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Abstract
Sporadic inclusion body myositis (sIBM) is the most prevalent acquired muscle disorder in the elderly with no defined etiology or
effective therapy. Endoplasmic reticulum stress and deposition of myostatin, a secreted negative regulator of muscle growth, have
been implicated in disease pathology. The myostatin signaling pathway has emerged as a major target for symptomatic treatment of
muscle atrophy. Here, we systematically analyzed thematuration and secretion ofmyostatin precursorMstnPP and itsmetabolites in a
human muscle cell line. We find that increased MsntPP protein levels induce ER stress. MstnPP metabolites were predominantly
retained within the endoplasmic reticulum (ER), also evident in sIBM histology. MstnPP cleavage products formed insoluble high
molecular weight aggregates, a process that was aggravated by experimental ER stress. Importantly, ER stress also impaired secretion
of mature myostatin. Reduced secretion and aggregation of MstnPP metabolites were not simply caused by overexpression, as both
events were also observed in wildtype cells under ER stress. It is tempting to speculate that reduced circulating myostatin growth
factor could be one explanation for the poor clinical efficacy of drugs targeting the myostatin pathway in sIBM.
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Introduction

Sporadic inclusion body myositis (sIBM) is the most
prevalent acquired muscle wasting disorder above the
age of 50 with no effective treatment or cure [1–3].
Patients with sIBM exhibit slowly progressing weakness
and atrophy of skeletal muscles [4]. sIBM is regarded as
the most enigmatic disease in myology, if not neurology

[5]. Pathological characteristics include vacuolated mus-
cle fibers, deposition of proteinaceous material [6, 7],
and T lymphocyte infiltration [8]. sIBM shares the immu-
nological signs of an autoimmune attack by cytotoxic
CD8-positive T cells in skeletal muscle fibers with poly-
myositis [9]. The presence of autoantibodies supports au-
toimmune activity [10]. Immunosuppressants and anti-
inflammatory drugs fail to improve the overall course of
disease progression, suggesting that inflammation might
not be the primary cause of sIBM [11]. Typically, muscle
fibers show immunoreactivities for various proteins asso-
ciated with inclusions in neurodegenerative diseases
[12–16]. Protein deposits sometimes stain with Congo
Red, indicative of ordered protein aggregates, so-called
amyloid [17]. One aggregation-prone protein implicated
in sIBM pathology is the amyloid precursor protein
(APP). In Alzheimer’s disease, sequential cleavage of
APP in the secretory pathway or within the endosomal
system leads to the accumulation of Aβ peptides in the
brain [18]. APP or metabolites thereof sometimes also
form intrafiber deposits or cluster around sIBM vacuoles,
suggesting similar pathogenic events [12, 19]. The finding
that unrelated proteins aberrantly deposit during disease
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suggests that pathogenesis is the consequence of protein
homeostasis collapse [20]. The pathogenic cascade that
leads to proteostasis breakdown is unknown.

Several lines of evidence argue that endoplasmic reticulum
(ER) stress plays a prominent role in sIBMpathology [21, 22].
ER stress can be evoked by a variety of stimuli, including
energy deprivation, inflammatory stressors, and aberrant ex-
pression of unfolded/misfolded proteins [23]. ER stress acti-
vates the unfolded protein response (UPR), a signaling path-
way that includes induction of ER stress sensors, upregulation
of ER resident chaperones, repressed global protein synthesis
and enhanced translation of UPR-target genes. Misfolded pro-
teins are exported from the ER and subsequently degraded via
the ubiquitin proteasome system (UPS) or autophagy [24].
Calcium dysregulation [25], upregulation of ER-resident
chaperones [21, 26–28] and UPR transcription factors [22],
suppressed translation [25] and altered clearance of proteins
by UPR and the autophagosomal-lysosomal pathway are
prominent features of sIBM [29–31].

As the cause of muscle wasting in sIBM remains unknown,
symptomatic treatment of muscle atrophy has emerged as an
alternative strategy for therapeutic intervention. Among the
factors that drive atrophic processes in muscle is myostatin
(Mstn), a member of the TGF-β family that is primarily
expressed in muscle and negatively regulates its growth
[32]. Conflicting results exist regarding the expression of
Mstn precursor protein MstnPP in sIBM. In a recent study,
serum levels of circulating myostatin growth factor (Mstn GF)
were decreased in some sIBM patients [33]. MstnPP mRNA
in sIBMmuscle was reported to be up- [33] or downregulated
[34]. Expression of MstnPP protein was found elevated in
sIBM muscle biopsies [34]. Secreted Mstn GF activates the
activin receptor IIB (ActRIIB) receptor complex, thereby al-
tering myogenic expression and resulting in atrophy.
Therapies targeting Mstn signaling that aim at blocking the
engagement of secreted Mstn GF with its receptor complex
have progressed into clinical development [35]. However,
anti-ActRIIB antibodies failed to show efficacy in a recent
sIBM late phase clinical trial (https://www.morphosys.de),
suggesting that Mstn signaling is not a prominent driver of
muscle atrophy in this disease. The paradox between serum
Mstn GF concentrations, muscular MstnPP mRNA and
protein levels observed in sIBM [26] and the lack of a
significant effect of anti-myostatin treatment on muscle atro-
phy is unclear. Downregulation of muscular MstnPP mRNA
could by one plausible explanation [33]. Another explanation
could be that sIBM-associated ER homeostasis imbalance af-
fects the posttranslational processing of secretory protein
Mstn GF. Indeed, histological examination of sIBM muscle
biopsies has demonstrated aberrant deposition of MstnPP or
its metabolites and areas of intense immunoreactivity for both
MstnPP metabolites and APP/Aβ [34]. While the aggregation
states of MstnPP and its cleavage products have not been

assessed biochemically in vivo or in cellular models, amyloid
formation of human MstnPP has recently been demonstrated
in vitro [36].

We hypothesized that overexpression and ER stress alter
the posttranslational processing of MstnPP and also influence
Mstn GF secretion. To test this, we employed human muscle
cells to study cellular processing of ectopically expressed
MstnPP. As a control, we assessed the cellular effects of
APP overexpression, also implicated in sIBM disease pathol-
ogy [28, 37, 38]. We here demonstrate that overexpression of
MstnPP but not APP caused misfolding and retention of pro-
tein cleavage products in the ER lumen, resulting in dilated
ER cisternae and ER stress. Pharmacologically induced ER
stress further promoted MstnPP metabolite aggregation into
SDS-stable high molecular weight complexes. sIBM histolo-
gy confirmed aberrant colocalization of MstnPP metabolites
and ER resident chaperones, suggesting the involvement of
the ER in vacuole and inclusion formation. Importantly, ex-
perimentally enhanced ER stress induced MstnPP metabolite
aggregation also in wildtype muscle cells and resulted in de-
creased secretion of Mstn GF. Our data suggest that ER im-
balance also impairs matureMstn secretion in sIBM and ques-
tion the role of Mstn signaling as a driving force for muscle
atrophy in sIBM.

Materials and Methods

Patient Samples

Patient samples were collected by the Department of
Neurology, University Hospital Bonn. Written informed con-
sent of the patients for the scientific use of residual muscle
material was collected as approved by the local ethics com-
mittee (069/03 and 070/03), which also approved the specific
sample selection and procedures of our study (284/16).
Muscle specimens were obtained by standard open biopsy
from 20 (4 female, 16 male) patients between 14 and 79 years
old (median, 61 years) (Supplementary Table). Muscle biop-
sies were frozen in melting isopentane and stored in liquid
nitrogen. Each underwent standard diagnostic work-up, in-
cluding: HE, modified Gomori trichrome, ATPase (pH 4.2,
4.6 and 9.4), reduced NADH, periodic acid Schiff, oil-red-
O, acid phosphatase, Congo Red, myoadenylate deaminase,
phosphofructokinase, succinic dehydrogenase, cytochrome c
oxidase, and myophosphorylase stainings. Stainings were
conducted by standard protocols. Immunohistochemistry,
with antibodies against major histocompatibility complex I
(MHC-I; 1:1000; W6/32; DAKO), membrane attack complex
of complement (MAC, C5b9; 1:100; aE11; DAKO), CD3 (1:50;
T3-4B5; DAKO), and CD 68 (1:80; EBM11; DAKO), were
included whenever an inflammatory myopathy was clinically
suspected or suggested by the standard histology listed above.
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The respective diagnosis was based on established histological
criteria. The control samples were from patients without specific
myopathologic changes (e.g., suspected mitochondrial cytopathy
cases) or with nonspecific muscular complaints (typically muscle
pain or stiffness). Control patients were ultimately declared free
of muscle disease. Chronic neurogenic conditions were
diagnosed based on fiber type grouping, grouped atrophy,
and a bimodal fiber size distribution without major inflam-
matory or structural pathology as encountered in sIBM. All
sIBM samples showed the canonical pathological features
[39], i.e., inflammatory myopathy with partial invasion of
non-necrotic fibers, rimmed vacuoles, and intracellular
congophilic deposits.

Antibodies and Chemicals

Antibodies were from the following companies; mouse mAb
anti-myostatin (MstnPP) (6H12) (Abcam & ThermoFischer
Scientific); goat pAb anti-human myostatin (amino acid resi-
dues 268–376) (R & D systems); mouse mAb anti-APP 6E10
against Aβ epitope RHDSGYE (BioLegend); mouse mAb
anti-APP 22C11 against the aminoterminal residues 66–81
(Merck Millipore); rabbit pAb anti-Giantin ab24586
(Abcam); rabbit pAb anti-LC3B NB100-2220 (Novus biolog-
ical); rabbit pAb anti-Lamp1 ab24170 (Abcam); rabbit pAb
anti-GRP-78 H-129 (Santa Cruz); rabbit pAb anti-GFP
A-6455 (ThermoFischer Scientific); rabbit mAb anti-
Calreticulin ERP3924 (Merck Millipore); rabbit pAb anti-
Calnexin C4731 (Sigma); rabbit pAb anti-Ubiquitin Z0458
(DAKO); mouse mAb anti-Actin (MP Biomedicals); Alexa
Fluor-conjugated secondary antibodies (Molecular Probes);
HRP-coupled secondary goat antibodies (Dianova).
Chemicals were purchased from Sigma or Roth.

Histological Examination of Muscle Biopsies

Cryostat sections of patient material were studied
immunohistochemically according to routine diagnostic tech-
niques. Briefly, 7 μm thick transverse cryosections were trans-
ferred onto silaned glass slides, air-dried and fixed in 4%
paraformaldehyde for 10 min at RT. Serial sections to those
stained for immunohistochemistry were stained with
hematoxylin-eosin and modified Gomori trichrome [40] to
identify fibers with rimmed vacuoles. Images were captured
using × 20–40 objectives and a Nikon H800 microscope
(Nikon, Germany) with a SPOT FLEX 64 Mp Shifting Pixel
CCD-camera (Visitron Systems GmbH) and SPOT software
(version 4.6, Visitron Systems).

Confocal Microscopy of Muscle Biopsies

Cryosections were fixed in 4% paraformaldehyde in PBS
for 10 min at room temperature (RT). Unspecific binding

was blocked with 5% BSA and 10% horse serum in
phosphate buffered saline (PBS) for 30 min at RT.
Muscle tissue was incubated with anti-Mstn 6H12, anti-
APP 6E10 or 22C11, or anti-Calreticulin antibodies over-
night at 4 °C. Samples were rinsed extensively with PBS
and incubated with secondary antibodies for 60 min at
RT. After additional washing with PBS, nuclei were
counterstained with bis-benzimide (1:10,000 in PBS
0.5 g/ml; Sigma-Aldrich) for 2 min at RT. Specimen were
mounted in a Mowiol 4–88 (Calbiochem, Merck
Chemicals) and glycerol mix in pH 8.5 Tris buffer with
0.1% DABCO (1,4-Diazabicyclo (2,2,2) octane; Sigma-
Aldrich). Confocal laser scanning microscopy was carried
out using 40× oil lenses and an LSM 700 laser-scanning
microscope (Zeiss). Cross-reactivity of secondary anti-
bodies was excluded by control stainings without primary
antibodies (not shown). Single optical planes are shown.

Cell Lines

The human rhabdomyosarcoma cell line CCL 136
(American Type Culture Collection, Rockville, MD,
USA) was used for all experiments. Cells were maintained
in DMEM with GlutaMAX (Gibco) supplemented with
10% fetal calf serum (FCS) (Biochrom) and antibiotics.
The human MstnPP cDNA (Origene) was used for PCR
and the open reading frame was cloned into the lentiviral
vector pRRLsin.PPT.CMV.Wpre [41]. For the APP con-
struct, a plasmid encoding the 695 amino acid residue hu-
man APP bearing the Swedish mutation (K70M/N671L)
(APP-SWE) [42] served as a template to generate a PCR
product that was cloned into the lentiviral vector. As a
control, the open reading frame for the enhanced green
fluorescent protein (EGFP) was cloned into the same vec-
tor. Viral particles were produced and cells transduced ac-
cording to published protocols [41, 43]. Human neuroblas-
toma cell line SH-SY5Y stably expressing the Swedish
mutant of human APP (APP695 SWE) [42] was maintained
in DMEM, high glucose, GlutaMAX supplement with 10%
FCS and antibiotics.

Western Blot Analysis

Western blot analysis was performed with cell lysates
prepared in buffer containing 150 mM NaCl, 50 mM
Tris-Cl (pH 7.5), 1% NP-40, 2 mM EDTA and Protease
Inhibitor cocktail (Roche). Cell lysates were adjusted to
comparable protein concentrations. Proteins were separat-
ed on NuPage 4–12% Bis-Tris gels by SDS-PAGE under
reducing conditions and blotted onto PVDF membranes
by wet blotting.
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Deglycosylation by Peptide N-Glycosidase F (PNGase
F)

Deglycosylation by PNGase F was performed according to
the manufacturer’s instructions (New England BioLabs).
Briefly, 75 μg of total protein in lysates of CCL 136 WT,
MstnPP and APP cells was denatured at 100 °C for 10 min
and cell debris was pelleted for 10 s. Supernatants were incu-
bated with 1000 units PNGase F at 37 °C for 1 h. Proteins
were separated by SDS-PAGE under reducing conditions.

Sedimentation Assay, SDD-AGE, and Glutaraldehyde
Crosslinking

Sedimentation assays were performed with cell lysates pre-
pared in buffer containing 150 mM NaCl, 50 mM Tris-Cl
(pH 7.5), 2 mM EDTA, 2% Triton X-100 and complete pro-
tease inhibitor cocktail (Roche). Lysates were cleared of cell
debris (1000×g, 10 min, 4 °C) and subjected to high-speed
centrifugation (150,000×g) for 1 h at 4 °C. The pellet was
resuspended in TNE buffer (50 mM Tris-Cl (pH 8.5),
150 mM NaCl and 2 mM EDTA) and sonicated at 100%
amplitude for 2 min (Sonicator Sonoplus, Bandelin). Equal
volumes of supernatant and pellet were loaded onto 4–12%
Bis-Tris SDS-PAGE gels and proteins were transferred onto
PVDF membranes. SDD-AGE was performed according to
previously published protocols [44]. CCL 136 MstnPP cells
were grown in 6 well plates, while for wildtype CCL 136,
cells were seeded onto 10 cm dishes. Briefly, cell lysates were
mixed with sample buffer containing TAE, 5% glycerol and
2% SDS (final concentration) for 5 min at RT and separated
ON on 1.5% agarose gel containing 0.1% SDS. Proteins were
blotted onto nitrocellulose membrane by capillary transfer.
For glutaraldehyde crosslinking, cell lysates were incubated
with 0.005% glutaraldehyde for 15 min at 37 °C, followed by
addition of 50 mM Tris-HCl (pH 8.0) to terminate the reac-
tion. Proteins were separated on 4–12% SDS-PAGE gels and
blotted onto PVDF membranes. Antigen-antibody complexes
were visualized using ECL Prime (Amersham) for Actin, BIP
and overexpressed MstnPP. SuperSignal West Femto
Chemiluminescent substrate (Thermo Scientific) was used to
detect endogenous MstnPP.

Immunofluorescence Staining and Confocal
Microscopy Analysis of CCL 136 Cells

Cells were grown on coverslips and fixed with 4% PFA for
10 min at RT, and permeabilized using 0.1% Triton X-100 for
5 min. Cells were blocked with 2% goat serum for 1 h follow-
ed by incubation with primary and secondary antibodies for
1 h. Nuclei were counterstained with Hoechst for 5 min.
Coverslips were mounted in Aqua-Poly/Mount. Confocal la-
ser scanning microscopy was performed using an LSM 700.

For automated image analysis, cells were plated on 96 well
plates (Greiner Bio-One) and fixed with 4% PFA 48 h post-
plating. Cells were stained with anti-APP antibody (6E10) or
anti-Mstn-N antibody (6H12). Cytoplasm and nuclei were
stained for 10 min with CellMask (1:5000) and Hoechst
(1:10000), respectively. Single plane confocal microcopy im-
ages were taken using the CellVoyager automated microscope
(Yokogawa) with a × 20 objective. Image analysis was per-
formed using the Yokogawa software. As controls, cells were
only exposed to secondary antibody. No unspecific antibody
binding was detected. APP- or MstnPP-overexpressing cells
were determined using a maximum intensity threshold (area >
5 μm) above a local background. GFP cells were detected by
counting the number of green nuclei versus total nuclei.

Chemical Induction of ER Stress

Cells were grown until approximately ~70–80% confluent.
Unless otherwise noted, cells were cultured with DMEM con-
taining either 400 nM Thapsigargin (Tg) or 3 μg/ml
Tunicamycin (Tm) for 12 h.

Cell Viability Assay

Metabolic activity of cells was assessed by the XTT assay
(Cell Proliferation Kit II, Sigma) according to the manufac-
turer’s recommendations. Briefly, cells were seeded onto 96-
well plates (Greiner) and incubated with the compounds for
12 h. H2O2 (1 mM) was used as a positive control.
Absorbance was measured at 492 and 690 nm 4 h post addi-
tion of the XTT reagent.

ELISA for Cell-Derived Beta Amyloid

Aβ-42 levels in cell lysates and conditioned medium were
quantified using Amyloid beta 42 ELISA Kit, Human
(ThermoFisher Scientific). Briefly, cells were seeded on
6-well plates and cultured to ~70–80% confluency. The
medium was replaced with fresh medium containing
DMSO, Tg or Tm. After 12 h, conditioned medium and
cells were collected. Cell lysates were prepared as above.
The ELISA results were normalized to micrograms of
protein in the cell lysates.

Statistical Analysis

Statistical analysis was performed using unpaired t test or one-
way ANOVA with Dunnett’s multiple comparison test and
GraphPad Prism 6 software, as indicated. All values are
expressed as mean +/- SD.
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Results

Rimmed Vacuoles and Proteinaceous Deposits in sIBM
Muscle Biopsies Are Immunoreactive
with Anti-MstnPP and Anti-APP Antibodies

A previous study reported the accumulation ofMstn antibody-
positive material in sIBM muscle [34]. To confirm this find-
ing, muscle biopsies from sIBM and controls (Supplementary
Table) were assessed histo- and immunohistochemically.
Serial sections stained with hematoxylin-eosin confirmed typ-
ical rimmed vacuoles in sIBM samples that were frequent in
areas of non-atrophic muscle fibers (Fig. 1a). Rimmed vacu-
oles were present in all sIBM cases but absent in neurogenic
controls and controls free of muscle disease (data not shown).
Gomori trichrome staining revealed red-rimmed vacuoles
characteristic of sIBM (Fig. 1b). The presence of Congo Red
positive inclusions confirmed proteinaceous deposits in sIBM
skeletal muscle (Fig. 1c). Staining with anti-APP antibody
6E10 binding to the amyloidogenic Aβ region revealed im-
munoreactivity with inclusions and around vacuole bound-
aries in sIBM biopsies (Fig. 1d, upper panel).

In skeletal muscle, biologically active Mstn GF is derived
from inactive MstnPP. Upon translocation to the ER,
disulfide-linked homodimeric pro-myostatin (pro-Mstn) is
formed. Further cleavage of pro-Mstn generates a
carboxyterminal homodimer (dimer 25 kD, monomer 12.5
kD), complexed non-covalently with its inhibitory
aminoterminal propeptide (36 kD) [45, 46]. A second cleav-
age event in the propeptide disassociates the latent complex
[45]. In skeletal muscle, formation of the latent complex and
liberation of active Mstn GF occurs predominately extracellu-
larly [47]. We used antibody 6H12 against aminoterminal
MstnPP (residues 24–266) (Fig. 1d, lower panel) that detects
pro-Mstn, the most abundant MstnPP cleavage product in
skeletal muscle [47], and the inhibitory propeptide. For sim-
plicity, we refer to all MstnPP metabolites detected by anti-
body 6H12 as Mstn-N. Mstn-N often localized around vacu-
oles in sIBM patient samples (Fig. 1d, lower panel). In some
instances, Mstn-N was also found inside of vacuoles or in

protein deposits within non-atrophic fibers. In non-
myopathic and neurogenic controls, both APP and Mstn-N
staining was evident throughout the sarcoplasm (Fig. 1e).

�Fig. 1 Presence of anti-MstnPP and anti-APP immunoreactivity in sIBM
myofibers. a Hematoxylin and eosin staining of representative sIBM
muscle biopsy, showing variation in muscle fiber size as well
degenerative changes, in particular typical rimmed vacuoles
(arrowhead) and basophilic sarcoplasmic inclusions. b Rimmed
vacuoles (arrowhead) stained with modified Gomori trichrome stain. c
Congo Red fluorescence of myofibers demonstrates sarcoplasmic
amyloid deposits, in particular adjacent to vacuoles. One optical plane
is shown in all images. d, e Representative transverse serial sections of
skeletal muscle from (d) sIBM patients, (e) age-matched controls and
neurogenic patients. Sections were stained with anti-APP 6E10 directed
against the amyloidogenic Aβ region and anti-MstnPP 6H12 directed
against the propeptide region of MstnPP (anti-Mstn-N). Nuclei were
stained with Hoechst. Scale bars 10 μm
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Co-localization of APP and MstnPP Metabolites
with Calreticulin Around sIBM Vacuoles Suggests
Involvement of the ER in Vacuole Formation

Recent electron microscopy examinations of sIBM muscle
biopsies revealed arrays of patterned ER associated with
rimmed vacuoles [48]. It is thus possible that secretory pro-
teins MstnPP and APP or metabolites thereof were retained
within the ER. To analyze the co-localization of MstnPP and
APP antibody-immunoreactive protein with ER markers in
sIBM tissue specimen, we performed fluorescent double-
labeling immunohistochemistry on skeletal muscle biopsies
of sIBM patients (Fig. 2). Staining of consecutive sections
with APP-specif ic ant ibodies revealed that both
aminoterminal APP epitopes (antibody 22C11) and the
amyloidogenic Aβ region (antibody 6E10) co-localized with
Calreticulin at rimmed vacuoles. This argues that full-length
APP or aminoterminal APP fragments also deposit in sIBM
fibers (Fig. 2a). Notably, antibody 6E10 also detects full-
length APP and carboxyterminal cleavage products such as
CTF-β, so the presence of Aβ peptides within vacuole walls
cannot be revealed using this antibody. Vacuole walls and
interior structures of vacuoles consistently stained positive
with antibody against aminoterminal MstnPP (Fig. 2b). ER
marker Calreticulin also stained intensely around the vacuole
walls and interior as small vesicles or puncta (Fig. 2). The
finding that both MstnPP and APP metabolites co-localize
with Calreticulin supports the hypothesis that the ER is in-
volved in vacuole formation in sIBM.

Characterization of Human Myoblast Cell Lines Stably
Expressing MstnPP or APP

Overexpression of APP and MstnPP mRNA and protein has
been implicated in sIBM disease progression [34, 49].
Increased expression of secretory proteins could lead to ER
stress and impair proper protein processing and trafficking, a
hypothesis that we tested in a human muscle cell line. As
endogenous expression of both APP or MstnPP is low in
cultured muscle cells [13, 50], we transduced the human rhab-
domyosarcoma cell line CCL 136 with lentivirus coding for
human APP, MstnPP or enhanced green fluorescent protein
(EGFP). We expressed APP with the Swedish mutations
(K670N/M671L), to generate increased levels of Aβ [51,
52]. Western blot analysis with an antibody against the
amyloidogenic Aβ region (α-APP 6E10) or aminoterminal
(α-APP 22C11) APP antibodies (Fig. 3a) demonstrated that
CCL 136 APP cells predominately expressed full-length APP
(APP-fl) and/or sAPP-α of approximately 110–130 kD (Fig.
3b). Faint smaller bands immunoreactive with 6E10 likely
represent APP β-CTF (16/17 kD) [18]. Low-abundant
aminoterminal fragments (NTFs) (20–26 kD) resulting from
aminoterminal cleavage were detected by 22C11 [54]. Aβ

peptides were undetectable in western blots of cell lysates or
conditioned medium (Fig. 3b, c). Analysis of conditioned me-
dium or cell lysates by ELISA revealed that CCL 136 APP
cells produced very low levels of Aβ-42 (Fig. 3c). N-linked
glycosylation of APP was verified by Peptide N-glycosidase F
(PNGase F) treatment (Supplementary Fig. 1).

Expression of MstnPP was assessed using antibodies
against the amino- (6H12) or carboxyterminus (AF788) of
MstnPP (Fig. 3d). Antibody AF788 reacts with pro-Mstn
and mature Mstn GF, hereafter termed α-Mstn-C. In line with
previous reports on mouse myoblasts [50], endogenous
MstnPP expression was low and most often undetectable by
western blot (Fig. 3e). In lysate of cells ectopically expressing
MstnPP, a predominant 50 kD band was detected under reduc-
ing conditions, in agreement with the predominance of pro-
Mstn in skeletal muscle (Fig. 3e) [47]. A fainter band of ap-
proximately 38 kD, detected by 6H12 (α-Mstn-N), corre-
sponds to the liberated propeptide [45]. This band was often
not detected in cell extracts by western blot (see subsequent
figures). The intracellular reduced monomeric 12.5 kD GF
was barely detected. Pro-Mstn, propetide, and GF were also
detected in conditioned medium of CCL 136 cells ectopically
expressing MstnPP (Fig. 3e). The slight shift in size upon
PNGase F treatment demonstrated N-linked glycosylation of
pro-Mstn and Mstn propeptide (Supplementary Fig. 1).
Western blot analysis verified successful expression of
EGFP as a control (Fig. 3f). Transduced cells in bulk popula-
tions stained intensely with antibodies directed against N- or
C-terminal APP (Fig. 3g). 6E10 and 22C11-reactive protein
predominately localized in foci that clustered adjacent to the
nucleus, consistent with the APP metabolite presence in the
secretory/endosomal pathway forming the perinuclear vesicle
cloud [55–57]. Antibodies directed against Mstn-N or -C
stained throughout the cytoplasm. Occasionally, areas of more
intense staining were apparent (see arrows). EGFP was
expressed in both nucleus and cytoplasm.

Retention of MstnPP Metabolites in ER Cisternae

Signal peptides in MstnPP and APP direct the polypeptides to
the secretory pathway (Fig. 3a, d). We co-stained cells with
MstnPP- or APP-specific antibodies and antibodies direct-
ed against marker proteins of ER (Calreticulin, Calnexin,
BIP) , Golgi (Giant in) , lysosomes (Lamp1) and
autophagosomes (LC3). 6E10 staining co-localized with
ER markers (Fig. 4a, Supplementary Fig. 2a), Giantin-
positive vesicles (Fig. 4a), autophagosomes (LC3,
Supplementary Fig. 2a) and Lamp1-positive lysosomes
(Fig. 4a), consistent with APP’s transit through the secre-
tory pathway and clearance by the degradative system
[56, 58, 59]. Anti-Mstn-N antibody intensely co-stained
with antibodies against ER markers (Fig. 4b and
Supplementary Fig. 2b). Occasionally, the ER architecture
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Fig. 2 APP and MstnPP
metabolites co-localize with ER
marker Calreticulin around
rimmed vacuoles in sIBM
biopsies. Confocal microscopy
analysis of representative sIBM
patient muscle biopsies co-stained
for either (a) APP (antibodies
6E10 and 22C11, green) or (b)
MstnPP (6H12, green) and
Calreticulin (red). I and II
represent sets of consecutive
sections. Antibodies directed
against the aminoterminus
(22C11) or the Aβ peptide region
(6E10) both stain inclusions and
boundaries of degenerative
vacuoles. Antibody 6H12
directed against Mstn-N reacts
with propeptide and pro-Mstn.
Prominent staining is found
around rimmed vacuoles and
co-localizes with Calreticulin.
Scale bar 10 μm
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appeared distorted, suggesting that overexpression of
MstnPP promoted ER swelling. Litt le to no co-
localization was found with Golgi (Giantin, Fig. 4b),
autophagosomes (LC3, Supplementary Fig. 2b) or lyso-
somes (Lamp1, Fig. 4b), arguing that MstnPP metabolites
were predominantly retained in ER cisternae.

MstnPP Metabolites Form SDS-Resistant Assemblies
and Cause ER Stress

Accumulation of protein in the secretory pathway causes ER
stress and upregulation of the UPR, both characteristics of
sIBM [21, 60]. We assessed the aggregation state of
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glutaraldehyde crosslinked proteins by western blot analysis.
EGFP and APP were mostly monomeric (Fig. 5a). When
Mstn dimers were stabilized by glutaraldehyde, anti-Mstn-N
antibody 6H12 detected two additional bands at approximate-
ly 110–120 kD corresponding to differentially glycosylated
pro-Mstn dimers (Fig. 5a, dots). A diffuse smear at the top
of the western blot suggested that at least a fraction of 6H12-
reactive proteins was present in high molecular weight com-
plexes (Fig. 5a, open arrow). We employed semi-denaturing
detergent agarose gel electrophoresis (SDD-AGE) to probe
for SDS-resistant polymers [44]. This method dissolves most
non-covalently linked protein assemblies, while highly or-
dered assemblies with cross-beta structure remain intact.
APP was almost exclusively present in its monomeric state.
Interest ingly, when overexpressed, Mstn species
immunreactive with both anti-N- and C-terminal MstnPP an-
tibodies were sequestered into SDS-resistant high-molecular-
weight assemblies (Fig. 5b). Comparison of BIP levels dem-
onstrated that overexpression of MstnPP significantly in-
creased its expression, indicative of ER stress mediated UPR
(Fig. 5c, d). By contrast, BIP levels remained unchanged upon
overexpression of APP or EGFP. Increased expression of BIP
did not correlate with numbers of cells transduced with the
transgenes. Automated confocal microscopy analysis revealed
that MstnPP was expressed in only 28.63 ± 3.55% of cells,
while GFP and APP were overexpressed in 89.72 ± 0.02 and

64.61 ± 4.58% of cells in the respective bulk populations
(Fig. 5e). We conclude that MstnPP overexpression induces
ER stress in CCL 136 cells and that Mstn metabolites aggre-
gate into SDS-resistant polymers upon overexpression.

ER Stress Increases Intracellular Anti-Mstn
Immunoreactivity and Induces MstnPP Metabolite
Foci Formation

To test if ER stress enhanced protein aggregation, we pharma-
cologically induced ER stress with standard concentrations of
Thapsigargin (Tg) and Tunicamycin (Tm) tomimic the altered
ER homeostasis implicated in sIBM [38, 61]. Tg induces ER
stress by disrupting calcium homeostasis [62], while Tm in-
duces the cellular UPR by inhibitingN-linked glycosylation in
the ER [63]. No major cytotoxicity was observed for either
drug in the given time and concentration (Supplementary
Fig. 3a). Chemically induced ER stress did not overtly change
intracellular APP staining independent of the antibody used
for detection (Fig. 6a, c, Supplementary Fig. 3b). Tg-treated
CCL 136MstnPP cells appeared to exhibit more intense stain-
ing for Mstn. Aggregate-like structures immunoreactive with
both amino- and carboxyl-terminal MstnPP antibodies were
occasionally present (Fig. 6b, Supplementary Fig. 3c, insets).
Interestingly, Tm treatment frequently induced large,
aggregate-like assemblies that also stained positive with both
antibodies (Fig. 6b, d, Supplementary Fig. 3c). Mstn assem-
blies also intensely stained for ER-resident chaperone
Calreticulin (Fig. 6d). Some Tm-induced Mstn assemblies al-
so associated with Lamp1, suggesting that aggregatedMstnPP
metabolites were subject to lysosomal degradation
(Supplementary Fig. 4).

Enhanced ER Stress Promotes Pro-Mstn
and Propeptide Aggregation

To explore if enhanced ER stress correlated with protein in-
solubility, we biochemically assessed protein aggregation fol-
lowing treatment with Tg or Tm. Sedimentation assays re-
vealed no significant effect of Tg treatment and only a slight
increase in APP insolubility upon Tm treatment (Fig. 7a, b).
Full-length APP was mainly present in the soluble fraction
(Fig. 7a). A low amount of sedimented full-length APP in
the insoluble fraction has been reported previously and has
been attributed to an association with the cytoskeleton [64].
By contrast, elevated ER stress significantly increased the
amount of insoluble pro-Mstn and propeptide following ER
stress induction (Fig. 7a). More than 81% of pro-Mstn/
propeptide became insoluble after ER stress induction compared
to only 19.6 ± 5.7% insoluble protein in DMSO controls
(Fig. 7b). Glutaraldehyde crosslinking of cell lysates was per-
formed to test for the presence of higher-order protein assemblies
upon chemical induction of ER stress. A slight increase in diffuse

�Fig. 3 Ectopic expression of MstnPP, APP and EGFP in CCL 136. a
APP processing. In the nonamyloidogenic pathway, transmembrane APP
is sequentially cleaved by α-secretase and γ-secretase. In the
amyloidogenic pathway, BACE1 (β-secretase) and γ-secretase generate
amyloidogenic Aβ peptides. Signal peptide (SP), antibody binding sites
and cleavage sites are shown. Predicted glycosylation sites are marked
with lines (O-linked glycosylation) and lines with circles (N-linked
glycosylation). b APP processing in wildtype (WT) and transduced
CCL 136 cells. APP fragments were detected with anti-APP antibody
6E10 (APP residues 597–613) and antibody 22C11 (residues 66–81).
APP-fl: APP full length; β-CTF: beta C-terminal fragment and NTF:
amino terminal fragment. c Western blot analysis of APP fragments
secreted into the supernatant of CCL 136 APP cells (antibody:
6E10). Mouse neuroblastoma SH-SY5Y APP-SWE overexpressing
APP [42] served as a control. Right graph: Aβ-42 levels detected by
ELISA in lysate and conditioned medium (n = 3). d MstnPP processing
in muscle cells. Following SP cleavage in the ER, pro-Mstn undergoes N-
linked glycosylation and dimerization via a disulfide bond. The
aminoterminal propeptide is cleaved by furin proteases (cleavage site:
RSRR) but remains non-covalently bound to the myostatin dimer
(latent complex). Subsequent cleavage of the propeptide by
metalloproteinases (R) releases mature Mstn GF [46, 53]. Inactive pro-
Mstn is the predominant form in muscle [47]. Binding of antibodies is
indicated. The exact epitope for antibody 6H12 is unknown. e MstnPP
processing by CCL 136 cells. Lysate and medium were probed for N-
(Mstn-N) and C-terminal (Mstn-C) MstnPP fragments. Pro-Mstn,
propeptide and GF are marked by arrowheads and stars. f Detection of
enhanced GFP (EGFP) overexpressed in CCL 136 cells. g Confocal
microscopy analysis of transgene expression. Nuclei were stained with
Hoechst. EGFP expressing cells serve as expression controls.
Arrowheads mark areas of intense Mstn staining. Scale bar 5 μm
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Fig. 4 Subcellular localization of
APP and Mstn-N in stable CCL
136 cell lines. Cells were stained
with antibodies against a APP
(6E10) or b Mstn-N (6H12) (red)
and markers for ER (Calreticulin),
Golgi (Giantin) and lysosomes
(Lamp1) (green). Note the
preferential co-staining ofMstn-N
with ER over Golgi and
lysosomal markers. Arrowheads
mark APP or Mstn-N puncta that
co-stain with Calreticulin. Nuclei
were stained with Hoechst. Scale
bars 5 μm
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high molecular weight polymers was observed for Mstn-N
under ER stress conditions (Fig. 7c, parenthesis). No high
molecular weight assemblies were observed for APP. SDD-
AGE analysis confirmed that experimentally induced ER
stress increased the ratio of SDS-resistant polymeric to SDS-
soluble monomeric Mstn-N species (Fig. 7d). 6E10-
immunoreactive APP or cleavage products thereof remained

predominately monomeric. Thus, elevated ER stress increases
sequestration of pro-Mstn and propeptide into SDS-stable
aggregates.

Misfolded ER-resident proteins are usually tagged via
ubiquitin and sequestered for degradation by the ubiquitin
proteasome system [23]. Ubiquitin and APP co-localization
was hardly observed in cells overexpressing APP under any
treatment (Fig. 7e). By contrast, large Tm-induced Mstn as-
semblies were found to be immunoreactive for ubiquitin
(Fig. 7f). We conclude that enhanced ER stress can trigger
the sequestration of pro-Mstn/propeptide into large
ubiquitinated assemblies.

Enhanced ER Stress Impairs Secretion of Pro-Mstn,
Propeptide, and Mstn Growth Factor

We next determined if chemically induced ER stress in-
creased levels of APP and MstnPP and cleavage
products thereof. Levels of full-length APP appeared only
slightly altered, except for significant reduction by Tm
detected by 6E10 (Supplementary Fig. 5a–c). Mstn-N
and Mstn-C levels were significantly increased in CCL
136 MstnPP cell lysates upon Tg or Tm treatment
(Fig. 8a–c), in agreement with the increase in anti-Mstn
immunofluorescence (Fig. 6 and Supplementary Fig. 3c).
Retention of proteins in the ER could potentially impair
their subsequent secretion. Quantitative ELISA analysis
revealed a slight but insignificant decrease in Aβ-42 se-
cretion after treatment of CCL 136 APP cells with Tg
(Supplementary Fig. 5d). A significant reduction in se-
creted Aβ-42 was observed following Tm treatment.

�Fig. 5 Increased MstnPP metabolites cause ER stress and form SDS-
insoluble aggregates. a Glutaraldehyde crosslinking of proteins. Lysates
were incubated with 0.005% glutaraldehyde and proteins were separated
by SDS-PAGE. Pro-Mstn dimers with intact disulfide bonds (dots), high
molecular weight species in the stacking gel (white arrowhead), pro-Mstn
(black arrowhead) and propeptide (star) are indicated. b SDD-AGE
analysis reveals presence of aggregated MstnPP metabolites but not
APP. Cell lysates were mixed with 2% SDS containing sample buffer
and proteins were separated by agarose gel electrophoresis. Arrowhead
indicates monomeric, parenthesis indicates polymeric proteins. Please
note that molecular weight cannot be determined by SDD-AGE [44]. c
Western blot analysis of BIP expression in WT and transgenic cell lines.
Blots were probed with anti-APP (6E10), anti-Mstn-N (6H12), anti-GFP
and anti-BIP antibody. Actin served as a loading control. WT:
untransduced CCL 136 cells. d Fold change in BIP expression in CCL
136 cells overexpressing MstnPP, APP or EGFP compared to WT
controls. Bars represent mean values ± SD (n = 4). Statistical analysis
was performed using one-way ANOVA with Dunnett’s multiple
comparison test. Significant changes are indicated by asterisks
***p < 0.001, ns = not significant. e Percentage of cells in transduced
bulk populations overexpressing the transgenes as determined by
automated confocal microscopy. Fixed cells were stained for APP
(antibody 6E10) or MstnPP (6H12). Per cell line, eight wells were plated.
Wildtype cells served as negative controls. At least 5000 cells per cell
population were counted
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Western blot analyses of secreted Mstn-N and Mstn-C
demonstrated reduced Mstn species in conditioned medi-
um of CCL 136 MstnPP cells following chemical ER
stress induction (Fig. 8d). Quantitative analysis of western
blot signals confirmed significantly reduced levels of se-
creted pro-Mstn, propeptide, and GF (Fig. 8e). Reduced
secretion of MstnPP metabolites was also observed when
cells were exposed to up to 30×-fold less Tm, a concen-
tration that still induced BIP expression (Fig. 8f, left
panel). The reduction of MstnPP metabolite secretion
was dose dependent. Reduced secretion correlated with
increased levels of SDS-resistant MstnPP metabolites in
the cell lysate (Fig. 8f, right panel). An increase of SDS-
resistant Mstn-N was also observed under mild chronic
ER stress, when CCL 136 MstnPP cells were exposed to
only 10 ng/ml for 7 d (Supplementary Fig. 6) .
Importantly, reduced secretion of MstnPP metabolites
was also observed when ER stress was induced in

Fig. 6 ER stress drives Mstn-N into intracellular assemblies. Confocal
microscopy analysis of cells expressing APP and MstnPP upon chemical
induction of ER stress. CCL 136 APP and CCL 136 MstnPP cells were
exposed to Thapsigargin (Tg; 400 nM) and Tunicamycin (Tm; 3 μg/ml)
or solvent control DMSO. Cells were fixed 12 h post exposure and

stained with a anti-APP antibody 6E10 (red) or b anti-Mstn-N antibody
6H12 (red). Images show co-staining with anti-Calreticulin antibody
(green) and c perinuclear APP or d Mstn-N puncta or assemblies. Scale
bars (A, B) 10 μm, (C, D and inset) 5 μm

�Fig. 7 Ectopic ER stress increases Mstn-N aggregation. a Sedimentation
assay of APP and Mstn-N in lysates of CCL 136 MstnPP and CCL 136
APP cells following ER stress induction. Lysates were subjected to
ultracentrifugation at 150,000 g for 1 h and soluble (S) and insoluble
fractions (P) were analyzed by western blot. Pro-Mstn (black
arrowhead) and propeptide (star) are indicated. b Quantitative analysis
of Mstn-N and APP in soluble and insoluble fractions of cells exposed to
Tg or Tm (shown in a). Combined signals from soluble and insoluble
fractions of the same samples were set as 100%. Bars represent mean
values ± SD. Statistical analysis was performed using one-way
ANOVA. Signif icant changes are indicated by aster isks.
****p < 0.0001, *p < 0.05, ns = not significant (n = 4). c Glutaraldehyde
crosslinking reveals increased multimerization of Mstn-N post ER stress
induction. Monomeric pro-Mstn (black arrowhead), monomeric
propeptide (star), pro-Mstn dimers with intact disulfide bonds (dots),
and high molecular weight species (parenthesis) are indicated. d SDD-
AGE analysis demonstrates increased SDS-resistance of Mstn-N in cells
upon chemical ER stress induction. e, f Co-localization of Mstn-N
assemblies with Ubiquitin. Cells were exposed to ER stress (400 nM
Tg or 3 μg/ml Tm) for 12 h and subsequently stained with e anti-APP
(6E10), f anti-Mstn-N (6H12) (red) and anti-ubiquitin (green) antibodies.
Arrows mark Mstn-N deposits co-staining for ubiquitin. Nuclei were
stained with Hoechst. Scale bars 5 μm
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wildtype CCL 136 cells (Fig. 8g). Less MstnPP metabolites
were secreted upon ER stress compared to DMSO-treated
control cells (Fig. 8g, left panel). Concomitantly, ER stress
induction also resulted in SDS-resistant MstnPP metabolites
in wildtype cells, as assessed by SDD-AGE (Fig. 8g, right
panel). Thus, contrary to previously anticipated, ER stress
results in MstnPP metabolite aggregation and reduces the
secretion of Mstn GF.

Discussion

Aberrant protein deposition plays a prominent role in sIBM. A
diverse set of proteins has been found to accumulate within
inclusions or around vacuoles in sIBM skeletal muscle [66].
While the aggregation state of many of these proteins has not
been tested biochemically, congophilic inclusions and
congophilic vacuole boundaries clearly argue for aberrant
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folding of at least some of them. The exact proteins that aber-
rantly fold into amyloid in sIBM are still a matter of debate
[67]. The main reasons for this are the heterogeneity of pro-
teins accumulating in inclusions and the inability of histolog-
ical amyloid dyes to pin-point the amyloid-forming protein.
Previous studies have demonstrated intramyofiber accumula-
tion of proteins immunoreactive with antibodies against APP
[12–14, 49] andMstnPP [34], among others [66]. Our analysis
confirms the presence of anti-MstnPP immunoreactive inclu-
sions and further reveals deposition of Mstn-N metabolites
inside and lining the borders of vacuoles in sIBM muscle.
Histological examinations with antibodies directed against
the amyloidogenic Aβ region (such as 6E10) previously sug-
gested that Aβ peptides deposit in sIBM skeletal muscle [21,
34, 38, 59]. However, as this region is also part of APP, im-
munohistochemical discrimination of APP and its metabolites
is not possible [67]. Our finding that the inclusions in sIBM
muscle biopsies also stain with antibodies against the APP
aminoterminus is consistent with reported full-length APP
deposition in sIBM [12, 68]. Intramyofiber deposition of
full-length APP was also recently demonstrated in a mouse
model of systemic amyloid disease overexpressing mutant
gelsolin in the secretory pathway [69].

Intramuscular accumulation of diverse proteins in sIBM
could also reflect aberrant protein retention in specific subcel-
lular compartments. Of note, our cellular model of APP over-
expression produces very little Aβ peptides or insoluble APP
metabolites, yet cells contain APP positive vesicles clustering

in the densely packed perinuclear vesicle cloud [55] which
may be easily confused with Aβ protein aggregates. In depth
biochemical analyses will help to determine the aggregation
state of APP metabolites in sIBM or cellular models thereof.
In conclusion, while we cannot exclude Aβ deposition in
sIBM myofibers, the presence of APP immunoreactivity in
immunohistochemical specimen could also reflect retention
of full-length APP (rather than Aβ peptides) in specific sub-
cellular compartments.

Further, we show that sIBM rimmed vacuoles stain strong-
ly with antibodies against the ER resident chaperone
Calreticulin, along with APP and MstnPP metabolites,
supporting the idea that the ER is involved in vacuole forma-
tion in the disease [21, 48, 65, 70]. It is tempting to speculate
that ER stress [26, 28, 34, 49] and intraluminal accumulation
of secretory proteins trigger sIBM pathology, followed by
dysregulation of proteasome and autophagy due to misfolded
protein overload [30, 31, 71–73]. Both age-related increase in
ER stress or pro-inflammatory cytokines could increase ex-
pression of aggregation-prone proteins in the secretory path-
way [38]. Importantly, disruption of ER homeostasis due to
misfolding of a specific protein might subsequently affect
trafficking of other secretory proteins. For example, overex-
pression of secretory proteins APP or mutant gelsolin in
murine skeletal muscle is sufficient to trigger multiprotein
deposition and rimmed vacuole formation reminiscent of
sIBM [69, 74].

In this study, we carefully characterized the processing and
aggregation states ofMstnPP and APP in human skeletal mus-
cle cells and explored the influence of ER stress on the post-
translational processing and trafficking within the secretory
pathway. In line with previous studies, MstnPP was
posttranslationally processed into pro-Mstn, propeptide, and
Mstn GF, with pro-Mstn being the most abundant MstnPP
metabolite generated by muscle cells [47]. CCL 136 cells
overexpressing APP secreted only very limited amounts of
Aβ-42 into the medium, suggesting that amyloidogenic pro-
cessing plays only a minor role in this cellular model.

Here, we demonstrate that an overload of MstnPP protein
causes ER stress. Overexpression of MstnPP caused ER re-
tention of Mstn propeptide and/or pro-Mstn and their sponta-
neous aggregation, suggesting that intracellular MstnPP me-
tabolites negatively affect ER homeostasis. ER stress induc-
tion was likely due to misfolding of MstnPP metabolites, as
overexpression of APP in the secretory pathway was ineffec-
tive at inducing ER stress. Pharmacologically aggravated ER
stress enhanced sequestration of propeptide-containing
MstnPP species into large intracellular aggregates that were
often ubiquitinated, arguing that ER stress and MstnPP me-
tabolite misfolding are interconnected. MstnPP metabolite ag-
gregation following chemical ER stress induction was not due
to artificial overexpression of the protein, as SDS-stable Mstn
assemblies were also induced in wildtype cells expressing

�Fig. 8 ER stress decreases secretion of pro-Mstn, propetide, and GF. a
Mstn-N and -C levels following ER stress induction in CCL 136 MstnPP
cells. The left blot was probed for Mstn-N, Actin, and BIP. The right blot
(same samples as on left blot) was probed for Mstn-C and Actin. Pro-
Mstn (black arrowhead) and unglycosylated Pro-Mstn due to Tm
treatment (white arrowhead) are indicated. Note that MstnPP was
expressed under the control of the CMV promoter and thus might not
respond to ER stress-induced transcriptional changes as demonstrated
before [65]. b Quantification of fold change in BIP (n = 4). c
Quantification of Mstn-N and Mstn-C (n = 4). d Reduced secretion of
MstnPP metabolites upon ER stress induction. Conditioned medium of
ER stress induced cells was probed for Mstn-N (6H12) and Mstn-C (AF-
788). Pro-Mstn (black arrowhead), GF (gray arrowhead) and propeptide
(star) are indicated. e Fold change in secreted Mstn levels produced upon
chemical ER stress (n = 6). Secreted samples were normalized to protein
concentration in respective cell lysates. Statistical analysis was performed
using one-way ANOVA. Significant changes are indicated by asterisks.
****p < 0.0001, ***p < 0.001, **p < 0.01. f Dose-dependent decrease in
pro-Mstn and propeptide secretion upon Tm treatment. Cells were treated
with different concentrations of Tm for 12 h to induced ER stress, as
revealed by BIP increase. Medium was tested for the presence of
pro-Mstn and propetide. Formation of SDS-resistant Mstn-N was
confirmed using SDD-AGE. g ER stress reduces MstnPP metabolite
secretion in wildtype CCL 136 cells. Wildtype cells were exposed to
3 μg/ml Tm for 12 h. Increased BIP levels confirm induction of ER stress.
Culture medium was subsequently assessed for MstnPP metabolites (left
panel). CCL 136 wildtype cells exposed to DMSO or 3 μg/ml Tm were
assessed for the presence of SDS-resistant MstnPP metabolites using
SDD-AGE
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only very low levels of endogenous MstnPP. The finding that
MstnPPmetabolites assembled into SDS-resistant polymers is
consistent with in vitro studies on amyloid formation of re-
combinant pro-Mstn under physiological buffer conditions
[36]. By contrast, APP and its metabolites were abundant in
post-ER compartments. Chemically induced ER stress neither
altered the cellular location nor majorly influenced the aggre-
gation state of APP metabolites. Thus, ER stress severely af-
fected the aggregation and trafficking of MstnPP metabolites
in our cellular model, while it left APP relatively unaffected.

Importantly, aggregation of MstnPP metabolites impaired
secretion of pro-Mstn in both wildtype and MstnPP overex-
pressing cells. Thus, expression levels ofMstnPP and secreted
Mstn GF levels are not necessarily related. Stressful condi-
tions and declining proteostasis could impair proper folding
of MstnPP metabolites and thereby reduce the amount of se-
creted pro-Mstn andMstnGF.WhetherMstnPP plays a causal
role in sIBM remains to be determined. The findings that ER
stress and proteasomal dysfunction are features of sIBM [21,
22], pro-Mstn/propetide deposit with ER markers in sIBM
muscle fibers and form highly stable aggregates upon ER
stress ex vivo suggest that aberrant MstnPP processing con-
tributes to the progression of sIBM. Interestingly, a recent
study reported significantly reduced MsntPP mRNA levels
in sIBM muscle and reduced serum Mstn GF concentrations
in some but not all patients [33]. In another study, pro-Mstn
protein levels were elevated in sIBMmuscle [34]. As MstnPP
metabolite deposition is evident in sIBMmuscle biopsies, it is
possible that downregulation of MstnPP expression is a con-
sequence of aberrant MstnPP processing. Further studies are
necessary to characterize MstnPP transcription and protein
aggregation during disease progression.

Aberrant MstnPP processing could also play a role during
aging. Interestingly, several studies suggest that muscle
MstnPP mRNA levels increase with age [75–77]. In a cohort
of old cattle showing signs of sarcopenia, age-related myo-
pathic features reminiscent of sIBM, including Congo Red
positive deposits and protein accumulations immunoreactive
with anti-APP antibody 6E10 or anti-Mstn-C antibody, have
been observed [78].

It is tempting to speculate that aberrant aggregation of
MstnPP and its metabolites have downstream consequences
on muscle metabolism also in sIBM. Recently, a late-phase
clinical trial of the ActRIIB receptor antibody BYM338 [79]
in sIBM patients failed to demonstrate efficacy, suggesting
that ActRIIB receptor signaling is not a major contributor to
muscle atrophy in sIBM (https://www.morphosys.de). The
reported improvement of functional outcome in sIBM
patients undergoing follistatin gene therapy implicates that
beneficial effects of follistatin were elicited by alternative
signaling pathways [80]. Our data strongly suggest that
MstnPP expression does not necessarily correlate with
increased levels of secreted Mstn GF or its precursors.

Instead, ER homeostasis imbalance can cause intracellular
MstnPP metabolite aggregation and thereby impair Mstn GF
secretion. Targeting ER stress might therefor represent a
promising route for therapeutic intervention in sIBM.
Indeed, arimoclomol, a drug activating the cellular heat
shock response and reducing ER stress ameliorated disease
pathology and improved muscle function in an animal
model with sIBM pathology [20].

Recent studies argue that serum level of Mstn GF decrease
with age in humans and other mammals [81–85], even though
MstnPP mRNAmight be upregulated [75–77]. As proteolytic
processing of MstnPP and complex posttranslational regula-
tion control the liberation of biologically active Mstn GF,
careful evaluation of Mstn processing and secretion is re-
quired, using immunoreagents that do not cross-react with
other TGF-β GFs or immunoglobins [84]. Moreover, careful
assessment of Mstn GF biological activity in serum and mus-
cle is needed to fully understand the role of MstnPP upregu-
lation in degenerative muscle diseases and aging.

Acknowledgements We are grateful to Sybille Krauss and Dan Ehninger
for providing us with the SH-SY5YAPP695 SWE cells. We thank Ireen
König and Manuel Schölling for the help with confocal imaging and
image data analysis, respectively. We are thankful to Sybille Krauss,
Dan Ehninger, and Kan Xie for the critical input on this manuscript.

Author Contributions R., S., B. K., J.R., and I.V. designed research, J.R.
provided diagnostic specimen, R.S., K. K.-H., Y.D., C.P, I.V., and L.P.
performed experiments, R.S., P.D., B.K., J.R., and I.V. analyzed the data,
R.S., J.R., and I.V. wrote the manuscript.

Funding This work was supported by a scholarship of the DAAD
(Sandwich-Model 2014/2015, PhD Rishibha Sachdev, 91524548). We
would like to acknowledge the Department of Biotechnology, the
Government of India for funding and the Indian Institute of Technology
Delhi, India, for infrastructural support.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. NeedhamM, Corbett A, Day T, Christiansen F, Fabian V,Mastaglia
FL (2008) Prevalence of sporadic inclusion body myositis and fac-
tors contributing to delayed diagnosis. J Clin Neurosci 15(12):
1350–1353. https://doi.org/10.1016/j.jocn.2008.01.011

8370 Mol Neurobiol (2018) 55:8355–8373

https://www.morphosys.de
https://doi.org/10.1016/j.jocn.2008.01.011


2. Schmidt J, Dalakas MC (2014) Inclusion body myositis: from im-
munopathology and degenerative mechanisms to treatment per-
spectives. Expert Rev Clin Immunol 9(11):1125–1133. https://doi.
org/10.1586/1744666X.2013.842467

3. Badrising UA, Maat-Schieman M, van Duinen SG, Breedveld F,
van Doorn P, van Engelen B, van den Hoogen F, Hoogendijk J et al
(2000) Epidemiology of inclusion body myositis in the
Netherlands: a nationwide study. Neurology 55(9):1385–1388

4. Badrising UA, Maat-Schieman ML, van Houwelingen JC, van
Doorn PA, van Duinen SG, van Engelen BG, Faber CG,
Hoogendijk JE et al (2005) Inclusion body myositis. Clinical fea-
tures and clinical course of the disease in 64 patients. J Neurol
252(12):1448–1454. https://doi.org/10.1007/s00415-005-0884-y

5. NeedhamM,Mastaglia FL (2007) Inclusion body myositis: current
pathogenetic concepts and diagnostic and therapeutic approaches.
Lancet Neurol 6(7):620–631. https://doi.org/10.1016/S1474-
4422(07)70171-0

6. Dalakas MC (2004) Inflammatory disorders of muscle: progress in
polymyositis, dermatomyositis and inclusion body myositis. Curr
Opin Neurol 17(5):561–567

7. Chou SM (1993) Inclusion body myositis. Baillieres Clin Neurol
2(3):557–577

8. Schmidt J, Rakocevic G, Raju R, Dalakas MC (2004) Upregulated
inducible co-stimulator (ICOS) and ICOS-ligand in inclusion body
myositis muscle: significance for CD8+ T cell cytotoxicity. Brain
127(Pt 5):1182–1190. https://doi.org/10.1093/brain/awh148

9. Engel AG, Arahata K (1986) Mononuclear cells in myopathies:
quantitation of functionally distinct subsets, recognition of
antigen-specific cell-mediated cytotoxicity in some diseases, and
implications for the pathogenesis of the different inflammatory my-
opathies. Hum Pathol 17(7):704–721

10. Salajegheh M, Lam T, Greenberg SA (2011) Autoantibodies
against a 43 KDa muscle protein in inclusion body myositis.
PLoS One 6(5):e20266. https://doi.org/10.1371/journal.pone.
0020266

11. Benveniste O, Guiguet M, Freebody J, Dubourg O, Squier W,
Maisonobe T, Stojkovic T, Leite MI et al (2011) Long-term obser-
vational study of sporadic inclusion body myositis. Brain 134(Pt
11):3176–3184. https://doi.org/10.1093/brain/awr213

12. Villanova M, Kawai M, Lubke U, Oh SJ, Perry G, Six J, Ceuterick
C, Martin JJ et al (1993) Rimmed vacuoles of inclusion body myo-
sitis and oculopharyngeal muscular dystrophy contain amyloid pre-
cursor protein and lysosomal markers. Brain Res 603(2):343–347

13. Askanas V, Alvarez RB, Mirabella M, Engel WK (1996) Use of
anti-neurofilament antibody to identify paired-helical filaments in
inclusion-body myositis. Ann Neurol 39(3):389–391. https://doi.
org/10.1002/ana.410390318

14. Askanas V, Engel WK (2007) Inclusion-body myositis, a multifac-
torial muscle disease associated with aging: current concepts of
pathogenesis. Curr Opin Rheumatol 19(6):550–559. https://doi.
org/10.1097/BOR.0b013e3282efdc7c

15. Askanas V, Serdaroglu P, Engel WK, Alvarez RB (1991)
Immunolocalization of ubiquitin inmuscle biopsies of patients with
inclusion body myositis and oculopharyngeal muscular dystrophy.
Neurosci Lett 130(1):73–76

16. SalajeghehM, Pinkus JL, Taylor JP, Amato AA, Nazareno R, Baloh
RH, Greenberg SA (2009) Sarcoplasmic redistribution of nuclear
TDP-43 in inclusion body myositis. Muscle Nerve 40(1):19–31.
https://doi.org/10.1002/mus.21386

17. Mendell JR, Sahenk Z, Gales T, Paul L (1991) Amyloid filaments in
inclusion body myositis. Novel findings provide insight into nature
of filaments. Arch Neurol 48(12):1229–1234

18. Placido AI, Pereira CM, Duarte AI, Candeias E, Correia SC, Santos
RX, Carvalho C, Cardoso S et al (2014) The role of endoplasmic
reticulum in amyloid precursor protein processing and trafficking:

implications for Alzheimer’s disease. Biochim Biophys Acta
1842(9):1444–1453. https://doi.org/10.1016/j.bbadis.2014.05.003

19. Kierdaszuk B, Berdynski M, Palczewski P, Golebiowski M,
Zekanowski C, Kaminska AM (2015) Sporadic inclusion body
myositis: clinical, pathological, and genetic analysis of eight
Polish patients. Folia Neuropathol 53(4):355–366

20. Ahmed M, Machado PM, Miller A, Spicer C, Herbelin L, He J,
Noel J, Wang Y et al (2016) Targeting protein homeostasis in spo-
radic inclusion body myositis. Sci Transl Med 8(331):331ra341.
https://doi.org/10.1126/scitranslmed.aad4583

21. Vattemi G, Engel WK,McFerrin J, Askanas V (2004) Endoplasmic
reticulum stress and unfolded protein response in inclusion body
myositis muscle. Am J Pathol 164(1):1–7. https://doi.org/10.1016/
S0002-9440(10)63089-1

22. Nogalska A, D'Agostino C, Engel WK, Cacciottolo M, Asada S,
Mori K, Askanas V (2015) Activation of the unfolded protein re-
sponse in sporadic inclusion-body myositis but not in hereditary
GNE inclusion-body myopathy. J Neuropathol Exp Neurol 74(6):
538–546. https://doi.org/10.1097/NEN.0000000000000196

23. Hampton RY (2000) ER stress response: getting the UPR hand on
misfolded proteins. Curr Biol 10(14):R518–R521

24. Ogata M, Hino S, Saito A, Morikawa K, Kondo S, Kanemoto S,
Murakami T, Taniguchi M et al (2006) Autophagy is activated for
cell survival after endoplasmic reticulum stress. Mol Cell Biol
26(24):9220–9231. https://doi.org/10.1128/MCB.01453-06

25. Amici DR, Pinal-Fernandez I, Mazala DA, Lloyd TE, Corse AM,
Christopher-Stine L, Mammen AL, Chin ER (2017) Calcium dys-
regulation, functional calpainopathy, and endoplasmic reticulum
stress in sporadic inclusion body myositis. Acta Neuropathol
Commun 5(1):24. https://doi.org/10.1186/s40478-017-0427-7

26. Wojcik S, Nogalska A, McFerrin J, Engel WK, Oledzka G,
Askanas V (2007) Myostatin precursor protein is increased and
associates with amyloid-beta precursor protein in inclusion-body
myositis culture model. Neuropathol Appl Neurobiol 33(2):238–
242. https://doi.org/10.1111/j.1365-2990.2006.00821.x

27. Nogalska A, Engel WK, McFerrin J, Kokame K, Komano H,
Askanas V (2006) Homocysteine-induced endoplasmic reticulum
protein (Herp) is up-regulated in sporadic inclusion-body myositis
and in endoplasmic reticulum stress-induced cultured human mus-
cle fibers. J Neurochem 96(5):1491–1499. https://doi.org/10.1111/
j.1471-4159.2006.03668.x

28. Li K, Pu C, Huang X, Liu J, Mao Y, Lu X (2014) Proteomic study
of sporadic inclusion bodymyositis. Proteome Sci 12(1):45. https://
doi.org/10.1186/s12953-014-0045-2

29. Nogalska A, Terracciano C, D'Agostino C, King Engel W, Askanas
V (2009) p62/SQSTM1 is overexpressed and prominently accumu-
lated in inclusions of sporadic inclusion-body myositis muscle fi-
bers, and can help differentiating it from polymyositis and derma-
tomyositis. Acta Neuropathol 118(3):407–413. https://doi.org/10.
1007/s00401-009-0564-6

30. Nogalska A, D'Agostino C, Terracciano C, Engel WK, Askanas V
(2010) Impaired autophagy in sporadic inclusion-body myositis
and in endoplasmic reticulum stress-provoked cultured humanmus-
cle fibers. Am J Pathol 177(3):1377–1387. https://doi.org/10.2353/
ajpath.2010.100050

31. Girolamo F, Lia A, Amati A, Strippoli M, Coppola C, Virgintino D,
Roncali L, Toscano A et al (2013) Overexpression of autophagic
proteins in the skeletal muscle of sporadic inclusion body myositis.
Neuropathol Appl Neurobiol 39(7):736–749. https://doi.org/10.
1111/nan.12040

32. Gonzalez-Cadavid NF, Bhasin S (2004) Role of myostatin in me-
tabolism. Curr Opin Clin Nutr Metab Care 7(4):451–457

33. Mariot V, Joubert R, Hourde C, Feasson L, Hanna M, Muntoni F,
Maisonobe T, Servais L et al (2017) Downregulation of myostatin
pathway in neuromuscular diseases may explain challenges of anti-

Mol Neurobiol (2018) 55:8355–8373 8371

https://doi.org/10.1586/1744666X.2013.842467
https://doi.org/10.1586/1744666X.2013.842467
https://doi.org/10.1007/s00415-005-0884-y
https://doi.org/10.1016/S1474-4422(07)70171-0
https://doi.org/10.1016/S1474-4422(07)70171-0
https://doi.org/10.1093/brain/awh148
https://doi.org/10.1371/journal.pone.0020266
https://doi.org/10.1371/journal.pone.0020266
https://doi.org/10.1093/brain/awr213
https://doi.org/10.1002/ana.410390318
https://doi.org/10.1002/ana.410390318
https://doi.org/10.1097/BOR.0b013e3282efdc7c
https://doi.org/10.1097/BOR.0b013e3282efdc7c
https://doi.org/10.1002/mus.21386
https://doi.org/10.1016/j.bbadis.2014.05.003
https://doi.org/10.1126/scitranslmed.aad4583
https://doi.org/10.1016/S0002-9440(10)63089-1
https://doi.org/10.1016/S0002-9440(10)63089-1
https://doi.org/10.1097/NEN.0000000000000196
https://doi.org/10.1128/MCB.01453-06
https://doi.org/10.1186/s40478-017-0427-7
https://doi.org/10.1111/j.1365-2990.2006.00821.x
https://doi.org/10.1111/j.1471-4159.2006.03668.x
https://doi.org/10.1111/j.1471-4159.2006.03668.x
https://doi.org/10.1186/s12953-014-0045-2
https://doi.org/10.1186/s12953-014-0045-2
https://doi.org/10.1007/s00401-009-0564-6
https://doi.org/10.1007/s00401-009-0564-6
https://doi.org/10.2353/ajpath.2010.100050
https://doi.org/10.2353/ajpath.2010.100050
https://doi.org/10.1111/nan.12040
https://doi.org/10.1111/nan.12040


myostatin therapeutic approaches. Nat Commun 8(1):1859. https://
doi.org/10.1038/s41467-017-01486-4

34. Wojcik S, Engel WK, McFerrin J, Askanas V (2005) Myostatin is
increased and complexes with amyloid-beta within sporadic
inclusion-body myositis muscle fibers. Acta Neuropathol 110(2):
173–177. https://doi.org/10.1007/s00401-005-1035-3

35. Smith RC, Lin BK (2013) Myostatin inhibitors as therapies for
muscle wasting associated with cancer and other disorders. Curr
Opin Support Palliat Care 7(4):352–360. https://doi.org/10.1097/
SPC.0000000000000013

36. Starck CS, Sutherland-Smith AJ (2010) Cytotoxic aggregation and
amyloid formation by the myostatin precursor protein. PLoS One
5(2):e9170. https://doi.org/10.1371/journal.pone.0009170

37. Li J, Yin C, Okamoto H, Jaffe H, Oldfield EH, Zhuang Z,
Vortmeyer AO, Rushing EJ (2006) Proteomic analysis of inclusion
body myositis. J Neuropathol Exp Neurol 65(8):826–833. https://
doi.org/10.1097/01.jnen.0000228204.19915.69

38. Schmidt J, Barthel K, Wrede A, Salajegheh M, Bahr M, Dalakas
MC (2008) Interrelation of inflammation and APP in sIBM: IL-1
beta induces accumulation of beta-amyloid in skeletal muscle.
Brain 131(Pt 5):1228–1240. https://doi.org/10.1093/brain/awn053

39. Hilton-Jones D, Brady S (2016) Diagnostic criteria for inclusion
body myositis. J Intern Med 280(1):52–62. https://doi.org/10.
1111/joim.12480

40. Engel WK, Cunningham GG (1963) Rapid examination of muscle
tissue. An improved trichrome method for fresh-frozen biopsy sec-
tions. Neurology 13:919–923

41. Follenzi A, Naldini L (2002) HIV-based vectors. Preparation and
use. Methods Mol Med 69:259–274

42. Hettich MM, Matthes F, Ryan DP, Griesche N, Schroder S, Dorn S,
Kraubeta S, Ehninger D (2014) The anti-diabetic drug metformin
reduces BACE1 protein level by interfering with the MID1 com-
plex. PLoS One 9(7):e102420. https://doi.org/10.1371/journal.
pone.0102420

43. Hofmann JP, Denner P, Nussbaum-Krammer C, Kuhn PH, Suhre
MH, Scheibel T, Lichtenthaler SF, Schatzl HM et al (2013) Cell-to-
cell propagation of infectious cytosolic protein aggregates. Proc
Natl Acad Sci U S A 110(15):5951–5956. https://doi.org/10.1073/
pnas.1217321110

44. Kryndushkin DS, Alexandrov IM, Ter-Avanesyan MD, Kushnirov
VV (2003) Yeast [PSI+] prion aggregates are formed by small
Sup35 polymers fragmented by Hsp104. J Biol Chem 278(49):
49636–49643. https://doi.org/10.1074/jbc.M307996200

45. JiangMS, Liang LF, Wang S, Ratovitski T, Holmstrom J, Barker C,
Stotish R (2004) Characterization and identification of the inhibito-
ry domain of GDF-8 propeptide. Biochem Biophys Res Commun
315(3):525–531. https://doi.org/10.1016/j.bbrc.2004.01.085

46. Lee SJ, McPherron AC (2001) Regulation of myostatin activity and
muscle growth. Proc Natl Acad Sci U S A 98(16):9306–9311.
https://doi.org/10.1073/pnas.151270098

47. Anderson SB, Goldberg AL, Whitman M (2008) Identification of a
novel pool of extracellular pro-myostatin in skeletal muscle. J Biol
Chem 283(11):7027–7035. https://doi.org/10.1074/jbc.
M706678200

48. Bannykh SI, Balch WE, Kelly JW, Page LJ, Shelton GD (2013)
Formation of gelsolin amyloid fibrils in the rough endoplasmic
reticulum of skeletal muscle in the gelsolin mouse model of inclu-
sion body myositis: comparative analysis to human sporadic inclu-
sion body myositis. Ultrastruct Pathol 37(5):304–311. https://doi.
org/10.3109/01913123.2013.810684

49. Sarkozi E, Askanas V, Johnson SA, Engel WK, Alvarez RB (1993)
Beta-amyloid precursor protein mRNA is increased in inclusion-
body myositis muscle. Neuroreport 4(6):815–818

50. Artaza JN, Bhasin S, Mallidis C, Taylor W, Ma K, Gonzalez-
Cadavid NF (2002) Endogenous expression and localization of
myostatin and its relation to myosin heavy chain distribution in

C2C12 skeletal muscle cells. J Cell Physiol 190(2):170–179.
https://doi.org/10.1002/jcp.10044

51. Mullan M, Crawford F, Axelman K, Houlden H, Lilius L, Winblad
B, Lannfelt L (1992) A pathogenic mutation for probable
Alzheimer’s disease in the APP gene at the N-terminus of beta-
amyloid. Nat Genet 1(5):345–347. https://doi.org/10.1038/
ng0892-345

52. Perez RG, Squazzo SL, Koo EH (1996) Enhanced release of amy-
loid beta-protein from codon 670/671 BSwedish^ mutant beta-
amyloid precursor protein occurs in both secretory and endocytic
pathways. J Biol Chem 271(15):9100–9107

53. Lee SJ (2008) Genetic analysis of the role of proteolysis in the
activation of latent myostatin. PLoS One 3(2):e1628. https://doi.
org/10.1371/journal.pone.0001628

54. Vella LJ, Cappai R (2012) Identification of a novel amyloid precur-
sor protein processing pathway that generates secreted N-terminal
fragments. FASEB J 26(7):2930–2940. https://doi.org/10.1096/fj.
11-200295

55. Jongsma ML, Berlin I, Wijdeven RH, Janssen L, Janssen GM,
Garstka MA, Janssen H, Mensink M et al (2016) An ER-
associated pathway defines endosomal architecture for controlled
cargo transport. Cell 166(1):152–166. https://doi.org/10.1016/j.cell.
2016.05.078

56. Thinakaran G, Koo EH (2008) Amyloid precursor protein traffick-
ing, processing, and function. J Biol Chem 283(44):29615–29619.
https://doi.org/10.1074/jbc.R800019200

57. Youmans KL, Tai LM, Kanekiyo T, Stine WB Jr, Michon SC,
Nwabuisi-Heath E, Manelli AM, Fu Y et al (2012) Intraneuronal
Abeta detection in 5xFAD mice by a new Abeta-specific antibody.
Mol Neurodegener 7:8. https://doi.org/10.1186/1750-1326-7-8

58. Tian Y, Chang JC, Fan EY, Flajolet M, Greengard P (2013) Adaptor
complex AP2/PICALM, through interaction with LC3, targets
Alzheimer’s APP-CTF for terminal degradation via autophagy.
Proc Natl Acad Sci U S A 110(42):17071–17076. https://doi.org/
10.1073/pnas.1315110110

59. Lunemann JD, Schmidt J, Schmid D, Barthel K, Wrede A, Dalakas
MC, Munz C (2007) Beta-amyloid is a substrate of autophagy in
sporadic inclusion body myositis. Ann Neurol 61(5):476–483.
https://doi.org/10.1002/ana.21115

60. Nagaraju K, Casciola-Rosen L, Lundberg I, Rawat R, Cutting S,
Thapliyal R, Chang J, Dwivedi S et al (2005) Activation of the
endoplasmic reticulum stress response in autoimmune myositis:
potential role in muscle fiber damage and dysfunction. Arthritis
Rheum 52(6):1824–1835. https://doi.org/10.1002/art.21103

61. Oslowski CM, Urano F (2011) Measuring ER stress and the un-
folded protein response using mammalian tissue culture system.
Methods Enzymol 490:71–92. https://doi.org/10.1016/B978-0-12-
385114-7.00004-0

62. Lytton J, Westlin M, Hanley MR (1991) Thapsigargin inhibits the
sarcoplasmic or endoplasmic reticulum Ca-ATPase family of calci-
um pumps. J Biol Chem 266(26):17067–17071

63. Heifetz A, Keenan RW, Elbein AD (1979) Mechanism of action of
tunicamycin on the UDP-GlcNAc:dolichyl-phosphate Glc-NAc-1-
phosphate transferase. Biochemistry 18(11):2186–2192

64. Refolo LM, Wittenberg IS, Friedrich VL Jr, Robakis NK (1991)
The Alzheimer amyloid precursor is associated with the detergent-
insoluble cytoskeleton. J Neurosci 11(12):3888–3897

65. Nogalska A, Wojcik S, Engel WK, McFerrin J, Askanas V (2007)
Endoplasmic reticulum stress induces myostatin precursor protein
and NF-kappaB in cultured human muscle fibers: relevance to in-
clusion bodymyositis. ExpNeurol 204(2):610–618. https://doi.org/
10.1016/j.expneurol.2006.12.014

66. Askanas V, Engel WK (2002) Inclusion-body myositis and myop-
athies: different etiologies, possibly similar pathogenic mecha-
nisms. Curr Opin Neurol 15(5):525–531

8372 Mol Neurobiol (2018) 55:8355–8373

https://doi.org/10.1038/s41467-017-01486-4
https://doi.org/10.1038/s41467-017-01486-4
https://doi.org/10.1007/s00401-005-1035-3
https://doi.org/10.1097/SPC.0000000000000013
https://doi.org/10.1097/SPC.0000000000000013
https://doi.org/10.1371/journal.pone.0009170
https://doi.org/10.1097/01.jnen.0000228204.19915.69
https://doi.org/10.1097/01.jnen.0000228204.19915.69
https://doi.org/10.1093/brain/awn053
https://doi.org/10.1111/joim.12480
https://doi.org/10.1111/joim.12480
https://doi.org/10.1371/journal.pone.0102420
https://doi.org/10.1371/journal.pone.0102420
https://doi.org/10.1073/pnas.1217321110
https://doi.org/10.1073/pnas.1217321110
https://doi.org/10.1074/jbc.M307996200
https://doi.org/10.1016/j.bbrc.2004.01.085
https://doi.org/10.1073/pnas.151270098
https://doi.org/10.1074/jbc.M706678200
https://doi.org/10.1074/jbc.M706678200
https://doi.org/10.3109/01913123.2013.810684
https://doi.org/10.3109/01913123.2013.810684
https://doi.org/10.1002/jcp.10044
https://doi.org/10.1038/ng0892-345
https://doi.org/10.1038/ng0892-345
https://doi.org/10.1371/journal.pone.0001628
https://doi.org/10.1371/journal.pone.0001628
https://doi.org/10.1096/fj.11-200295
https://doi.org/10.1096/fj.11-200295
https://doi.org/10.1016/j.cell.2016.05.078
https://doi.org/10.1016/j.cell.2016.05.078
https://doi.org/10.1074/jbc.R800019200
https://doi.org/10.1186/1750-1326-7-8
https://doi.org/10.1073/pnas.1315110110
https://doi.org/10.1073/pnas.1315110110
https://doi.org/10.1002/ana.21115
https://doi.org/10.1002/art.21103
https://doi.org/10.1016/B978-0-12-385114-7.00004-0
https://doi.org/10.1016/B978-0-12-385114-7.00004-0
https://doi.org/10.1016/j.expneurol.2006.12.014
https://doi.org/10.1016/j.expneurol.2006.12.014


67. Greenberg SA (2009) Comment on ‘Interrelation of inflammation
and APP in sIBM: IL-1beta induces accumulation of beta-amyloid
in skeletal muscle’. Brain 132(Pt 4):e106; author reply e107. https://
doi.org/10.1093/brain/awn163

68. Askanas V, Alvarez RB, Engel WK (1993) Beta-amyloid precursor
epitopes in muscle fibers of inclusion body myositis. Ann Neurol
34(4):551–560. https://doi.org/10.1002/ana.410340408

69. Page LJ, Suk JY, Bazhenova L, Fleming SM, Wood M, Jiang Y,
Guo LT, Mizisin AP et al (2009) Secretion of amyloidogenic
gelsolin progressively compromises protein homeostasis leading
to the intracellular aggregation of proteins. Proc Natl Acad Sci U
S A 106(27):11125–11130. https://doi.org/10.1073/pnas.
0811753106

70. Leclerc A, Tome FM, Fardeau M (1993) Ubiquitin and beta-
amyloid-protein in inclusion body myositis (IBM), familial IBM-
like disorder and oculopharyngeal muscular dystrophy: an immu-
nocytochemical study. Neuromuscul Disord 3(4):283–291

71. Hiniker A, Daniels BH, Lee HS, Margeta M (2013) Comparative
utility of LC3, p62 and TDP-43 immunohistochemistry in differen-
tiation of inclusion body myositis from polymyositis and related
inflammatory myopathies. Acta Neuropathol Commun 1:29.
https://doi.org/10.1186/2051-5960-1-29

72. Temiz P, Weihl CC, Pestronk A (2009) Inflammatory myopathies
with mitochondrial pathology and protein aggregates. J Neurol Sci
278(1–2):25–29. https://doi.org/10.1016/j.jns.2008.11.010

73. Cappelletti C, Galbardi B, Kapetis D, Vattemi G, Guglielmi V,
Tonin P, Salerno F, Morandi L et al (2014) Autophagy, inflamma-
tion and innate immunity in inflammatory myopathies. PLoS One
9(11):e111490. https://doi.org/10.1371/journal.pone.0111490

74. Sugarman MC, Yamasaki TR, Oddo S, Echegoyen JC, Murphy
MP, Golde TE, Jannatipour M, Leissring MA et al (2002)
Inclusion body myositis-like phenotype induced by transgenic
overexpression of beta APP in skeletal muscle. Proc Natl Acad
Sci U S A 99(9):6334–6339. https://doi.org/10.1073/pnas.
082545599

75. Ko IG, Jeong JW, Kim YH, Jee YS, Kim SE, Kim SH, Jin JJ, Kim
CJ et al (2014) Aerobic exercise affects myostatin expression in
aged rat skeletal muscles: a possibility of antiaging effects of aero-
bic exercise related with pelvic floor muscle and urethral
rhabdosphincter. Int Neurourol J 18(2):77–85. https://doi.org/10.
5213/inj.2014.18.2.77

76. Raue U, Slivka D, Jemiolo B, Hollon C, Trappe S (2006)
Myogenic gene expression at rest and after a bout of resistance
exercise in young (18-30 yr) and old (80-89 yr) women. J Appl

Physiol (1985) 101(1):53–59. https://doi.org/10.1152/
japplphysiol.01616.2005

77. Jensky NE, Sims JK, Rice JC, Dreyer HC, Schroeder ET (2007)
The influence of eccentric exercise onmRNA expression of skeletal
muscle regulators. Eur J Appl Physiol 101(4):473–480. https://doi.
org/10.1007/s00421-007-0521-9

78. Costagliola A, Wojcik S, Pagano TB, De Biase D, Russo V, Iovane
V, Grieco E, Papparella S et al (2016) Age-related changes in skel-
etal muscle of cattle. Vet Pathol 53(2):436–446. https://doi.org/10.
1177/0300985815624495

79. Lach-Trifilieff E, Minetti GC, Sheppard K, Ibebunjo C, Feige JN,
Hartmann S, Brachat S, Rivet H et al (2014) An antibody blocking
activin type II receptors induces strong skeletal muscle hypertrophy
and protects from atrophy. Mol Cell Biol 34(4):606–618. https://
doi.org/10.1128/MCB.01307-13

80. Mendell JR, Sahenk Z, Al-Zaidy S, Rodino-Klapac LR, Lowes LP,
Alfano LN, Berry K, Miller N et al (2017) Follistatin gene therapy
for sporadic inclusion body myositis improves functional out-
comes. Mol Ther 25(4):870–879. https://doi.org/10.1016/j.ymthe.
2017.02.015

81. Lakshman KM, Bhasin S, Corcoran C, Collins-Racie LA,
Tchistiakova L, Forlow SB, St Ledger K, Burczynski ME et al
(2009) Measurement of myostatin concentrations in human serum:
Circulating concentrations in young and older men and effects of
testosterone administration. Mol Cell Endocrinol 302(1):26–32.
https://doi.org/10.1016/j.mce.2008.12.019

82. Olson KA, Beatty AL, Heidecker B, Regan MC, Brody EN,
Foreman T, Kato S, Mehler RE et al (2015) Association of growth
differentiation factor 11/8, putative anti-ageing factor, with cardio-
vascular outcomes and overall mortality in humans: analysis of the
heart and soul and HUNT3 cohorts. Eur Heart J 36(48):3426–3434.
https://doi.org/10.1093/eurheartj/ehv385

83. Bergen HR 3rd, Farr JN, Vanderboom PM, Atkinson EJ,White TA,
Singh RJ, Khosla S, LeBrasseur NK (2015) Myostatin as a media-
tor of sarcopenia versus homeostatic regulator of muscle mass:
insights using a new mass spectrometry-based assay. Skelet
Muscle 5:21. https://doi.org/10.1186/s13395-015-0047-5

84. Poggioli T, Vujic A, Yang P, Macias-Trevino C, Uygur A, Loffredo
FS, Pancoast JR, Cho M et al (2016) Circulating growth differenti-
ation factor 11/8 levels decline with age. Circ Res 118(1):29–37.
https://doi.org/10.1161/CIRCRESAHA.115.307521

85. Rodgers BD, Eldridge JA (2015) Reduced circulating GDF11 is
unlikely responsible for age-dependent changes in mouse heart,
muscle, and brain. Endocrinology 156(11):3885–3888. https://doi.
org/10.1210/en.2015-1628

Mol Neurobiol (2018) 55:8355–8373 8373

https://doi.org/10.1093/brain/awn163
https://doi.org/10.1093/brain/awn163
https://doi.org/10.1002/ana.410340408
https://doi.org/10.1073/pnas.0811753106
https://doi.org/10.1073/pnas.0811753106
https://doi.org/10.1186/2051-5960-1-29
https://doi.org/10.1016/j.jns.2008.11.010
https://doi.org/10.1371/journal.pone.0111490
https://doi.org/10.1073/pnas.082545599
https://doi.org/10.1073/pnas.082545599
https://doi.org/10.5213/inj.2014.18.2.77
https://doi.org/10.5213/inj.2014.18.2.77
https://doi.org/10.1152/japplphysiol.01616.2005
https://doi.org/10.1152/japplphysiol.01616.2005
https://doi.org/10.1007/s00421-007-0521-9
https://doi.org/10.1007/s00421-007-0521-9
https://doi.org/10.1177/0300985815624495
https://doi.org/10.1177/0300985815624495
https://doi.org/10.1128/MCB.01307-13
https://doi.org/10.1128/MCB.01307-13
https://doi.org/10.1016/j.ymthe.2017.02.015
https://doi.org/10.1016/j.ymthe.2017.02.015
https://doi.org/10.1016/j.mce.2008.12.019
https://doi.org/10.1093/eurheartj/ehv385
https://doi.org/10.1186/s13395-015-0047-5
https://doi.org/10.1161/CIRCRESAHA.115.307521
https://doi.org/10.1210/en.2015-1628
https://doi.org/10.1210/en.2015-1628

	Endoplasmic Reticulum Stress Induces Myostatin High Molecular Weight Aggregates and Impairs Mature Myostatin Secretion
	Abstract
	Introduction
	Materials and Methods
	Patient Samples
	Antibodies and Chemicals
	Histological Examination of Muscle Biopsies
	Confocal Microscopy of Muscle Biopsies
	Cell Lines
	Western Blot Analysis
	Deglycosylation by Peptide N-Glycosidase F (PNGase F)
	Sedimentation Assay, SDD-AGE, and Glutaraldehyde Crosslinking
	Immunofluorescence Staining and Confocal Microscopy Analysis of CCL 136 Cells
	Chemical Induction of ER Stress
	Cell Viability Assay
	ELISA for Cell-Derived Beta Amyloid
	Statistical Analysis

	Results
	Rimmed Vacuoles and Proteinaceous Deposits in sIBM Muscle Biopsies Are Immunoreactive with Anti-MstnPP and Anti-APP Antibodies
	Co-localization of APP and MstnPP Metabolites with Calreticulin Around sIBM Vacuoles Suggests Involvement of the ER in Vacuole Formation
	Characterization of Human Myoblast Cell Lines Stably Expressing MstnPP or APP
	Retention of MstnPP Metabolites in ER Cisternae
	MstnPP Metabolites Form SDS-Resistant Assemblies and Cause ER Stress
	ER Stress Increases Intracellular Anti-Mstn Immunoreactivity and Induces MstnPP Metabolite Foci Formation
	Enhanced ER Stress Promotes Pro-Mstn and Propeptide Aggregation
	Enhanced ER Stress Impairs Secretion of Pro-Mstn, Propeptide, and Mstn Growth Factor

	Discussion
	References


