrating lymphocytes and blood vessels.
PM muscle fibers showed sporadic staining in the muscle and in infiltrating cells
surrounding the muscle fibers. To exclude the possibility that the TRAIL staining in the
perifascicular region of DM muscle was actually non-specific staining related to atrophy and
degeneration, we obtained serial sections for developmental myosin heavy chain (dMHC), a
specific marker for regenerating muscle fibers. These results clearly indicated that TRAIL
expression was restricted to the regenerating muscle fiber of myositis muscle(Figure 2A and
B).

Markers of autophagy are upregulated in human myositis muscle biopsies and the MHC
class I mouse model of myositis (HT)

Since classical apoptosis is not observed in muscle fibers from myositis patients (11–13, 24–
26), we analyzed normal and myositis muscle biopsies for the presence of specific
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autophagic markers, Beclin and LC3 (Figure 2C). Both proteins were significantly higher in
myositis patients than in controls. In addition, gene expression profiling revealed that
autophagy-related Atg4b and LAMP mRNA were up-regulated in muscle biopsies from
myositis patients, indicating an activation of the autophagic pathway (Figure 2D). Likewise,
the expression of DR5, the receptor for TRAIL, was several-fold higher in myositis and
DMD muscle biopsies than in NHM (Figure 2D).

Since the HT mouse model of myositis recapitulates several features of human myositis, we
performed similar analyses in these mice. HT muscles displayed autophagy-related
characteristics similar to those of human myositis muscle. Protein and mRNA from the
muscle biopsies were probed for the autophagic markers Beclin and LC3; both were seen to
be up-regulated in fast-twitch myositis muscle (Figure 3D). As was seen for the human
biopsies (Figure 2C), mouse HT muscle tissues had a higher expression of Beclin and LC3
proteins than did the control mouse muscle, as measured by immunoblot assay (Figure 3A).
These data indicate that the autophagic cell death pathway is active in both human patients
and HT mice.

Because Type II (fast-twitch) skeletal muscle is more drastically affected in human myositis,
we used gene array analysis of HT and control mouse muscle to determine whether there is
differential expression of autophagy-related genes in type I (slow-twitch) and type II (fast-
twitch) muscle. Gene expression profiling analysis of gastrocnemius (Type II) and soleus
(Type I) muscle revealed that several autophagy-related genes had a several-fold higher
level of expression in HT muscle (slow- and fast-twitch) than in the muscles of control mice:
Atg4b, Atg5, Atg7, Gabarap, Gabarapl1, Map1lc3a, Pik3c3, Pik3r4, Rab24, Ulk2, and Wipi
(Figure 3B and Supplemental Table 1). Some of the autophagy-related genes showed
preferential up-regulation in gastrocnemius muscle, suggesting that Type II muscle may be
more susceptible than Type I muscle to autophagic cell death.

Autophagic markers are predominantly present on Type II muscle of HT mice
Muscle (gastrocnemius and/or soleus) tissue was collected from control and HT mice.
Gastrocnemius muscles were stained for LC3, to determine the localization of LC3 and
characterize autophagosome formation. Control mouse muscle fibers showed minimal LC3
staining along the length of the tissue (Figure 3D1), whereas the muscle of HT mice
displayed a punctate, striated expression pattern for LC3 (Figure 3D2).

Since the slow and fast muscle fibers are differentially affected in the HT mice, we
performed a comparative analysis of LC3 expression by immunofluorescent staining in
gastrocnemius and soleus muscle to determine the approximate subcellular localization and
muscle type specificity of LC3 in the HT muscle. LC3 co-localized with GM 130 (a cis-
Golgi matrix marker) in the gastrocnemius and soleus muscles; when the images were
merged (Figure 3D3 and 3D4), we saw overlapping expression of the intensely stained LC3
(green, presence of autophagy) and GM 130 (red, Golgi localization) in the gastrocnemius,
whereas the soleus displayed minimal or no expression of LC3 or co-localization with GM
130. These data suggest that autophagic vacuoles are highly abundant in fast fibers but
absent from the slow muscle of the HT mouse.

The subcellular localization of LC3 and GM 130 was further investigated by examining its
potential co-localization with LAMP, in order to further define the autophagic processes that
occur in HT mice. LAMP is required for the fusion of autophagosomes and lysosomes
during autophagic progression. In myositis muscle, LAMP (green) co-localized with GM
130 (red) (Figure 3D5). Gastrocnemius muscles from control and HT mice were stained for
the presence of LAMP and α-tubulin. In control mice, some LAMP expression was detected;
however it did not overlap substantially with α-tubulin expression (Figure 3D6). In HT
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mice, LAMP expression was higher and was co-localized with tube-like staining of α-
tubulin, as seen in the merged panel (Figure 3D7). Also, the muscle α-tubulin expression
patterns differed between control and HT mice (red staining in Figure 3D6 vs. 3D7). HT
gastronemius muscle clearly showed a disruption and rearrangement of the microtubules (α-
tubulin staining) into longitudinal tunnels that co-localized with LAMP staining (Figure
3D7). These findings demonstrate a co-localization of LAMP, α-tubulin, the Golgi marker
GM 130, and LC3 (Figure 3D) in the HT muscle (individual, non-merged images for each
are available in Supplemental Figure 2), suggesting activation of the autophagic pathway in
the type II muscle of HT mice.

Autophagic vesicles are present in electron micrographs of HT muscle
Autophagy in HT myositis muscle was further validated by electron microscopy (EM) of the
quadriceps muscle (Figure 3C). Ultrathin sections from HT muscles were negatively stained
with uranyl acetate and lead citrate to visualize the features of classic autophagic vesicles by
electron microscopy. Several previously described features of autophagy (27, 28) were noted
in the quadriceps muscle: Typical double-membrane autophagic vacuoles could be identified
in muscle (black arrows). Multilamellar structures (open arrowhead) with heterogenous
cytoplasmic contents (open arrows) were also present. The small densely stained bodies
could represent glycogen granules or lysosomal fragments in the autophagic areas (black
arrowhead). Thus, these data clearly point to a role for autophagic cell death in myositis
skeletal muscle.

Significant variation occurs in the muscle fibers of HT mice
To assess the consequences of autophagic cell death in myositis muscle, we examined
muscle samples from control and HT mice (three control and three HT mice) after
hematoxylin and eosin (H&E) staining. HT muscle showed endomysial infiltration and
fibrosis, centralized nuclei, and variation in fiber size (Figure 4A and 4B). Images were
randomly selected from non-overlapping sections of muscle (2–5 images per sample), and
individual muscle fibers were measured using ImageJ software (National Institutes of
Health, Bethesda, MD) to determine: (1) the number of cells per panel (Figure 4C1), (2) the
cross-sectional area of the individual fibers (Figure 4C2), and (3) Feret’s minimal diameter
of the fibers (Figure 4C3). There were no statistically significant differences in the average
number of cells per panel or the average cell area between the control and HT samples. As
illustrated in Figures 4A and 4B, HT samples showed a broad variability in the number of
cells per panel, ranging from <50 cells to >170 cells per non-overlapping image, whereas the
number of cells per panel in the normal images did not exceed 110 (Figure 4C1). Likewise,
in affected mice, the individual cellular areas ranged from <2000 nm2 to >4000 nm2,
whereas the normal muscle cellular area peaked at 3001–3500 nm2 (Figure 4C2), suggesting
that the muscle fibers in affected tissue are much smaller than in healthy control tissue.
Consistent with the cell images seen in the representative H&E samples, the average Feret’s
minimal diameter for the HT samples was statistically significantly lower than for normal
myofibers (Figure 4C3), indicating that some form of cell death had occurred in these
muscle fibers.

Addition of exogenous recombinant TRAIL (rTRAIL) induces NFkB activation and
autophagy but not caspase-3-dependent apoptosis in muscle cells

Incubation of cells with human rTRAIL efficiently induced NFκB activation, as shown by
the nuclear translocation of NFkB p65 and IκB degradation. This activation was efficiently
blocked by IKK inhibitor in a dose-dependent manner (Supplementary Figure 3 A & B).
Poly (ADP-ribose) polymerase (PARP) cleavage is a classical marker of caspase-3
activation and cell death in multiple cell types. Intact PARP is approximately 116 kDa,
whereas activated, cleaved PARP is approximately 85 kDa (Figure 5A). rTRAIL-induced
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PARP cleavage was monitored in HSG and SKMC. In the absence of rTRAIL, PARP
remained intact in both HSG and SKMC cells (Lanes 1 and 5). With increased addition of
rTRAIL, PARP cleavage was increased in HSG, but not in SKMC, suggesting that the
caspase-3 apoptotic pathway was not activated in SKMC. The effect of rTRAIL on
induction of autophagy was then investigated in SKMC. Monodansylcadaverin (MDC) is a
lysosomotrophic agent that marks autophagic vesicles in cells. SKMC clearly showed more
autophagic vesicles upon rTRAIL treatment in these cells, suggesting that TRAIL-induced
autophagy, not apoptosis, occurs in skeletal muscle cells (Figure 5B).

Discussion
In this study, we have addressed the role of TRAIL in mediating muscle fiber damage in
myositis. We have shown that TRAIL is expressed in PM and DM biopsies but not in
normal control muscle or in other myopathic conditions such as Duchenne muscular
dystrophy. We have also shown that TRAIL is expressed in perifasicular atrophic areas of
DM muscle where there is muscle atrophy/degeneration coupled with muscle regeneration,
as indicated by the positivity for dMHC. We have further shown that the TRAIL receptor
DR5 is coordinately expressed together with several genes that are more prominently
expressed in myositis skeletal muscle than in normal muscle and also confirmed the
expression of two of autophagic genes (Beclin and LC-3) at the protein level in myositis but
not control biopsies. These observations have been further confirmed in the MHC class I
transgenic mouse model of myositis, in which we found atrophic muscle fibers, together
with up-regulation of the autophagic markers Beclin and LC-3 and the presence of typical
autophagic vesicles by electron microscopy. In the mouse model, autophagy appeared to be
more prominent in the fast-twitch Type II skeletal muscle than in the slow-twitch Type I
muscle. Finally, using in vitro cell culture experiments, we demonstrated that TRAIL
induces autophagy and NFkB activation but not apoptosis in skeletal muscle cells,
suggesting a potential role for TRAIL in mediating muscle fiber death(via autophagy)in
myositis.

TRAIL expression has been previously demonstrated in biopsies from juvenile myositis
patients, and TRAIL is known to be involved in autophagic tissue remodeling (15, 16). By
analyzing publicly available microarray data, we found that TRAIL was also specifically up-
regulated in juvenile myositis muscle but not in other myopathic patients’ muscle biopsies.
Gene expression was analyzed in mRNA samples from muscle biopsies of various
myopathic patients and normal human controls, and despite the fact that several of the
myopathies share characteristic features (muscle inflammation and fibrosis), only muscle
from juvenile DM patients had distinctly higher TRAIL expression (Figure 1 and
Supplemental Figure 1). This finding suggested that the muscle fiber damage that is seen in
myositis patients may occur through a TRAIL-mediated mechanism, dissimilar to that seen
in other myopathies.

Atrophy and degeneration/regeneration are among the histological features of several
myopathies, including myositis. The atrophy is uniquely localized to perifascicular area in
DM. Perifascicular regions of myositis muscle express higher amounts of autoantigens and
MHC class I; these sites are highly vulnerable to cytotoxic T-cell-mediated damage,
resulting in muscle fiber degeneration and atrophy (29, 30). These perifascicular regions
stain positively for dMHC, indicating active degeneration and regeneration cycles.

TRAIL/DR5 activation can activate apoptotic cell death (Type I cell death) through the Fas-
associated protein with death domain (FADD)/caspase pathway (31, 32). TRAIL/DR5
activation can also stimulate a non-apoptotic autophagic cell death (Type II cell death)
pathway through NFκB and tissue remodeling (15, 33, 34). Previous studies in human
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muscle biopsies have shown that DR5, DR4, and Fas are expressed in normal muscle tissue
and are up-regulated in DM muscle biopsies (16). Our data from the current study have
shown that in myositis muscle, TRAIL and DR5 are both upregulated, as are the genes in the
autophagic pathway, not only in humans but also in the mouse myositis model. The
molecular pathways that connect TRAIL-induced autophagy to inflammation (NFkB
activation) are not yet fully understood. However, there is some evidence that TRAIL and
TRAIL receptor-induced NFkB activation is mediated by TRAF2-NIK-I-kappaB kinase
alpha/beta signaling and that autophagy is mediated by JNK activation via TRAF2-MEKK1-
MKK4, suggesting that TRAIL receptors induce apoptosis, inflammation, and autophagy
through distinct signaling pathways (35, 36). Activation of NFkB in skeletal muscle has a
number of consequences, including the production of pro-inflammatory cytokines, initiation
of ER stress (ER overload and Unfolded protein response), and suppression of new muscle
formation via myoD inhibition. Our data have not demonstrated that autophagy causes
inflammation, but there is emerging evidence in the literature to suggest that autophagy
controls the cellular inflammatory response via IFN-gamma-induced signaling (Jak2-STAT1
activation)(37).

Autophagy can be activated in response to the accumulation of misfolded or improperly
glycosylated proteins, which can trigger an endoplasmic reticulum (ER) stress response and
activate autophagy (38, 39). In response to autophagic activation, a cascade of protein
mediators is mobilized to form the autophagosome, which fuses with the lysosome to cause
the concerted destruction of cellular organelles and macromolecules by lysosomal hydrolytic
enzymes (39). Several of the genes identified in this paper have a well-defined role in this
process. Apg5 and Apg12 are localized to autophagosome membranes (40) and recruit LC3
(also known as Atg8) to the autophagosome, whereas LAMP1 and LAMP2 are the major
glycoproteins localized between the lysosomal and plasma membranes (41).

TRAIL-mediated cell death occurring via the autophagic pathway has previously been
shown to be protective, particularly in apoptosis-defective tumor cells (33) and in tissue
morphogenesis and remodeling, in which TRAIL has been shown to play a critical role in
cellular activation (15). In myositis, TRAIL could initiate autophagic pathways not only to
mediate cell death but also to facilitate the fusion of regenerating muscle fibers. The
identification of high levels of TRAIL expression in regenerating areas in DM muscle
supports such a role in myositis. Consistent with a role for TRAIL in caspase-independent
cell death is the up-regulation of markers of autophagy in both myositis patients and HT
mouse muscle, but not in control muscle. Beclin and LC3 are specific markers of autophagic
cell death (33, 36, 42). Beclin is targeted to the trans-Golgi network and induces the
phosphorylation of Bcl-2 and p53 in autophagic cell death through a JNK-mediated pathway
(34, 36, 43), whereas the activation and lipidation of LC3 (LC3II) are markers for
autophagosome formation (44). Staining of muscle fibers revealed that LC3 was
prominently colocalized with the Golgi marker GM 130 in the fast-twitch HT muscle
(Figure 3D2/3) but absent from the type I and control mouse muscle (Figure 3D1/4). This
differential expression of LC3 between muscle types is interesting, but it is currently unclear
whether this difference reflects differential distribution of the ER-Golgi network in type I
and type II muscle fibers or differential sensitivities to TRAIL-mediated damage (45). The
restriction of LC3 expression to fast-twitch muscles could be partially explained by previous
studies that have suggested that cell damage is more prominent in Type II than in Type I
muscles in myositis (3).

Variation in fiber size is one of the typical features of human myositis skeletal muscle. Our
analysis of muscle fiber size, cell area, and Feret’s minimum diameter clearly indicated that
myositis skeletal muscle also shows significant variation in fiber size, indicating an active
degeneration and regeneration process. These data indicate that autophagic death is active
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and may contribute to the atrophy and variation in fiber size in the skeletal muscle of
myositis as a non-immune form of muscle damage.

From an analysis of muscle tissues (human or mouse), it is difficult judge whether TRAIL
has a causative role in inducing inflammation and autophagy in myositis; therefore, we also
performed in vitro cell culture experiments, which suggested that TRAIL induces both
inflammation (NFkB activation) and autophagy in cells. We speculate that TRAIL-mediated
activation of NFκB could lead to an ER overload response/ER stress, which could in turn
result in enhanced muscle inflammation and propagation of muscle disease. Our current and
previously published data indicate potential for a significant non-immune component
(autophagy and ER stress) in the pathogenesis of inflammatory myopathies (1, 2, 46). Future
genetic experiments using TRAIL knockout mice or pharmacological interventions (anti-
TRAIL or -DR5) antibodies should clarify the role of TRAIL in muscle fiber damage in
myositis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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DMD Duchenne muscular dystrophy

dMHC developmental myosin heavy chain

DR# death receptor-#

EDL extensor digitorum longus

HSG human salivary gland

HT myositis (in the double-transgenic myositis model)

IIM idiopathic inflammatory myopathies

Iκβ inhibitor of kappaB-α

IKKI Iκβ kinase inhibitor

LAMP lysosome-associated membrane protein

NFκB nuclear factor kappa-light chain enhancer of activated B cells

NHM normal human muscle

PM polymyositis

PARP poly(ADP-ribose) polymerase

SKMC human skeletal muscle cells
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TNFα tumor necrosis factor-α

TRAIL tumor necrosis factor-α-related apoptosis inducing ligand
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Figure 1.
TRAIL expression is up-regulated in atrophic fibers of human myositis muscle. Tissue
sections (n=4 per disease group) from myositis and muscular dystrophy muscle were stained
for the presence of TRAIL. Intense intracellular TRAIL staining was seen in the
perifascicular region of the DM muscle, whereas the PM muscle showed sporadic staining in
some small degenerating fibers as well as interstitial cells. Normal and DMD tissues had no
TRAIL staining on fibers. A representative example of the DM, normal, PM, and DMD
samples is shown.
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Figure 2.
TRAIL expression is localized to perifascicular atrophic and regenerating areas of DM
muscle. Serial sections from DM muscle biopsies were stained with antibodies against
TRAIL. (A) (B) TRAIL is colocalized with developmental myosin heavy chain (dMHC) in
perifascicular region. (C) Control and myositis human muscle homogenates were probed
with antibodies against Beclin (top) or LC3 (middle) and Vinculin (bottom) expected sizes
marked with arrows. (D) Differentially expressed autophagy pathway genes from myositis
and DMD patients were compared to normal human muscle (NHM). All gene differences
reported were statistically significant after multiple testing corrections. Data expressed as -
fold change.
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Figure 3.
Autophagic markers, Beclin and LC3, are up-regulated in HT myositis mice. Western
blotting (A); Autophagic pathway genes expression at protein (A) and mRNA level (B) (n=3
mice/group/muscle type). (C) Electron microscopy (quadriceps) Black arrows and open
arrowhead indicate double-membrane autophagic vacuoles and multilamellar structures,
respectively. Open arrows and black arrowhead indicate cytoplasmic granules and small
dense bodies, respectively. Sizing bar, 1 μm. (D) Activated LC3-Gastroc 1 (control) and
Gastroc -2 (HT); LC3 (green) and GM130 (red–Golgi marker) Gastroc 3 and soleus-4.
GM130 and LAMP (green–lysosomal marker) co-localized in HT gastrocnemius muscle (5).
Control and HT gastrocnemius muscles with LAMP (green) and α-tubulin (red) (6–7).
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Figure 4.
H&E staining of muscle of HT myositis mice: Representative sections of non-diseased
mouse control (A) and HT mouse (B) muscle sections are shown (3 mice/genotype). Five
panels per stained section were used to measure Cell count per panel (C1), cross-sectional
area (C2) and Feret’s minimal diameter (C3). Cellular measurements were determined using
ImageJ software downloaded from the NIH (http://rsbweb.nih.gov/ij/).
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Figure 5.
TRAIL induces autophagy in skeletal muscle cells, but caspase-3-dependent apoptosis is
absent. (A) Human salivary gland cells (HSG) and human skeletal muscle cells (SKMC)
were incubated with rTRAIL protein (0, 5, 10, and 20 ng/mL). HSG cells had higher levels
of cleaved PARP (Lanes 1–4), whereas SKMC cells were resistant to PARP cleavage even
at the highest concentration of TRAIL (Lanes 5–8). (B)Autophagy was monitored in SKMC
after rTRAIL addition. B1/2, monodansyl cadaverine (MDC), a marker of autophagic
vacuoles. Addition of rTRAIL (B2) to SKMC resulted in the formation of many vesicles and
a larger cell size than seen in SKMC exposed to media only (B1). Representative images are
shown.
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