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Abstract
Sporadic inclusion body myositis (sIBM) is a muscle disease in older people and is characterized by
inflammatory cell invasion into intact muscle fibers and rimmed vacuoles. The pathomechanism of sIBM
is not fully elucidated yet, and controversy exists as to whether sIBM is a primary autoimmune disease or
a degenerative muscle disease with secondary inflammation. Previously, we established a method of
collecting CD56-positive myoblasts from human skeletal muscle biopsy samples. We hypothesized that
the myoblasts derived from these patients are useful to see the cell-autonomous pathomechanism of
sIBM. With these resources, myoblasts were differentiated into myotubes, and the expression profiles of
cell-autonomous pathology of sIBM were analyzed. Myoblasts from three sIBM cases and six controls
were differentiated into myotubes. In the RNA-sequencing analysis of these “myotube” samples, 104
differentially expressed genes (DEGs) were found to be significantly upregulated by more than twofold in
sIBM, and 13 DEGs were downregulated by less than twofold. For muscle biopsy samples, a comparative
analysis was conducted to determine the extent to which “biopsy” and “myotube” samples differed. Fifty-
three DEGs were extracted of which 32 (60%) had opposite directions of expression change (e.g.,
increased in biopsy vs decreased in myotube). Apolipoprotein E (apoE) and transmembrane protein 8C
(TMEM8C) were commonly upregulated in muscle biopsies and myotubes from sIBM. ApoE and
myogenin protein levels were upregulated in sIBM. Given that enrichment analysis also captured changes
in muscle contraction and development, the triggering of muscle atrophy signaling and abnormal muscle
differentiation via TMEM8C or myogenin may be involved in the pathogenesis of sIBM.

The presence of DEGs in sIBM suggests that the myotubes formed from sIBM-derived myoblasts revealed
the existence of muscle cell-autonomous degeneration in sIBM. The catalog of DEGs will be an important
resource for future studies on the pathogenesis of sIBM focusing on primary muscle degeneration.

Introduction
Sporadic inclusion body myositis (sIBM) is a clinicopathologically defined muscle disease of older people
1–3. The pattern of the affected muscles including finger flexor and knee extensor and dysphagia are
characteristic of sIBM 4. Muscle biopsy of sIBM shows rimmed vacuoles and inflammatory cell invasion
into non-necrotic muscle fibers 5. The pathomechanism of sIBM is not fully elucidated yet.

Controversy exists as to whether sIBM is a primary autoimmune disease or a degenerative muscle
disease with secondary inflammation. The involvement of interferon-gamma mediated signaling
pathway6, myeloid dendritic and plasma cells7, and highly differentiated cytotoxic T cells8 in sIBM
pathology has been reported. Anti-cytosolic 5'-nucleotidase 1A autoantibodies are found in the serum of
patients with sIBM9. However, sIBM is usually refractory to immunosuppressive therapy. Muscle
degeneration is an important aspect of sIBM etiology 10.

Muscle biopsy is necessary for the diagnosis of sIBM 11,12. The rest of the diagnostic samples can be
used for research, such as in gene expression profiling; for example, gene sets to differentiate sIBM
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biopsy samples from other myositis using support vector machine-learning system are revealed 13. Other
groups analyzed two microarray datasets8,14 derived from the Gene Expression Omnibus database and
picked-up genes as a hub of a pathological network15. As the pathology of sIBM shows the involvement
of cells such as inflammatory cell infiltration, fibrosis, and adipose tissues 16,17, the expression data
analysis might be confounded by non-muscle cells.

In 1994, ApoE immunoreactive deposits in rimmed vacuole was first reported in sIBM muscle biopsy 18.
ApoE and lipoprotein receptors are also found in rimmed vacuole structures, suggesting the aberrant
cholesterol metabolism in sIBM muscles 19,20. Amyloid beta-overexpressed mouse was used as the sIBM
model21. The mechanisms of abnormal protein accumulation in muscle degeneration in sIBM are not
well understood.

Previously, we established a method of collecting CD56-positive myoblasts from human skeletal muscles
derived from muscle biopsy samples22,23. We hypothesized that the myoblasts derived from these
patients are useful to see the cell-autonomous pathomechanism of sIBM. With these resources, we
differentiated myoblasts into myotubes and analyze the expression profiles of the cell-autonomous
pathology of sIBM.

Materials and Methods
Study population

The study protocol was approved by the Tohoku University Hospital’s Institutional Review Board
(Approval nos. 2014-1-703, 2016-1-884, 2019-1-493), and written informed consent was obtained from all
participants.

Sample collection from patients with sIBM

From November 2015 to May 2018, we performed muscle biopsies on 13 patients who were
presumptively diagnosed with sIBM. Muscle samples were collected from nine patients who agreed to
undergo a biopsy. The number of patients evaluated was restricted because of the limited access to the
fluorescence-activated cell sorting (FACS) system at our institute and the requirement for performing the
procedure on the same day as the muscle biopsy.

The cells prepared from each muscle by FACS were separated into three replicates for characterization
and culture. In each patient, muscle biopsy specimens (approximately 300 mg) were obtained from the
muscle belly of the biceps brachii or lower proximal muscles (Table 1). Three lines of actively
proliferating myoblasts were used for the analysis.

Sample collection from the control participants (patients with rotator cuff tears [RCT])
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From January 2015 to December 2015, arthroscopic RCT repairs were performed in 42 patients who were
unresponsive to conservative treatments 23. Muscle samples were collected from 19 patients who agreed
to undergo a biopsy. None of the patients had tears in the intact subscapularis (SSC) tendon based on
both magnetic resonance imaging and arthroscopic findings. No patients had muscular disease,
neurovascular disorders, paralysis, or trauma. Muscle biopsy specimens (approximately 300 mg) were
obtained from the same portion of the muscle belly of the SSC in each patient who underwent
arthroscopic surgery (Table 1)23.

Primary myoblast isolation

Human satellite cells were isolated from the muscles of patients who agreed to undergo biopsy. All
experiments were performed in accordance with relevant guidelines and regulations as described
elsewhere 23,24. Briefly, the tissue was minced and digested with 0.2% collagenase (Wako Pure Chemicals
Industries) and 0.1% DNase I (Sigma-Aldrich, St. Louis, MO, USA), filtered through a 70-µm cell strainer
(BD Biosciences, Franklin Lakes, NJ, USA), and centrifuged at 700 × g for 20 min. Pellets were
resuspended in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA; Sigma-
Aldrich) and then incubated with an Fc receptor blocking solution (Human TruStain FcX, 1:20 in the
staining buffer; BioLegend, San Diego, CA, USA). Then, the samples were labeled with the following
monoclonal antibodies (all from BioLegend and all at 1:20 dilution): fluorescein isothiocyanate (FITC)-
conjugated anti-CD45 (clone HI30), FITC-conjugated anti-CD11b (clone ICRF444), FITC-conjugated anti-
CD31 (clone WM59), phycoerythrin (PE)/Cy7-conjugated anti-CD34 (clone 581), allophycocyanin (APC)-
conjugated anti-CD56 (clone MEM-188), and PE-conjugated anti-PDGFRα (clone 16A1). The negative set
included blood markers CD11b and CD45 and endothelial markers CD31 and CD34. Although CD34 is
expressed by the majority of mouse satellite cells25, human muscle-derived CD34+ cells are myogenic
and adipogenic, whereas CD34− cells are myogenic but not adipogenic 26. Therefore, CD34 was used as a
negative selection marker. Human satellite cells were defined as single live mononuclear
CD11b−CD31−CD34−CD45−CD56+ cells. FACS was performed on a FACS ARIA II flow cytometer (BD
Biosciences). Cells were seeded onto 24-well chamber slides coated with Matrigel (Dow Corning, Corning,
NY, USA) in a growth medium containing DMEM/Ham’s F10 mixture supplemented with 20% fetal bovine
serum, 1% penicillin–streptomycin, 1% chicken embryonic extract (United States Biological, Salem, MA,
USA), and 2.5 ng/mL basic fibroblast growth factor (Thermo Fisher Scientific, Waltham, MA, USA) and
cultured at 37°C in a 5% CO2 atmosphere. When cells reached 60–80% confluence, adherent cells were
dissociated and split onto a new Matrigel-coated 15-cm dish to expand the activated satellite cells.
Activated satellite cells (myoblasts) were suspended in Cell Banker (Takara, CB011, Japan) and stored in
liquid nitrogen.

Cell culture

Human myoblasts were cultured using media purchased from Lonza (Walkersville, MD, USA). Three days
after plating, the cells reached 80–90% confluence (day 0). Then, differentiation was induced by
switching the growth medium to DMEM supplemented with 2% horse serum, 30 µg/mL penicillin, and 100
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µg/mL streptomycin (differentiation medium). The differentiation medium was changed every 24 h
during the 7–8 days of differentiation.

RNA extraction and sequencing analysis

Cultured myotubes were collected to extract the total RNA, which was performed using an RNeasy micro
kit (Qiagen, Germany) according to the manufacturer’s protocol. RNA-sequencing (RNA-seq) libraries were
prepared using a TruSeq RNA-stranded mRNA Sample Prep Kit (Illumina, CA, USA). These libraries were
clonally amplified on a flow cell and sequenced on a HiSeq2500 (HiSeq Control Software v2.2.58,
Illumina) with a 51-mer single-end sequence. Image analysis and base calling were performed using Real-
Time Analysis Software (v1.18.64, Illumina). For data analysis, UCSC hg19 and RefSeq were used as the
reference human genome and gene model, respectively. For gene expression analysis, single-end reads
were mapped to the human genome using TopHat (ver. 2.1.0) 27. Cufflinks (ver. 2.2.1) was used to
estimate the gene expression levels based on fragments per kilobase of the exon model per million
mapped fragments 28. Gene expression levels were compared between control cells and sIBM cells using
Cuffdiff (ver. 2.2.1).

Immunohistochemistry and immunocytochemistry

The biopsy sections and cultured myotubes were washed with PBS and fixed for 20 min with 2%
paraformaldehyde in PBS containing 0.1% Triton X-100. Samples were washed and blocked in PBS
containing 5% CS and 1% BSA at room temperature. For immunofluorescence analysis, anti-desmin
antibody (MAB-606102, DBS), ApoE (16H22L18, Invitrogen), dystrophin (NCL-Dys1, Leica), caveolin-3 (sc-
55518, Santa Cruz), amyloid oligomers (A11; SPC-506D, StressMarQ), were used as the first antibody, and
Alexa Fluor 488 or 568-conjugated anti-IgG was used as the secondary antibody, in a solution of 1% BSA
in PBS. The samples were mounted on glass slides with Vectashield (Vector Laboratories, Burlingame,
CA, USA) and observed with a confocal fluorescence microscope (Fluoview FV-1000; Olympus, Tokyo,
Japan) or fluorescence microscope (BZ-X700; Keyence).

Immunoblotting

For immunoblot analysis, skeletal muscle protein was extracted from the human myotubes, as described
previously 29. Total cell proteins were extracted from cells with radio-immunoprecipitation buffer (ATTO)
and measured using a Bicinchoninic Acid Kit (Thermo Fisher Scientific). After the adjustment of the
protein concentration, protein samples were reacted with Laemmli buffer at 95°C for 5 min and separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 10–20% polyacrylamide gels (ATTO)
under constant voltage of 200 V for 60 min. Then, the separated proteins were transferred to
polyvinylidene difluoride membranes (Millipore, MA, USA). After blocking with 2% BSA (Pierce),
membranes were probed with the indicated primary antibodies including ApoE (16H22L18, Invitrogen),
myogenin (sc-12732, Santa Cruz), and GAPDH (2118L, CST) overnight at 4°C. Immunolabeling was
visualized by incubation with horseradish peroxidase-linked secondary antibodies (5,000-fold dilution) at
room temperature for 1 h, followed by treatment with an enhanced chemiluminescence prime reagent (GE
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Healthcare, IL, USA); images were captured using an LAS-3000 Image Reader (Fujifilm, Tokyo, Japan).
Blots were labeled with anti-GAPDH antibodies as the gel loading control.

Statistical analysis
Statistical analyses were performed using Student’s t-test or analysis of variance with Tukey’s multiple
comparison test, and p-values < 0.05 indicated a statistically significant difference unless otherwise
specified. Data are expressed as means ± SE unless otherwise specified.

Results
Myoblasts from three sIBM cases and six controls were differentiated into myotubes (“myotube”: Table 1
and Fig. 1A). Immunocytochemistry revealed desmin-positive multinucleated myotubes after the
differentiation in both groups (Fig. 1B–1E). RNA was extracted from these myotubes (Fig. 1A), and RNA-
seq was performed (Fig. 2). In total, 104 genes were significantly upregulated by more than twofold in
sIBM (Table 2). Myogenin30 was upregulated in sIBM. Thirteen differentially expressed genes (DEGs)
were downregulated by less than twofold (Table 3).

To broaden the range of genes, genes with a 1.5-fold or greater change were listed. In total, 991 genes
were altered (Supplementary Table 1). Heat maps separated sIBM and control myotubes as expected
(Fig. 2A). Gene Ontology (GO) term classification of genes with altered expression showed that pathways
related to skeletal muscle function, such as muscle filament sliding and muscle contraction, were
enriched in biological process (GO-BP). In molecular function (GO-MF), actin filament binding and
structural constituents of muscle were also enriched (Fig. 2B, 2C). As expected, skeletal muscle cell-
specific changes appear to be extracted.

To determine the extent to which the expression profiles found in these myotubes differed from those in
the muscle biopsies, RNA-seq analysis was performed using muscle biopsy from sIBM (n = 3) and
disease control (n = 4) samples (“biopsy” samples: Supplementary Table 2). Moreover, 901 genes showed
more than 1.5-fold variation in the muscle biopsy samples. Proteasome (prosome and macropain)
subunit, beta type, 8 (PSMB8), a member of the interferon-2 pathway, was increased, which correlated
with previous analyses in the biopsied muscle 31. The levels of other molecules in the interferon-2
pathway, namely, guanylate binding protein 1, interferon-inducible (GBP1), and GBP231, were also high. In
addition, CCL13, interferon regulatory factor 8 (IRF8), CCR5, VCAM1, HLA-DRA, TYROBP, complement
component 1, q subcomponent, B chain (C1QB), major histocompatibility complex class II, DR beta 1
(HLA-DRB1), CD74, and CXCL9 were also upregulated8,13,14.

Then, a comparative analysis was conducted to determine the extent of the difference between the
muscle biopsy and myotube samples (Fig. 2D, Supplementary Table 3). Fifty-three genes were extracted
of which 32 (60%) had opposite directions of change in expression (e.g., increased in biopsy vs decreased
in myotube). Among the commonly upregulated genes, transmembrane protein 8C (TMEM8C; also known
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as a myomaker), myogenin (Myog), and ApoE were found, whereas metallothionein 1E (MT1E) was
found among the downregulated genes (Fig. 2E).

Among genes that were commonly altered in muscle biopsies and myotubes, molecules related to muscle
differentiation and degeneration were examined at the protein level. TMEM8C is a myoblast fusion-
associated molecule32. Deletion from myoblasts was reported to exacerbate symptoms in mouse models
of muscular dystrophy33. The expression of TMEM8C was high in both myotubes and biopsy samples
(Fig. 3A, 3B). In immunostaining, the number of TMEM8C-positive myoblasts was higher in sIBM samples
than in the control samples (Fig. 3C).

We further investigated ApoE, which accumulates abnormally in sIBM, as a molecule that may be
involved in muscle degenerative pathology 18–20. High expression of ApoE in sIBM was found in the RNA-
seq analysis of both myoblasts and muscle biopsies (Fig. 4A, 4B). Immunostaining also showed high
expression of ApoE in sIBM (Fig. 4C), as shown previously18–20. Furthermore, staining for amyloid
oligomer A11 was enhanced in sIBM (Fig. 4D).

Then, we examined the amount of ApoE proteins in myotubes. As expected, ApoE proteins are increased
in sIBM compared with control myotubes (Fig. 5A, 5B). In addition, myogenin proteins are significantly
increased in sIBM myotubes (Fig. 5A, 5C).

Discussion
In this study, myotubes derived from sIBM-derived myoblasts were established, and RNA-seq was
performed to list gene expression profiles solely from myotubes (Tables 2 and 3). By cross-checking the
RNA-seq results between the “myotube” and “biopsy” muscle, we could identify TMEM8C and ApoE as
commonly altered molecules in the pathogenesis of sIBM myotubes and biopsied muscle (Fig. 2,
Supplementary Table 3).

Many of the genes upregulated in the muscle biopsy, which are mostly inflammatory genes, are
significantly downregulated in sIBM myotubes compared with control myotubes (Supplementary
Table 3). Only 21 genes showed common expression direction changes in both muscle biopsy and
myotube samples (Supplementary Table 3). The dissociation of these data can mean that a system
based solely on myotubes does not reflect the complicated pathology of sIBM.

Indeed, PSMB8, GBP1, and GBP2, members of the interferon-2 pathway, were increased in biopsy
samples, which correlated with previous analyses in the biopsied muscle 31. The results of the analysis of
muscle biopsies suggested altered gene expression in lymphocytes and other immunopathological
conditions, which were not involved in the myotube samples. Muscle fibers exhibit persistent senescence-
associated secretory phenotype, metabolic disturbances, and cell cycle arrest, which are closely linked to
abnormal stimulator of interferon gene (STING), a critical signaling linker protein in intrinsic immune
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response 34. STING activation could be a non-cell-autonomous mechanism of muscle degeneration in
sIBM.

Given that changes in skeletal muscle- and myoblast-related molecules such as ApoE and myogenin
(Figs. 2, 4, and 5), which have been repeatedly noted in biopsies of sIBM previously18–20,30, were
successfully identified in myotube and biopsied muscle, our analysis may be able to capture intrinsic
changes in skeletal muscles in sIBM.

ApoE and lipoprotein receptors are also found in rimmed vacuole structure, suggesting an aberrant
cholesterol metabolism in sIBM muscles 19,20. ApoE stimulates amyloid precursor protein transcription
and amyloid beta secretion robustly in human neurons 35. Amyloid beta-overexpressed mouse was used
as the sIBM model21. The clarification of the mechanism by which ApoE is high in sIBM myotubes may
lead to the control of ApoE-mediated abnormal protein accumulation and muscle degeneration.
Previously, we showed that the RNA-binding protein TDP-43 was localized from the nucleus to the
cytoplasm in electric pulse stimulation culture36. Similar to ApoE, TDP-43 accumulates in the skeletal
muscles in sIBM 37. Patient-derived myotube cells may be useful for the study of the regulation of
neurodegenerative disease-related proteins.

TMEM8C, a myomaker, is a well-conserved plasma membrane protein required for myoblast fusion to
form multinucleated myotubes 38 32. Myogenin is also upregulated in sIBM myotubes30. Myogenin binds
to the TMEM8C promoter and is required for the expression of TMEM8C and other genes essential for
myocyte fusion 39. Myogenin is also upregulated in sIBM muscle biopsy 30. In denervation-induced
muscle atrophy, myogenin plays both a regulator of muscle development and an inducer of neurogenic
atrophy 40. Given that enrichment analysis also captured changes in muscle contraction and
development (Fig. 2B, 2C), the triggering of muscle atrophy signaling and muscle differentiation via
TMEM8C or myogenin may be involved in the pathogenesis of sIBM.

This study has several limitations. First, the cell culture condition might have changed the intrinsic gene
expression in sIBM myotubes. Single-nuclei RNA-seq using human muscle biopsy could solve the intrinsic
gene expression in myotubes in vivo. Second, SSC was defined as the control, although it was derived
from a pathological joint in the RCT and therefore did not have normal function. Third, the number of
sorted cells was dependent on the antibody markers, the specific region of the muscle that was biopsied,
and the uniformity and extent of digestion by collagenase. Finally, the number of samples was limited,
and various diseases might affect the result.

In conclusion, the results revealed the cell-autonomous profiles of sIBM-derived myotubes. ApoE and
TMEM8C are commonly upregulated in both sIBM-derived myotubes and biopsy samples. The catalog of
these gene expression changes will be an important resource for future studies on the pathogenesis of
sIBM focusing on primary muscle degeneration.
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Figure 1

Myotubes derived from patient muscle biopsy samples

A. Schema of collecting myoblast from the muscle biopsy sample. The tissue was minced and digested
with 0.2% collagenase and 0.1% DNase I. CD11b−CD31− CD34− CD45− CD56+ cells were sorted using
FACS. Purified myoblasts were expanded in the growth medium. Myoblasts were differentiated into
myotubes in the differentiation medium.

B–E. Myotubes derived from patients with sIBM (B, C) and control (D, E). Desmin (B, D) and Dapi (C, E)
staining. Scale bar, 50 µm. sIBM, sporadic inclusion body myositis.
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Figure 2

Intrinsic cell-autonomous characterization of myotubes derived from sIBM

A. Heat maps of three sIBM and six control myotube samples.

B. The enrichment of the genes differentially expressed in the sIBM and control groups was analyzed by
GO_BP term analysis using the Subio platform. The top terms are listed with >4 overlapped genes, with p-
values < 0.05 (Fisher’s exact test).

C. The enrichment of the genes differentially expressed in the sIBM and control groups were analyzed by
GO_MF term analysis using the Subio platform. The top terms are listed with >4 overlapped genes, with p-
values < 0.05 (Fisher's exact test).

D. Venn diagram showing overlapped dysregulated genes between sIBM myotubes (991 genes) and sIBM
biopsy (901 genes). Differentially expressed genes (DEGs: fold-change difference of |1.5|) were
compared. Fifty-three genes are commonly dysregulated.
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E. Volcano plot of the genes differentially expressed in sIBM and SSC focusing genes are plotted on the
figures. sIBM, sporadic inclusion body myositis.

Figure 3

Expression of TMEM8C in both myotubes and sIBM biopsy sections

A. TMEM8C mRNA upregulation in sIBM myotubes.

B. TMEM8C mRNA is upregulated in the sIBM biopsy muscle.

C. TMEM8C is found in the sIBM biopsy section. Scale bar, 10 µm.
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Figure 4

Expression of ApoE in sIBM biopsy sections

A. ApoE mRNA upregulation in sIBM myotubes.

B. ApoE mRNA is upregulated in the sIBM biopsy muscle.

C. ApoE protein is upregulated in the sIBM biopsy section. Scale bar, 10 µm.

D. Amyloid oligomer (A11) is upregulated in the sIBM biopsy section. Scale bar, 50 µm.
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Figure 5

Protein levels of ApoE and myogenin in sIBM myotubes

A. Representative blot of ApoE, GAPDH, and myogenin in sIBM and control myotubes.

B. The protein level of ApoE is significantly increased in sIBM. P = 0.0025. Students’ t-test.

C. The protein level of myogenin is significantly increased in sIBM. P = 0.0437. Students’ t-test.
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