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Abstract

Knock-in homozygote VCPR155H/R155H mutant mice are a lethal model of valosin-containing protein (VCP)-associated
inclusion body myopathy associated with Paget disease of bone, frontotemporal dementia and amyotrophic lateral sclerosis.
Ceramide (d18:1/16:0) levels are elevated in skeletal muscle of the mutant mice, compared to wild-type controls. Moreover,
exposure to a lipid-enriched diet reverses lethality, improves myopathy and normalizes ceramide levels in these mutant
mice, suggesting that dysfunctions in lipid-derived signaling are critical to disease pathogenesis. Here, we investigated the
potential role of ceramide in VCP disease using pharmacological agents that manipulate the ceramide levels in myoblast
cultures from VCP mutant mice and VCP patients. Myoblasts from wild-type, VCPR155H/+ and VCPR155H/R155H mice, as well
as patient-induced pluripotent stem cells (iPSCs), were treated with an inhibitor of ceramide degradation to increase
ceramide via acid ceramidase (ARN082) for proof of principle. Three chemically distinct inhibitors of ceramide biosynthesis
via serine palmitoyl-CoA transferase (L-cycloserine, myriocin or ARN14494) were used as a therapeutic strategy to reduce
ceramide in myoblasts. Acid ceramidase inhibitor, ARN082, elevated cellular ceramide levels and concomitantly enhanced
pathology. Conversely, inhibitors of ceramide biosynthesis L-cycloserine, myriocin and ARN14494 reduced ceramide
production. The results point to ceramide-mediated signaling as a key contributor to pathogenesis in VCP disease and
suggest that manipulating this pathway by blocking ceramide biosynthesis might exert beneficial effects in patients with
this condition. The ceramide pathway appears to be critical in VCP pathogenesis, and small-molecule inhibitors of ceramide
biosynthesis might provide therapeutic benefits in VCP and related neurodegenerative diseases.

https://academic.oup.com/


3946 Human Molecular Genetics, 2020, Vol. 29, No. 24

Introduction
Inclusion body myopathy associated with Paget’s disease of
bone and frontotemporal dementia (IBMPFD) also known as
multisystem proteinopathy (MSP)—was first characterized by Dr.
Virginia Kimonis in 2000 and the causative gene encoding
valosin-containing protein (VCP) was identified in 2004 (1–3).
VCP controls a growing number of cellular processes ranging
from cellular proteostasis to genome stability and cellular
metabolism (4,5), and plays a critical role in muscular and
neuronal degenerative disorders. VCP disease is associated with
progressive limb girdle muscle weakness and early demise from
respiratory insufficiency. Muscle pathology is significant for
vacuoles, TAR DNA binding protein-43 (TDP-43), and ubiquitin-
positive inclusions. TDP-43 cytoplasm mislocalization and
translocation from the nucleus and deposition of ubiquitinated
and hyper-phosphorylated TDP-43 into inclusion bodies is the
key pathological feature in related disorders such as amy-
otrophic lateral sclerosis (ALS) and frontotemporal dementia
(6). There is great interest in understanding and improving the
cellular and molecular pathophysiological mechanisms under-
lying VCP disease in view of the overlap with other common
neurodegenerative diseases such as ALS and frontotemporal
dementia.

VCP mouse models carrying the common R155H mutation
display typical features of the human disease. Homozygous
knock-in VCPR155H/R155H mice exhibit rapid progressive weakness
and accelerated pathology, including disrupted autophagosome
formation and mitochondrial dysfunction, and typically die by
21 days of age (7). In vivo studies demonstrated that tissue levels
of ceramide (d18:1/16:0) and non-esterified palmitic acid, two
lipotoxic mediators, were elevated in skeletal muscle and liver
from homozygous VCPR155H/R155H mice, compared with their wild-
type (WT) or heterozygote counterparts (7). Of note, ceramides
have been implicated in the binding and recruiting of LC3B-
labeled autophagosomes to damaged mitochondria for degra-
dation, a process known as ‘lethal mitophagy’ (8–10). Moreover,
these compounds may also contribute to other neurodegener-
ative disorders—such as Alzheimer’s disease (AD) and ALS—
as well as to lysosomal storage diseases such as Fabry, Farber
disease (FD) and Neimann-Pick C1 disease (9,11–16).

Feeding pregnant VCPR155H/+ heterozygous dams with a
9% lipid-enriched diet (LED) resulted in a striking reversal of
the lethal phenotype in homozygous offspring, with survival
extended for up to 2 years. This dietary intervention also
improved motor activity, muscle pathology and autophagy/mi-
tophagy signaling cascades, while concomitantly normalizing
the levels of ceramide and palmitic acid in skeletal muscle of
VCPR155H/R155H mice. In this study, we investigated the possible
role played by ceramide in VCP-related neurodegenerative dis-
eases using pharmacological interventions that either increase
or decrease ceramide levels in cells. As shown in Figure 1A,
ceramide biosynthesis starts with the condensation of palmitate
with serine. This reaction, which is catalyzed by the enzyme ser-
ine palmitoyl-Co A synthase/serine palmitoyltransferase (SPT),
is selectively inhibited by various pharmacological agents—
including antibiotics such as L-cycloserine and myriocin
(17–19), and synthetic small molecules such as the indolin-2-
one derivative ARN14494 (20) (Fig. 1B)—leading to a decrease
in cellular ceramide content (17,19,21). Ceramide-mediated
signaling is terminated by acid ceramidase (also known as
N-acylsphingosine amidohydrolase-1, ASAH-1) (22), whose
inhibition by N-hexyl-2,4-dioxo-pyrimidine-1-carboxamides
such as ARN082 elevates ceramide levels in cells (23). In

addition to providing useful experimental tools to dissect the
role of ceramide in VCP disease, these agents may also offer
much-needed treatments for this devastating condition.

Currently, there are no treatments for this progressive neu-
romuscular disorder. The results from these studies provide the
rationale for in vivo treatment using these ceramide inhibitors in
the VCP disease mouse model. Successful reversal of the disease
phenotype in the mouse model will improve the chance of these
inhibitors being approved for trials in patients with VCP disease.

Results
Ceramide levels in primary myoblasts from WT versus
VCPR155H/R155H mice and patient with VCP disease

Confirming our previous results in skeletal muscles from
VCPRR155H mutant mice (7), LC–MS/MS analyses revealed that
levels of all ceramide species, including ceramide (d18:1/16:0),
were substantially elevated in primary myoblasts from homozy-
gous VCP mice, compared to WT controls (Fig. 2A, Table 1). In
a separate experiment, we found that the levels of ceramide
(d18:1/16:0) and total ceramide in primary myoblasts cultures
from heterozygous (HET) VCP mice did not display statistically
significant differences when compared to those of WT mice,
although slight trends of elevations were observed (ceramide
(d18:1/16:0), 130.8 ± 11.2%, P = 0.105; total ceramide, 124.9 ±
10.9%, P= 0.163; n = 6 per group). Comparable changes in cellular
ceramide levels were also observed in primary cultures of human
VCP patient-derived myoblasts, when compared with the control
myoblast from normal volunteers (n = 2–3) (Fig. 2B).

Exogenous ceramide stimulates autophagy, a key
feature of VCP disease pathology

To determine whether ceramide-mediated signaling might
affect autophagy in VCP disease, we treated myoblasts prepared
from WT, heterozygous and homozygous mice with 25 μM of C8
ceramide, a synthetic cell-permeable ceramide analog. Baseline
expression of the autophagosomal marker the autophagy
receptor p62/SQSTM1 and LC3B was substantially higher in
myoblasts from homozygous myoblasts, relative to WT controls
(Fig. 3A). Moreover, C8 ceramide increased, in a concentration-
dependent manner, the expression of LC3B and p62/SQSTM1
in all three myoblast lines (Fig. 3B). The ability of exogenous C8
ceramide to stimulate autophagy in myoblasts is consistent with
previous findings in other cellular systems (24), and compatible
with the hypothesis that endogenous ceramides are involved in
this process, which is a hallmark of VCP pathology.

Ceramide degradation can be prevented by agents that inhibit
the intracellular activity of acid ceramidase (AC), a lysosomal
hydrolase that catalyzes the conversion of ceramide to sph-
ingosine. To block ceramide degradation, we used the potent
AC inhibitor ARN082 (22). Previous work has shown that this
agent inhibits mouse AC activity in vitro with a median effec-
tive concentration (IC50) of 67.0 ± 5.0 nM, acting through an
irreversible mechanism (22). However, treatment with ARN082
produced no changes in the expression of TDP-43 and LC3B
as compared with untreated VCP cells (Fig. 4A-D). Additionally,
ARN082 did not affect the abnormal localization of TDP-43 in-
patient myoblasts (Fig. 5). We interpret these results as indicat-
ing that AC-dependent ceramide hydrolysis does not contribute
to ceramide-mediated stimulation of autophagy in myoblasts.
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Figure 1. De novo synthesis of ceramide and the degradation pathway. (A) The de novo pathway produce ceramide from the condensation of palmitate and serine,

which is catalyzed by the serine palmitoyl-Co A synthase/serine palmitoyltransferase (SPT). This reaction is known to be the rate-limiting step of the de novo pathway,

and selective inhibitors for the SPT, Myriocin, L-cycloserine and ARN14494, reduce the biosynthesis of ceramide. The product of SPT, 3-keto-dihydrosphingosine/3-keto-

sphinganine, is reduced to dihydrosphingosine/sphinganine, which is followed by an acylation reaction to produce dihydroceramide. Finally, ceramide is produced by

the catalysis of dihydroceramide desaturase. Ceramide is inactivated by the enzyme ceramidase, an enzyme that is selectively inhibited by the compound ARN082. (B)

Chemical structure of the myriocin, L-cycloserine and ARN14494.

Figure 2. Lipid analyses of cultured primary myoblasts from wild-type and VCPR155H/R155H mice. Levels of cellular ceramide were quantified from primary myoblasts

in culture. (A) Cells from the WT (at passage 8 in vitro) and VCPR155H/R155H (HZ, at passage 7) mice were cultured and scraped into methanol. The lipids were extracted

with chloroform and the levels of total ceramides and the major ceramide species in the myoblast, ceramide (d18:1/16:0), were determined using LC–MS/MS (n = 5–6)

(B). Comparable changes in cellular ceramide levels were also observed in primary cultures of human VCP patient-derived myoblasts, when compared with the control

myoblast from normal volunteers (n = 2–3). Values are normalized by protein quantity. Data are expressed as mean ± SEM. ∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05 by

two-tailed t-test.
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Table 1. Levels of ceramide species in cultured primary myoblasts from wild-type and VCPR155H/R155H mice

Ceramide Mean ± SEM (nmol/mg protein)

WT HZ

(d18:1/16:0) 2.34 ± 0.30 30.82 ± 4.86∗∗∗
(d18:1/18:0) 0.10 ± 0.01 0.92 ± 0.16∗∗∗
(d18:1/24:1) 0.96 ± 0.11 6.36 ± 1.24∗∗∗
(d18:1/24:0) 0.87 ± 0.13 3.69 ± 0.59∗∗∗

Levels of cellular ceramide were quantified from primary myoblasts in culture. Cells from the WT (at passage 8 in vitro) and VCPR155H/R155H (HZ, at passage 7) mice
were cultured and scraped into methanol. The lipids were extracted with chloroform and the levels of various ceramide species were determined by using LC–MS/MS
(n = 5–6). Data are expressed as mean ± SEM. ∗∗∗P < 0.001 by two-tailed t-test.

Figure 3. Increased expression levels of LC3B and p62/SQSTM1 in ceramide treated mouse myoblasts. Myoblasts obtained from the wild-type (WT), VCPR155H/+, and

VCPR155H/R155H mice were treated with 0, 25 and 50 μM of C8 ceramide, respectively, a cell-permeable analog of naturally occurring ceramides for 24 hours (n = 5–6).

The expression of LC3B and p62 was assessed by immunocytochemistry (A) and western blotting (B), and representative immunocytochemistry images (A) are shown

with the 25 μM ceramide dose.

Inhibition of ceramide biosynthesis reduces ceramide
in mouse and human myoblasts

The condensation of palmitate with serine, catalyzed by SPT,
is the rate-limiting step in ceramide biosynthesis. Pharmaco-
logical inhibition of SPT activity has been shown to decrease
ceramide biosynthesis and ceramide levels in various model sys-
tems (17,19,21). To investigate the role of ceramide in the patho-
genesis of VCP disease and to explore the therapeutic potential
of modulating ceramide signaling in this and related neurode-
generative conditions, we treated mice and human myoblasts in
culture with two chemically different SPT inhibitors, the antibi-
otic myriocin and the synthetic reversible inhibitor ARN14494
(Fig. 1B) (17,19,21). The compound ARN14494 inhibits mouse SPT
activity in vitro with an IC50 of 21.8 ± 0.9 nM, acting through a
fully reversible mechanism. In vivo, ARN14494 inhibits mouse
SPT activity with a median effective dose (ID50) of approximately
20 mg per kg intraperitoneally.

Mouse myoblasts in cultures were incubated in the presence
of myriocin (0.25 μM) and ARN14494 (2 μM), and ceramide
content was measured by LC–MS/MS. Both compounds signifi-
cantly reduced the levels of ceramide (d18:1/16:0) in myoblasts
obtained from WT and homozygous mice (Fig. 4E). Notably,
we also found that treatment with ARN14494 reduced levels
of ceramide (d18:1/16:0), which were significantly elevated in
VCP patient-derived myoblasts compared with normal controls
(Fig. 4F).

Inhibition of ceramide biosynthesis mitigates
VCP-associated autophagy and TDP-43 pathology

We also tested whether treatment with three structurally
distinct SPT inhibitors—myriocin, ARN14494 and L-cycloserine,
affects the expression of ubiquitin and autophagy markers, p62
and LC3B. As expected, VCP myoblasts expressed significantly
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Figure 4. Effect of ceramide biosynthesis inhibitors on mouse and human myoblasts. Expression levels of ubiquitin, TDP-43, p62, and LC3B autophagy markers were

lower when treated with ceramide biosynthesis inhibitors (Myriocin at 0.25 μM, ARN14494 at 2 μM, L-cycloserine at 30 μM) in comparison to untreated VCP myoblasts (A,
B). Treatment with ceramide degradation inhibitor (ARN082) resulted in similar TDP-43 and LC3B protein expression levels as untreated VCP myoblasts. Nuclear TDP-43

and cytoplasmic TDP-43 (C) including the densitometry results (D). (E) Myoblasts from VCPR155H/R155H homozygous mouse treated with the ceramide biosynthesis

inhibitors, Myriocin (0.25 μM at 16 hours) or ARN14494 (2 μM at 16 hours), significantly decreased cellular levels of total ceramide and ceramide (d18:1/16:0). (F) Similar

trends were also observed in the VCP patient-derived myoblasts treated with ARN14494, when compared with vehicle controls.∗∗∗P < 0.001, ∗∗P < 0.01 and ∗P < 0.05 by

one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison post-test. ##P<0.01 compared with control group by two-way ANOVA with Turkey’s multiple

comparison.

higher levels of autophagy marker proteins under baseline
conditions, and displayed abnormal localization of TDP-43 in
the cytoplasm, rather than within the nucleus, a pathological
hallmark of VCP and related diseases. Treatment with myriocin
at different doses (0.25, 2, 5,10 μM) or ARN14494 (2, 5, 10 μM) or
L-cycloserine (30, 60 and 90 μM) effectively reduced the levels
of p62 and LC3B proteins in iPSC-derived human myoblasts
and resulted in correct localization of TDP-43 into nuclei in
comparison with untreated myoblasts. We did not observe
any additional improvements in the effects on the autophagy
markers and TDP-43 compared with the lowest doses tested
(Figs 4 and 5). In addition to western blotting analysis, we
performed immunocytochemical staining to visualize the
protein expression levels. From 10x magnification, we noted
that approximately 90% of VCP myoblasts treated with myriocin,
70% with ARN14494 and 60% with L-cycloserine showed TDP-43
relocalization compared with none in untreated VCP patient
myoblasts. These results suggest that an overall decrease in

ceramide signaling by targeting the ceramide pathway may
correct the VCP-associated impairment in localization and
expression of autophagy markers and TDP-43 localization and
might thus help to alleviate pathology.

Discussion
Multisystem proteinopathy caused by mutations in the VCP
gene, includes combinations of phenotypically heterogeneous
disorders such as hereditary IBMPFD and amyotrophic lateral
sclerosis. An effective treatment with bisphosphonates for VCP
disease only exists for Paget’s disease component (1). Therefore,
understanding the mechanism with the hope of developing tar-
geted novel therapies is an unmet need for this important disor-
der, which shares a similar TDP-43 and autophagy pathogenesis
with more common diseases.

We have previously found that VCPR155H/R155H homozygous
mice display progressive weakness and accelerated pathology
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Figure 5. Immunocytochemistry of VCP patient iPSC-derived myoblasts treated with ceramide biosynthesis and degradation inhibitors. The localization of TDP-43

outside the nucleus in the cytoplasm is indicative of VCP pathology. VCP myoblasts treated with ceramide biosynthesis inhibitors (myriocin, ARN14494, L-Cycloserine)

had localization of TDP-43 in the nucleus (B) similar to control myoblasts (A), while myoblasts treated with ceramide degradation inhibitors (ARN082) had localization

of TDP-43 in the cytoplasm similar to untreated patient myoblasts (C and A). Protein density was showed from three representative images (D). This suggests that an

overall decrease in ceramide concentration in the cell can help alleviate VCP pathology based on the localization of certain autophagy markers. Data are representative

of three independent experiments.

prior to their early demise by postnatal day 21 and accumulate
multiple ceramides including ceramide (d18:1/16:0) (7). Feeding
pregnant dams prenatally and the pups postnatally with an LED
dramatically rescues the lethal phenotype and mice showed
improved survival, and markers of muscle pathogenesis, in addi-
tion to amelioration of ceramide accumulation in muscle and
liver. Other studies have also shown that LED improves neu-
rological deficit caused by defective astrocyte lipid metabolism
in mitochondrial myopathy,27 regulation of autophagy flux and
skeletal muscle homeostasis in HDAC1/2 mutant mice (25,26),
and improves myelination and alleviation of peripheral nerve
pathology in neuropathic mice (27).

In this study, we report that myoblasts derived from VCP
mice or from a patient with VCP disease also show elevated
ceramide levels. Ceramides are a class of bioactive lipids that
mediate many critical cellular processes—including cell growth,
cell adhesion, cell migration, apoptosis and autophagy (28,29)—
and are increasingly recognized as interconnected and compart-
mentalized signaling molecules within the cell (28,30–32). They
have been implicated in neurodegenerative disorders such as
lysosomal storage disorders but also Alzheimer’s disease and

ALS (9,11–14). These lipid signals can be produced in cells via
three primary pathways: cleavage of membrane sphingomyelin
by sphingomyelinase, recycling of sphingosine via the salvage
pathway or de novo biosynthesis starting with the condensation
of palmitate with serine by SPT (Fig. 1). Pharmacological inhi-
bition of intracellular SPT activity decreases ceramide concen-
trations in several model systems (17,19,21). Our results show
that selective SPT inhibition is an effective strategy to reduce
ceramide levels in tissues with VCP-associated mutation (Fig. 4).

Autophagy and ceramide

The regulatory role of ceramides in the pathogenesis of VCP
is supported by lipidomic analysis data, which showed a
significant elevation of ceramides in VCPR155H/R155H mouse as
well as in VCP patient myoblasts. We carried out further
investigation clarifying the crosstalk between ceramides and
the autophagy pathways in VCP disease in order to provide
the rationale for follow-on translational studies. Ceramide
treatment of myoblasts resulted in an elevation in the autophagy
markers p62 and LC3B. Our study also found that treatment
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with several inhibitors of ceramide biosynthesis corrected the
mislocalization of TDP-43 and expression of autophagy markers
in mouse and human myoblasts. All three SPT inhibitors
studied showed benefits, the most effective, being myriocin
and ARN14494 in reducing cytoplasmic TDP-43 and autophagic
markers. Autophagy is a highly regulated self-digestive process
that targets misfolded proteins or damaged organelles to
lysosomal degradation (33–36), maintaining homeostasis during
stress, but also contributes to cell death under specific contexts.
Dysfunction in autophagy has been involved in aging as well as
in numerous pathologies, including neurodegenerative diseases,
metabolic syndrome and cancer (8).

Although ceramides are well-established inducers of apop-
tosis, studies have also implicated them in the induction of
autophagy through activation of c-Jun N-terminal kinase (JNK),
upregulation of Beclin-1 or BNIP3 and downregulation of nutri-
ent transporter proteins (37). Thus, these lipids have emerged as
important effectors in the regulation of the autophagic pathway,
mediating the crosstalk between apoptosis and autophagy. This
regulation depends on the subcellular localization of ceramides
(mitochondria or endoplasmic reticulum), fatty acid chain length
(C18-ceramide or C16-ceramide) and the presence of downstream
targets of ceramides (Drp1, LC3B-II) for induction of lethal
or survival autophagy. Ceramide is one of the lipids critical
for exosome formation. The previous finding has shown that
exosomes from ALS brain caused cytoplasmic relocation of
TDP-43 in neuro2a cells, suggesting that exosomes might have
important roles in the propagation of TDP-43 proteinopathy
(38). Sentelle et al. reported that ceramide synthase 1 (CerS1)
directly interacts with LC3BII and targets autophagosomes to
the mitochondrial outer membrane leading to mitophagy (9).
CerS1-derived ceramide (d18:1–18:0) has also been implicated in
human aging (39). In a high-fat diet rat model of nonalcoholic
fatty liver disease with impaired autophagy function, Yang
et al. recently investigated the impact of myriocin to block
ceramide synthesis and demonstrated the role of ceramide in
down-regulating autophagy (40).

In sum, our results support the hypothesis that ceramides
may be key effectors of inclusion body pathogenesis, and that
decreasing the production of these cytotoxic lipid mediators
might ameliorate the pathophysiologic manifestations in VCP
myopathy. The ability of three structurally distinct small-
molecule inhibitors of intracellular SPT activity—L-cycloserine,
myriocin and ARN14494, to reduce ceramide biosynthesis and
ameliorate key cellular signs of VCP myopathy brings the
promise of new pharmacologic avenues for interventions and
treatments for VCP and related neurodegenerative diseases.

Materials and Methods
Ethics statement

Human cell studies were approved by the University of Califor-
nia, Irvine Institutional Review Board protocol # 2007–5832 and
hSCRO protocol 2009–1005. Animal experiments were conducted
with the approval of the Institutional Animal Care and Use Com-
mittee (IACUC) of University of California Irvine, under protocols
IACUC 2007–1195 and AUP-19-075.

Generation of mouse myoblasts for these studies

Quadriceps muscles from 19-month-old WT, VCPR155H/+ [HET]
and VCPR155H/R155H [HZ], mice were used for generation of primary
myoblasts using a published protocol (41).

Cell cultures and treatments

Mouse myoblasts (WT, HET and HZ) and human myoblasts
(patient and control) were cultured in humidified 5% CO2 at
37◦C incubator in DMEM supplemented with 10% fetal bovine
serum. Cells were seeded onto 6-well plates (for western blotting)
or chamber slides (Ibidi 80 826 for immunostaining). At 60–
80% confluency, cells were treated with C8 ceramide (Cayman
Chemical, Ann Arbor and MI at 0, 25 and 50 μM, respectively, for
24 h), ARN082 (3 μM for 3 h) or L-cycloserine (30, 60 and 90 μM
for 16 h), myriocin (0.25, 2, 5,10 μM for 16 h) and ARN14494 (2,
5, 10 μM for 16 h) (https://patentscope.wipo.int/search/en/detai
l.jsf?docId=WO20080843000) (8,9,21,40,42).

Targeted lipid analyses

Lipid analyses were conducted as previously described (43).
Primary myoblasts from WT (at passage 8 in vitro), or HZ (at
passage 7) mice were maintained in primary culture as previ-
ously described (44). After drug treatment, the cells were washed
with ice-cold phosphate-buffered saline (PBS), and scraped
into 1 mL of methanol containing internal standard [ceramide
(d18:1/12:0), 250 pmol/mL final concentration) for quantitation.
The cells (n = 6 individual cultures) were homogenized, lipids
were extracted with chloroform and the levels of ceramide were
measured by LC–MS/MS (43). Values were normalized by protein
concentration, which was measured using the Pierce BCA
protein assay kit (Thermo Fisher Scientific). Ceramide analyses
were carried out using an Agilent 1260 series LC coupled to
an Agilent 6460C Triple Quadrupole MSD (45). The compounds
were separated on a Zorbax Eclipse XDB C18, 1.8 μm, 2.1 id x
50 mm L (Agilent Technologies, Wilmington, DE) with a guard
column (Zorbax Eclipse XDB C18, 2.1 x 5.0 mm, 1.8 μm), and
the column operating temperature was maintained at 50◦C. The
injection volume was 2 μL, and the flow rate was 0.5 mL/min.
Mobile phase consisted of A—80:20 water:acetonitrile, and B—
80:20 isopropanol:acetonitrile. A step gradient starting with 78%
B for 3 min followed by 95% B at 3.01 min continuing to 4 min,
to elute any strongly bound compounds from the column, then
at 4.01 min to 78% B continuing to 7.0 min, as a re-equilibration
step. Detection was in the positive mode using the following
fragmentation transitions:ceramide (d18:1/16:0) [M-H2O+H]+
(m/z = 538.52>264.2), ceramide (d18:1/18:0) [M-H2O+H]+ (m/z
= 566.55>264.2), ceramide (d18:1/24:0) [M-H2O+H]+ (m/z =
650.65>264.2) and ceramide (d18:1/24:1) [M-H2O+H]+ (m/z
= 648.63>264.2). Ceramide (d18:1/12:0) [M-H2O+H]+ (m/z =
482.46>264.2) (Avanti Polar Lipids, Alabaster, AL) was included
as an internal standard.

Antibodies and reagents

All primary antibodies were from Abcam (Cambridge, MA):
β-actin, ab8227; glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), ab9485; microtubule-associated protein 1A/1B-light
chain 3 (LC3B), ab192890; sequestosome 1 (SQSTM1)/p62,
ab56416; TAR DNA-binding protein (TDP-43), ab190963; beta-
tubulin, ab6046; and ubiquitin, ab7780.

Western blot analyses

Protein lysates from myoblasts were prepared for western blot-
ting as previously described (46). We analyzed autophagy sig-
naling intermediates including TDP-43, LC3B, p62/SQSTM1 in
mouse myoblasts (47). Cytoplasmic and nuclear protein fractions

https://patentscope.wipo.int/search/en/detail.jsf?docId=WO20080843000
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO20080843000
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were extracted using NE-PER kit (Thermo Scientific). Densito-
metry was performed to quantitate the signals from western
blot images from 3 to 4 independent experiments using Image
J Program (National Institutes of Health, Bethesda, MD).

Immunofluorescence imaging

Myoblasts were subjected to immunohistochemistry as described
previously (47). The cells were fixed in 4% paraformaldehyde
(PFA) for 15 min. They were washed 3 times with PBS and
permeabilized for immunocytochemistry (ICC) using Triton X-
100. After blocking in donkey serum (Sigma-Aldrich, D9663)
for 1 h, cells were incubated overnight at 4◦C in the presence
of primary antibodies for VCP, ubiquitin, LC3B, p62/SQSTM1
and TDP-43. The cells were then incubated with fluorescein-
conjugated secondary antibodies (Thermal Fisher) for 1 h and
mounted with 4′,6-diamidino-2-phenylindole (DAPI)-containing
mounting media (Vector Laboratories) (47). The myoblast
sections were analyzed by fluorescence microscopy (LSM 700)
using a Zen image capture system (Carl Zeiss, Thornwood,
NY). Densitometry using Image J Program was performed to
quantitate the signals from immunocytochemical staining
images.

Statistical analyses

Results were expressed as means ± SEM, and significance was
determined using a two-tailed Student’s t-test, one-way or two-
way analysis of variance with Turkey’s multiple comparisons
post-test. P ≤ 0.05 was considered statistically significant.
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