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RESEARCH ARTICLE

Rapamycin and Chloroquine: The In Vitro
and In Vivo Effects of Autophagy-Modifying
Drugs Show Promising Results in Valosin
Containing Protein Multisystem
Proteinopathy
Angèle Nalbandian1,2*, Katrina J. Llewellyn1,2, Christopher Nguyen1, Puya G. Yazdi2,3,
Virginia E. Kimonis1,2*

1 Department of Pediatrics, Division of Genetics and Metabolism, University of California, Irvine, California,
United States of America, 2 Sue and Bill Gross Stem Cell Center, University of California, Irvine, California,
United States of America, 3 Systomic Health LLC, Los Angeles, California, United States of America

* a.nalbandian@uci.edu (AN); vkimonis@uci.edu (VEK)

Abstract
Mutations in the valosin containing protein (VCP) gene cause hereditary Inclusion body my-

opathy (hIBM) associated with Paget disease of bone (PDB), frontotemporal dementia

(FTD), more recently termed multisystem proteinopathy (MSP). Affected individuals exhibit

scapular winging and die from progressive muscle weakness, and cardiac and respiratory

failure, typically in their 40s to 50s. Histologically, patients show the presence of rimmed

vacuoles and TAR DNA-binding protein 43 (TDP-43)-positive large ubiquitinated inclusion

bodies in the muscles. We have generated a VCPR155H/+ mouse model which recapitulates

the disease phenotype and impaired autophagy typically observed in patients with VCP dis-

ease. Autophagy-modifying agents, such as rapamycin and chloroquine, at pharmacologi-

cal doses have previously shown to alter the autophagic flux. Herein, we report results of

administration of rapamycin, a specific inhibitor of the mechanistic target of rapamycin

(mTOR) signaling pathway, and chloroquine, a lysosomal inhibitor which reverses autop-

hagy by accumulating in lysosomes, responsible for blocking autophagy in 20-month old

VCPR155H/+ mice. Rapamycin-treated mice demonstrated significant improvement in mus-

cle performance, quadriceps histological analysis, and rescue of ubiquitin, and TDP-43 pa-

thology and defective autophagy as indicated by decreased protein expression levels of

LC3-I/II, p62/SQSTM1, optineurin and inhibiting the mTORC1 substrates. Conversely, chlo-

roquine-treated VCPR155H/+ mice revealed progressive muscle weakness, cytoplasmic ac-

cumulation of TDP-43, ubiquitin-positive inclusion bodies and increased LC3-I/II, p62/

SQSTM1, and optineurin expression levels. Our in vitro patient myoblasts studies treated

with rapamycin demonstrated an overall improvement in the autophagy markers. Targeting

the mTOR pathway ameliorates an increasing list of disorders, and these findings suggest

that VCP disease and related neurodegenerative multisystem proteinopathies can now be

included as disorders that can potentially be ameliorated by rapalogs.
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Introduction
Inclusion body myopathy (IBM) associated with Paget’s disease of the bone (PDB) and Fronto-
temporal Dementia, (IBMPFD, MIM 167320), was first reported in 2000 by Kimonis et al. [1]
and mapped to the human chromosomal region 9p13.3–12 [2], [3]. In 2004, the disease was at-
tributed to being caused by mutations in the gene encoding Valosin-Containing Protein (VCP)
[4]. Classic symptoms of VCP disease include weakness and atrophy of the skeletal muscles of
the pelvic and shoulder girdle muscles in 90% of individuals [1–3]. Affected individuals exhibit
scapular winging and die from progressive muscle weakness, and cardiac and respiratory fail-
ure, typically in their 40s to 50s [1, 5]. Histologically, patients show the presence of rimmed
vacuoles and TAR DNA-binding protein 43 (TDP-43)-positive large ubiquitinated inclusion
bodies in the muscles [1, 4, 5, 6]. The variable phenotype is often diagnosed as limb girdle mus-
cular dystrophy, amyotrophic lateral sclerosis (ALS), facioscapular muscular dystrophy, or sca-
puloperoneal muscular dystrophy [5, 7, 8]. To date, 31 VCPmutations have been reported in
families from several parts of the world, including Germany [9, 10], France [11], Austria [12],
Italy [13, 14], the UK [15], Australia [16], Brazil [17], Korea [18], Japan [19] and the United
States [20, 21]. Fifteen percent of individuals with hereditary inclusion body myopathy have an
ALS-like phenotype and VCPmutations have been noted in 2–3% of isolated familial amyotro-
phic lateral sclerosis (fALS) cases [5, 22].

Autophagy plays an important role in degrading defective organelles and the bulk of cyto-
plasm during starvation. Impaired autophagic degradation is involved in Alzheimer’s and
Huntington’s diseases, as well as in other neurodegenerative diseases [23–27]. Recent studies
have shown that sequestosome 1 (p62/SQSTM1) interacts with the autophagic effector protein
Light Chain 3 (LC3-I/II) to mediate the autophagic uptake of aggregated proteins. VCP muta-
tions is important for the retro-translocation of misfolded endoplasmic reticulum (ER) pro-
teins, and mutations result in defective ER associated protein degradation (ERAD) and ER
stress responses [28]. Interestingly, the SQSTM1 gene, which encodes p62/SQSTM1, is involved
in autophagy, and apoptosis, and is responsible for approximately 10% of sporadic PDB, 50%
of familial PDB, as well as ALS.

We have previously generated a novel neomycin cassette-free knock-in (KI) mouse model
with the common disease-related R155H VCPmutation (VCPR155H/+), which has features of
human VCP-associated myopathy including progressive muscle, bone, spinal cord and brain
pathology. The VCPR155H/+ heterozygous mice demonstrate similar pathological characteristics
observed in many patients, however, have a slow rate of progression [29, 30]. Double mutant
VCPR155H/R155H mice exhibit progressive weakness prior to their early demise as well as accel-
erated pathology in skeletal muscle, spinal cord, and bone [31].

Autophagy-modifying therapeutics including rapamycin and chloroquine for neuromuscu-
lar diseases is currently being evaluated. Rapamycin belongs to the class of macrocyclic immu-
nosuppressive drugs used in preventing rejection after organ transplantation, topical treatment
of facial angiofibromas, renal angiomyolipoma, brain tumors associated with tuberous sclerosis
and chemotherapy for a variety of cancers. Intracellularly, rapamycin forms a complex with FK
binding protein 12 kDa (FKBP12) and mammalian Target of Rapamycin Complex 1
(mTORC1), and blocks the pro-proliferative and anti-apoptotic signaling pathways by autop-
hosphorylation and dissociation of mTORC1 complex and thus, blocking the binding of
mTOR to its substrates. Our previous studies have shown a dysfunction in the autophagic
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signaling cascade via accumulation of autophagy intermediates, such as proteins p62/SQSTM1,
Light Chain LC3-I/II and optineurin in VCPR155H/+ and VCPR155H/R155H animals versus their
Wild Type (WT) littermates. Stimulation of blocked autophagy by rapamycin may enhance the
impaired autophagic flux observed in VCP multisystem proteinopathies. Thus, clinically ap-
proved doses of rapamycin may prove to be a therapeutic option in patients suffering from
VCP-related neuromuscular diseases. Chloroquine is a lysosomal inhibitor and has been
shown to reverse autophagy by accumulating in lysosomes, disturbing the vacuolar H+ ATPase
responsible for lysosomal acidification and blocking autophagy. Several reports have demon-
strated the deleterious effects on muscle fiber regeneration, cell growth, and protein synthesis,
however, its effect on inclusion body myopathy has not been previously studied. In this report,
we investigated the effects of rapamycin and chloroquine administration in 18–20 month old
VCPR155H/+ heterozygous andWT mice to assess any potential therapeutic value for patients
with VCP multisystem proteinopathy.

Materials and Methods

Ethics Statement
All experiments were performed with the approval of the Institutional Animal Care and Use
Committee (IACUC) of the University of California, Irvine (UCI) (Protocol #2007-2716-2),
and in accordance with the guidelines established by the National Institutes of Health (NIH).
WT and VCPR155H/+ mice were housed in the vivarium and were maintained under constant
temperature (22°C) and humidity with a controlled 12:12-hour light-dark cycle. All animals
(VCPR155H/+, WT, including control littermates) were on a C57BL/6J genetic background [32].
All experiments performed in this study were genetically identified by genotyping (Transnetyx
Inc., Cordova, TN). Animals were observed throughout the entire experimental process in
order to ameliorate any pain and suffering. Mice were euthanized by CO2 inhalation followed
by cervical dislocation.

Animal Drug Treatments
Rapamycin. Rapamycin (Sirolimus) (Sigma-Aldrich, St. Louis, MO) is a potent immuno-

suppressive agent that directly binds the mTORC Complex1 (mTORC1) and inhibits the
mTOR (serine/threonine protein kinase) pathway, that regulates cell growth, cell proliferation,
cell motility, survival and protein synthesis. Rapamycin inhibits activation of p70S6 kinase and
Tor1p/Tor2p (target of rapamycin proteins), ultimately resulting in cellular responses through
a translational arrest mechanism and an autophagy inducer by activating the initiation stage.
The mTOR pathway is dysregulated in several human diseases. Thus, to examine the effects of
rapamycin, we treated 18–20 month old WT (n = 10) and VCPR155H/+ (n = 10) knock-in mice
with a dose of 3mg/kg body weight rapamycin, three times a week for 8 weeks by IP adminis-
tration. The half-life of rapamycin is 58–63 hours (~ 3 days).

Chloroquine. Chloroquine (Sigma-Aldrich, St. Louis, MO) is one of many compounds
which have shown to reverse autophagy by accumulating in lysosomes, disturbing the vacuolar
H+ ATPase, which is responsible for lysosomal acidification and blocking autophagy. Thus, to
examine the effects of chloroquine, we treated 18–20 month old WT (n = 10) and VCPR155H/+

(n = 10) mice with a dose of 15mg/kg body weight chloroquine, daily by subcutaneous injec-
tions for 8 weeks. The half-life of chloroquine is 30–60 days.
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Measurements of weight, motor coordination and muscle strength
VCPR155H/+ or WT mice (n = 10, 18–20 month old males) were placed on the Rotarod, which
accelerates from 4 to 40 rpm in 5 minutes. The results were recorded as the time it took for a
mouse to drop down from the Rotarod for the first time. Mice went through three trials with
45- to 60-minute inter-trial intervals on each of two consecutive days. Data from the previous
two-day trial were used to set the baseline. Statistical analyses were performed by student’s t-
test.

Biochemical Analyses
Hematoxylin and Eosin. Samples of quadriceps muscle from VCPR155H/+ (n = 10) and

WT (n = 10) mice were fixed in 10% neutral-buffered formalin and stored at -80°C before sec-
tioning at 10μm. Hematoxylin and Eosin (H&E) staining was performed using routine meth-
ods and analyzed by light microscopy (Carl Zeiss, Thornwood, NY) (Magnification 40X).

Immunohistochemistry
Quadriceps muscle samples from rapamycin- or chloroquine-treated 18–20 month old wild-
type (n = 10) and VCPR155H/+ (n = 10) knock-in mice were harvested and embedded in cryo-
sectioning mounting media (Electron Microscopy Sciences, Hatfield, PA), and stored at -80°C
before sectioning at 5–10μm. For immunohistochemical analyses, sections were incubated
Light chain 3 (LC3-I/II) (Novus Biologicals, Littleton, CO), p62/SQSTM1, mTOR signaling in-
termediate substrates (mTOR, p70S6K), optineurin (OPN), ubiquitin (Biomol, Plymouth
Meeting, PA), TDP-43 (Abcam, Cambridge, MA), and VCP (Affinity BioReagents, Golden,
CO) overnight in a humidified chamber. Subsequently, sections were washed with TBST
(0.5%) and incubated with fluorescein-conjugated secondary antibodies (Sigma-Aldrich,
St. Louis, MO) for 1 hour at room temperature and mounted with DAPI-containing mounting
media (Vector Laboratories, Inc., Burlingame, CA). Sections were analyzed by fluorescence mi-
croscopy using an AxioVision image capture system (Carl Zeiss, Thornwood, NY).

Immunoblotting
Quadriceps muscle samples (n = 10) from rapamycin- and chloroquine-treated 18–20 month
old wild-type and VCPR155H/+ knock-in mice were harvested and extracted using the NE-PER
Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Rockford, IL). Protein concentra-
tions were determined using the Nanodrop according to the manufacturer’s protocols. Equal
amount of proteins were separated on Bis-Tris 4–12% NuPAGE gels according to manufactur-
er’s protocols. The expression levels of proteins were analyzed by Western blotting using
LC3-I/II (Novus Biologicals, Littleton, CO), p62/SQSTM1, mTOR substrates, ubiquitin, opti-
neurin, VCP, and TDP-43 primary antibodies (Abcam, Cambridge, MA). Equal protein load-
ing was confirmed by β actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) staining.

TUNEL Analysis
Apoptosis in mouse quadriceps muscle tissue samples (n = 10) was analyzed by the DeadEnd
Fluorometric TUNEL System (Promega, Madison, WI). For TUNEL analysis, rapamycin- and
chloroquine-treated VCP patients’myoblasts and muscle cryosections from VCPR155H/+ mice
andWT littermates were stained as described previously [32]. Briefly, cells were fixed in 4% para-
formaldehyde for 15 minutes, washed in PBS for 5 minutes and permeabilized with 20μg/ml
Proteinase K solution for 10 minutes at room temperature. Cells were then washed in PBS for
5 minutes and 100μl of equilibration buffer was added for 10 minutes. The cells were labeled with
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50μl of TdT reaction mix and incubated for 60 minutes at 37°C in a humidified chamber. Stop re-
action was added for 15 minutes after which the cells were washed, counterstained, and prepared
for analysis. The percentage of TUNEL+ cells was calculated and plotted.

Patient In Vitro Treatments
This study design was approved by Institutional Review Board at University of California. Mu-
tant patient cell line with the heterozygous R155Hmutation was obtained from the Muscle Tis-
sue Culture Collection (MTCC)/EuroBioBank (Munich, Germany) as previously described
[33]. Patient VCP disease myoblasts were grown to 60% confluence cultured in DMEM supple-
mented with 10% FBS (PromoCell Inc., Germany) at 37°C 5% humidified incubator. Cells
were seeded onto 6-well plates and treated with either 0, 1, 10, or 100 μM concentrations of
rapamycin or chloroquine for varying time points either 24 or 48 hours, respectively. Immuno-
cytochemistry was performed according to manufacturer’s instructions (Abcam, Cambridge,
MA). Cell lysates were collected and subjected to western blotting for analysis of autophagy sig-
naling pathway intermediates.

Statistical Analysis
Means were used as summary statistics for all experiments. We compared the above
studies—including weights, Rotarod performance immunohistological, Western blot and
in vitro studies—in VCPR155H/+ andWT mice using mixed model analysis of variance and
pair-wise t-tests. For TUNEL+ cell analyses for patients’myoblasts, results are expressed as
means ± SEM and significance was determined using two-tailed Student's t-test or two-way
ANOVA with Bonferroni post-test. A probability of p<0.05 was considered to be significant.

Results

Rapamycin, but not chloroquine treatment significantly improves muscle
strength and performance
Our VCPR155H/+ mouse model demonstrates progressive muscle weakness approximately at
the age of 6 months with vacuolization of myofibrils and centrally located nuclei, as well as
cytoplasmic accumulation of TDP-43. Thus, to determine the effects of rapamycin in vivo,
VCPR155H/+ and WT animals (n = 10/group) were treated with rapamycin (i.p.) at 3mg/kg/
body weight and followed over a period of 8 weeks where Rotarod performance measurements
were obtained at 2-week intervals. Analysis of rapamycin-treated VCPR155H/+ animals depicted
a significantly improved performance in their latency to fall (seconds) off the Rotarod versus
their untreated littermates at 2-, 4-, and 6-week intervals (Fig 1A). However, no significant
trend was observed in Rotarod performance levels in the VCPR155H/+ animals treated with
chloroquine versus their untreated littermates at 2-, 4-, and 6-week intervals (Fig 1B).

Rapamycin ameliorates muscle pathology and decreases vacuoles
The VCPR155H/+ mouse model demonstrates typical histopathology, and progressive accumula-
tion of TDP-43, ubiquitin, and LC3-I/II in quadriceps, resembling the onset in humans in the
30s to 40s. To understand the effects of autophagy-modifying agents on quadriceps muscle pa-
thology, we analyzed the 20-month old rapamycin-treated VCPR155H/+ and WT animals. The
quadriceps from the rapamycin-treated VCPR155H/+ mice demonstrated an overall improve-
ment in the number of centrally located nuclei, reduced vacuoles, and an amelioration in the
quadriceps fiber size and architecture (as shown in white arrows) (Fig 1C–1F). However,
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chloroquine-treated VCPR155H/+ mice demonstrated worsened pathology with increased vacu-
oles, interstitial space, and angulated fibers (as shown in black arrows) (Fig 1G–1J).

Effects of rapamycin and chloroquine on the autophagy signaling
pathway
To elucidate the effects of rapamycin on the autophagy signaling pathway, we analyzed the
autophagy intermediates. Autophagy flux was monitored by detection of endogenous LC3-I/II
modification, ubiquitin-positive inclusions, and p62/SQSTM1 and optineurin aggregates. In
comparison to the control WT and VCPR155H/+ mice (Fig 2A and 2B), the rapamycin-treated
VCPR155H/+ mice demonstrated an overall decrease in ubiquitinated proteins, a decrease in
LC3-I expression followed by an increased conversion to LC3-II, and a decrease in p62/
SQSTM1 and optineurin (OPTN), expression levels, suggesting an improvement of the autop-
hagic process in comparison with the rapamycin-treated animals (Fig 2C and 2D). Further-
more, we examined the TDP-43 aggregates (nuclear to cytoplasmic translocation) in the
VCPR155H/+ animals versus their WT littermates. The rapamycin-treated VCPR155H/+ mice
showed more nuclear TDP-43 expression, which is suggestive of a more normal phenotype. In
contrast, chloroquine-treated depicted an overall increase in these autophagy intermediates
(Fig 2E and 2F). Western blot of ubiquitin, TDP-43 p62/SQSTM1, LC3-I/II and OPTN con-
firmed these findings (Fig 2G). Distribution levels of VCP expression were comparable in
quadriceps muscle of WT and VCPR155H/+ (data not shown).

Effects of rapamycin and chloroquine on the mTOR signaling pathway
In order to assess the effects of rapamycin on the mTOR signaling pathway, we analyzed the
mTOR substrate intermediates including mTOR (7C10) and phospho-p70 S6 Kinase (Thr389)
antibodies. Interestingly, immunoblotting analysis showed decreased levels of mTOR

Fig 1. Rotarod performance and histological analyses of quadriceps in WT and VCPR155H/+ mice
treated with rapamycin or chloroquine.Rotarod analysis of (A) rapamycin-treated and (B) chloroquine-
treated 20-month old VCPR155H/+ andWT versus control animals at 2 week intervals. Histological analysis by
H&E staining of quadriceps pathology from 20-month old control and (C-F) rapamycin- and (G-J)
chloroquine-treated VCPR155H/+ andWTmice. White arrows point to overall improvement in the number of
centrally located nuclei, reduced vacuoles, and an amelioration in the quadriceps fiber size and architecture.
Black arrows point to worsened muscle pathology with increased vacuoles, interstitial space, and angulated
fibers. The number of mice analyzed per experiment is 6–8.

doi:10.1371/journal.pone.0122888.g001
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substrates p70 and mTOR in the VCPR155H/+ heterozygote mice treated with rapamycin where-
as the protein levels of these substrates remained the same in chloroquine-treated mice (Fig
2G).

Mitochondrial complex analysis after autophagy-modifying treatments
To examine the effects of rapamycin or chloroquine administration on the mitochondrial com-
plexes of VCPR155H/+ andWT animals, we performed mitochondrial assays. Identification of
oxidative and non-oxidative fibers is used in assessing mitochondrial pathology. Compared to
20-month old WT littermates which depicted a normal “checkered” pattern, succinic dehydro-
genase (SDH) staining of heterozygous VCPR155H/+ mice quadriceps revealed increased Type II
fibers (dark fibers) oxidative fibers (Fig 3A–3F). VCPR155H/+ heterozygous mice treated with
rapamycin revealed a decrease in Type II fibers (dark fibers) suggestive of normal mitochondri-
al proliferation and balanced oxidative capacity (Fig 3E). Interestingly, chloroquine had no ef-
fect on the Type II fibers (Fig 3F). Quantification of oxidative fibers with autophagy-modifying
drugs is shown in Fig 3M. Recently, pregnant dams and their pups fed a lipid-enriched diet
(LED) resulted in the reversal of the lethal phenotype in homozygous offspring and improved
survival, motor activity, muscle pathology and the autophagy cascade suggesting that lipid sup-
plementation may be a promising therapeutic strategy for patients with VCP-associated neuro-
degenerative diseases [34]. Thus, we analyzed generation of lipid granules in our mice and did
not note granules in WT mice by Oil Red O staining, however, the untreated heterozygous
VCPR155H/+ quadriceps muscles showed small lipid granule accumulation in a scattered pattern
(as shown with black arrows) (Fig 3G–3L). Remarkably, these lipid granules were markedly

Fig 2. Immunohistochemical analyses of autophagy signaling cascade in the quadriceps of VCPR155H/+

andWTmice treated with autophagy-modifying drugs.Quadricepsmuscles from (A,B) control, (C,D)
rapamycin- and (E,F) chloroquine-treated 20-month oldWT and VCPR155H/+mice were stained with anti-
ubiquitin, p62/SQSTM1, LC3-I/II, and TDP-43/ubiquitin specific antibodies, respectively (shown by arrows).
Cells’ nuclei were stained with DAPI (Magnification: 630X). Scale bar represents 100 μM. (G)Western blot
expression analysis of autophagy proteins including ubiquitin, optineurin (OPTN), p62/SQSTM1, VCP, LC3-I/II,
TDP-43, and mTOR pathway proteins: mTOR and p70S6K. Beta actin was used as a positive control. The
number of mice analyzed per experiment is 6–8.

doi:10.1371/journal.pone.0122888.g002
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reduced in the VCPR155H/+ mice treated with rapamycin (as shown with white arrows) (Fig
3K). Conversely, chloroquine treatment resulted in an accumulation of these lipid particles in
the quadriceps muscles (as indicated with black arrows) (Fig 3L).

Fig 3. Mitochondrial enzyme analyses of the VCPR155H/+ andWTmouse quadriceps treated with
rapamycin or chloroquine.Quadriceps muscles from (A,D) vehicle control (B,E) rapamycin-treated or (C,F)
chloroquine-treated animals were stained with SDH antibody to observe mitochondrial proliferation and
oxidative fibers/capacity (Black arrows point to Type II dark fibers; White arrows point to lighter fibers) and
(G-L)Oil Red O to observe lipid droplets in WT and VCPR155H/+ mice at 20 months of age (Magnification:
400X). Black arrows point to increased Oil Red O Staining; white arrows point to diminished Oil Red O
staining. (M)Quantification of Type II oxidative fibers with autophagy-modifying drugs. The number of mice
analyzed per experiment is 8–10. Statistical significance is denoted by *p<0.005 by Student one-tailed t-test.

doi:10.1371/journal.pone.0122888.g003
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Effects of rapamycin and chloroquine on apoptosis signaling pathway
To examine the effect of autophagy-modifying drugs on apoptosis, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining was performed on the quadriceps sec-
tions of treated and control WT and VCPR155H/+ mice. Rapamycin-treated muscle fibers of the
VCPR155H/+ mice displayed reduced levels of apoptosis, as there were significantly fewer
TUNEL positive cells as compared to WT littermates (Fig 4A–4D). However, no difference was
observed in cell death in the chloroquine-treated WT and VCPR155H/+ quadriceps (Fig 4A, 4B,
4E, and 4F) as compared to untreated control littermates. Quantification of TUNEL+ cells de-
picting 12% cell death in vehicle control WT, 31% in vehicle control VCPR155H/+, 10% in WT
and 15% in rapamycin-treated mice, and 18% in WT and 29% in VCPR155H/+ chloroquine-
treated mice (Fig 4G). Statistical significance (p<0.005) was observed between the control
VCPR155H/+ and rapamycin-treated VCPR155H/+ mice (Fig 4G).

In vitro rapamycin treatment shows improvement in the autophagy
signaling and decreases apoptosis
Previous studies by our group have demonstrated VCP mutations in patient myoblasts causing
abnormal vacuolization, autophagy and cell fusion, and increased apoptosis. To explore the in

Fig 4. TUNEL analyses of quadriceps in rapamycin- and chloroquine-treated VCPR155H/+ andWTmice.
TUNEL staining of quadriceps muscles from (A,B) control untreated (C,D) rapamycin-treated and (E,F)
chloroquine-treatedWT and VCPR155H/+ animals at 20 months of age. (G)Quantification of TUNEL+ cells in
control and treated VCPR155H/+ andWT animals. Arrows point to TUNEL+ cells indicating cell death.
Statistical significance is denoted by *p<0.005 by Student one-tailed t-test. The number of animals used was
n = 8-10/group.

doi:10.1371/journal.pone.0122888.g004
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vitro effects of rapamycin and chloroquine, we treated VCP patient myoblasts (421/07) with
10μM rapamycin and stained with p62/SQSTM1 (upper panel), LC3-I/II (middle panel), and
TDP-43 (lower panel) antibodies for 24 hours (Fig 5E). Similarly, we treated VCP patient myo-
blasts (421/07) with chloroquine and stained with p62/SQSTM1 (upper panel), LC3-I/II (mid-
dle panel), and TDP-43 (lower panel) antibodies for 24 hours (Fig 5F). Arrows point to
increased expression levels of p62/SQSTM1, LC3-I/II, and TDP-43 (Fig 5D–5F). Overall, rapa-
mycin treatment showed an improvement in the autophagy markers p62/SQSTM1 and LC3-I/
II (Fig 5E), while myoblasts treated with chloroquine depicted an increased expression (Fig 5F)
of autophagy markers as compared to controls (Fig 5A–5C).

In vitro rapamycin treatment decreases apoptosis in patient myoblasts
To determine apoptosis in control and patient myoblasts upon treatments with autophagy-
modifying drugs, we performed TUNEL assays (Fig 6). Control 353/04 myoblasts did not show
any significant differences under untreated or rapamycin-treated conditions, however, showed
increased cell death after chloroquine treatment (Fig 6A–6C). Remarkably, there were fewer
TUNEL+ cells after rapamycin treatment in VCP patients’ 421/07 myoblasts as compared to
increased cell death after chloroquine treatment (Fig 6D–6F). Quantification of TUNEL stain-
ing after autophagy-modifying treatments in control versus VCP patients’myoblasts (Fig 6G).

Discussion and Conclusions
Currently, intense investigations are underway to determine the underlying cellular and molec-
ular disease mechanisms for the development of effective novel advancements/therapeutics of
VCP-associated disease and related neurodegenerative disorders. VCP multisystem proteino-
pathy (MSP) is a degenerative disease which affects various systems and is involved in a num-
ber of cellular functions, most of which are related to autophagy ubiquitin-proteasome-
dependent proteolysis and mitochondrial degradation [35–39]. VCP is highly conserved in
evolution suggesting an essential role for normal cellular functions in both unicellular (yeast)
and multi-cellular organisms [40–42]. The finding that inhibition of VCP expression promotes

Fig 5. Immunohistochemical analyses of autophagy signaling cascade in the patients’myoblasts with
VCP disease treated with either rapamycin or chloroquine. Control 353/04 (A) untreated, (B) 10μM
rapamycin-treated myoblasts, (C) 10μM chloroquine-treated myoblasts stained with p62/SQSTM1 (upper
panel), LC3-I/II (middle panel) and TDP-43 (lower panel) antibodies for 24 hours. VCP patient 421/07 (D)
untreated (white arrows represent increased p62/SQSTM1, LC3-I/II and mislocalized TDP-43), (E) 10μM
rapamycin-treated myoblasts (arrows indicated decreased expression levels of p62/SQSTM1, LC3-I/II and
nuclear TDP-43), (F) 10μM chloroquine-treated (white arrows represent increased p62/SQSTM1, LC3-I/II
and mislocalized TDP-43) myoblasts stained with p62/SQSTM1 (upper panel), LC3-I/II (middle panel) and
TDP-43 (lower panel) antibodies for 24 hours. Scale bar represents 100 μM. Data represents
triplicate studies.

doi:10.1371/journal.pone.0122888.g005
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apoptosis, suggests that intact VCP is indispensable for normal development and cell survival
[43]. Previous studies have confirmed the role of VCP in autophagic degradation of ubiquiti-
nated proteins [33, 44–46]. Ching et al. (2013) demonstrated mTOR dysfunction and its con-
tribution to vacuolar pathology and weakness in VCP inclusion body myopathy [47]. In this
report, we established that rapamycin administration ameliorated the muscle pathology pheno-
type in the VCPR155H/+ animals, while chloroquine revealed a detrimental effect. Our findings
further confirm a link between the autophagy-modifying treatment (rapamycin) and autop-
hagy/cellular homeostasis. Thus, we hypothesize that rapamycin counterbalances the muscle
pathology and autophagy signaling transduction pathway via the mTOR cascade and may pro-
vide a promising strategy for patients with these debilitating VCP-associated
multisystem diseases.

Rapamycin is a mammalian target of rapamycin (mTOR) inhibitor-based drug with multi-
ple uses such as in immunosuppression [48], cell proliferation and autophagy stimulation [49].
mTOR functions as an ATP and amino acid sensor to balance nutrient availability and cell
growth. The mechanism of action for rapamycin occurs through binding with the 12 kDa
FK506-binding protein which in turn binds and activates mTORC1 (complex 1). There has
been significant progress in understanding the complexity of mTORC1 regulation over the last
two decades. Dysregulation of the mTORC1 signaling pathway leads to cancers, genetic

Fig 6. TUNEL analyses of autophagy signaling cascade in the patients’myoblasts with VCP disease
treated with either rapamycin or chloroquine.Control 353/04 subjects’myoblasts (A) untreated, (B) 10μM
rapamycin-treated and (C) 10μM chloroquine-treated stained with TUNEL. VCP patients’ 421/07 myoblasts
(D) untreated, (E) 10μM rapamycin-treated and (F) 10μM chloroquine-treated stained with TUNEL. Scale bar
represents 100 μM. Data represents triplicate studies. (G) Percentage of TUNEL+ cells in untreated,
rapamycin- and chloroquine-treated control and VCP patients’myoblasts. Data represents triplicate studies.
Statistical significance is denoted by *p<0.005 by Student one-tailed t-test.

doi:10.1371/journal.pone.0122888.g006
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disorders, and other age-related diseases. Autophagy-modifying agents (mTOR inhibitors)
such as rapamycin (Sirolimus) provide a powerful therapeutic platform for several disorders
including tuberous sclerosis (TSC), relapsed/refractory angiolipomas (AML), lymphangioleio-
myomatosis (LAM), vascular tumors and hepatocellular carcinomas [50–52]. A number of
studies have demonstrated that pharmacological mTORC1 inhibition may provide neuropro-
tection in numerous in vivomodels of neurodegenerative diseases including Alzheimer’s dis-
ease, Huntington’s disease, Parkinson’s disease among others [53, 54].

Scientific data suggests that accumulation of misfolded and aggregated proteins is a typical
feature observed in these diseases, hypothesized to possibly being caused by mTORC1 dysregu-
lation of protein synthesis and defective autophagic degradation. Therefore, rapamycin may
prevent/reduce protein aggregation by suppressing protein synthesis and inducing the autop-
hagy cascade. Moreover, published work by Palma et al. (2012) suggests that autophagy reacti-
vation is therapeutic in mdx mouse model of dystrophy [55] and Johnson et al. (2013)
demonstrated that rapamycin improves survival and ameliorates disease progression in the
Ndufs4-/- mouse model of Leigh syndrome [56]. Rapamycin has also demonstrated lifespan
longevity in aged genetically heterogeneous mice by reducing TOR function [57], initially evi-
denced from studies in yeast [58, 59] and invertebrates [60].

The heterozygous VCPR155H/+ model of VCP-associated multisystem proteinopathy depicts
pathology of the muscle, bone, brain and spinal cord, and impaired autophagy at 15 months of
age [61]. In this study, we investigated the effects of autophagy-modifying agents on muscle
strength, Rotarod performance, pathology, and biochemical analysis of the autophagy signaling
intermediates. We found that the rapamycin-treated animals depicted an overall improvement
in these parameters, while the chloroquine-treated mice displayed an exacerbation of skeletal
muscle pathology and autophagy flux. As an antimalarial drug, one of the known side effects of
chloroquine is muscle impairment [62]. Interestingly, a study by Jiang D. et al. (2014) demon-
strated the beneficial role of exercise on the detrimental effects of chloroquine on skeletal mus-
cles in mice was by restoring the autophagic flux [63]. However, very little research has focused
on the relationship between autophagy-modifying agents, autophagy regulation, exercise phys-
iology, and skeletal muscle mass. Remarkably, the type II fibers (dark fibers) in the mutant
muscles also increased in response to rapamycin treatment, suggestive of mitochondrial prolif-
eration and balanced oxidative capacity Moreover, one of the major effects seen in VCPR155H/+

animals is lipid accumulation in their skeletal muscles, possibly be due to an imbalance be-
tween energy intake and expenditure caused by several signaling pathways. However, with
rapamycin, lipid accumulation was significantly decreased in these mice, suggesting a possibly
role for the involvement of mTOR mechanism. Further studies are needed to focus on these
specific cascades and their interplay upon treatments with autophagy-modifying agents.

Aging VCPR155H/+ mice have shown relatively constant levels of apoptosis. In our report, we
discovered that rapamycin-treated VCPR155H/+ depicted decreased levels of apoptosis as com-
pared to their control VCPR155H/+ littermates, suggesting that rapamycin treatment may play a
critical role in the apoptosis pathway. This was not the case with chloroquine administration.
Additionally, our VCP patients’myoblasts depicted increased TUNEL+ upon treatment with
chloroquine, but not rapamycin treatment. These studies suggest an important link between
apoptotic cell death and autophagy stimulation in skeletal muscle, currently under
further investigation.

In contrast to our findings, Ching et al (2013) reported that treatment with mTOR inhibitor
rapamycin resulted in increased disease pathology and progressive muscle weakness in a differ-
ent mouse model overexpressing the R155H VCP mutations [64]. In contrast, our VCP murine
model was used for our current studies, which more closely resembles the human disease. Con-
sistent with our findings, Bibee et al. (2014) have demonstrated rapamycin nanoparticles target
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defective autophagy inmdxmice enhance muscle strength and cardiac function in Duchenne
muscular dystrophy (DMD) [65].

Further elucidation of the importance of autophagy-modifying profiles and its connection
to autophagic and metabolomic signaling transduction pathways could provide possible in-
sights for future translational applications. The beneficial effects on the quadriceps muscle
were achieved at a dose of rapamycin that conform with recommended clinical dosing. Recog-
nized side effects of rapamycin include immune defects, weight gain, blood pressure, and glu-
cose tolerance. Subsequent studies are underway to help understand the underlying and
translational cellular and/or molecular signaling mechanisms to offer future prospects of utiliz-
ing autophagy-modifying novel drugs to treat patients with VCP and associated neurodegener-
ative multisystem proteinopathies.
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