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Targeted Excision of VCP R155H Mutation
by Cre-LoxP Technology as a Promising Therapeutic

Strategy for Valosin-Containing Protein Disease

Angèle Nalbandian,1 Katrina J. Llewellyn,1 Christopher Nguyen,1

Edward S. Monuki,2 and Virginia E. Kimonis1

Abstract

Inclusion body myopathy associated with Paget’s disease of the bone and frontotemporal dementia is attributed
to mutations in the valosin-containing protein (VCP) gene, mapped to chromosomal region 9p13.3–12. Affected
individuals exhibit scapular winging and die from progressive muscle weakness and cardiac and respiratory
failure in their 40s to 50s. Mutations in the VCP gene have also been associated with amyotrophic lateral
sclerosis in 10–15% of individuals with hereditary inclusion body myopathy and 2–3% of isolated familial
amyotrophic lateral sclerosis. Currently, there are no effective treatments for VCP-related myopathy or dementia.
To determine the effects of targeted excision of the most common R155H mutation in VCP disease, we
generated the Cre-ERTM-VCPR155H/ + tamoxifen-inducible model. We administered tamoxifen (0.12 mg/g body
weight) or corn oil (vehicle) to the pregnant dams by oral gavage and monitored survival and muscle strength
measurements of the pups until 18 months of age. We confirmed efficient removal of exons 4 and 5 and
recombination of the mutant/floxed VCP copies by Q-PCR analyses. The activity and specificity of Cre re-
combinase was confirmed by immunostaining. Herein, we report that Cre-ERTM-VCPR155H/ + mice demonstrated
improved muscle strength and quadriceps fibers architecture, autophagy signaling pathway, reduced brain
neuropathology, decreased apoptosis, and less severe Paget-like bone changes. The Cre-ERTM-VCPR155H/ +

mouse model provides proof of principle by demonstrating that removal of the mutated exons could be beneficial
to patients with VCP-related neurodegenerative diseases, and serves as an excellent platform in understanding
the underlying pathophysiological mechanism(s) in the hopes of a promising therapeutic approach.

Introduction

Inclusion body myopathy associated with Paget’s dis-
ease of the bone (PDB) and frontotemporal dementia

(OMIM 167320) was first reported in 2000 by Kimonis
et al.,1 mapped to the human chromosomal region 9p13.3–
12.2,3 In 2004, the disease was attributed to being caused by
mutations in the gene encoding valosin-containing protein
(VCP).4 Classic symptoms of VCP disease include weak-
ness and atrophy 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 failure, typically in their 40s to 50s.1,5

Histologically, patients show the presence of rimmed vacu-
oles and TAR DNA-binding protein 43 (TDP-43)-positive
ubiquitinated inclusion bodies in the muscles.1,4–6 The vari-
able phenotype is often diagnosed as limb girdle muscular

dystrophy, amyotrophic lateral sclerosis (ALS), facioscapular
muscular dystrophy, or scapuloperoneal muscular dystrophy.5,7,8

To date, 31 VCP mutations have been reported in families from
several parts of the world, including Germany,9,10 France,11

Austria,12 Italy,13,14 the United Kingdom,15 Australia,16 Brazil,17

Korea,18 Japan19 and the United States.20,21 VCP mutations have
been noted in 2–3% of isolated familial ALS cases,22 and 10–
15% of individuals with hereditary inclusion body myopathy
have an ALS-like phenotype characterized as a progressive
neurodegenerative disease, involving both upper motor
neurons and lower motor neurons.5

Recently, VCP has also shown to play a critical role in
maintaining mitochondrial quality and dynamics in the
PINK1/Parkin pathway, whereby pathogenic mutations in
VCP lead to a block in proteasome-dependent degradation.23

Other studies have demonstrated the autophagic mechanism
of VCP regulation and function, an important process in
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mediating protein degradation for terminally differentiated
cells. Autophagy is responsible for degrading defective or-
ganelles and the bulk of cytoplasm during starvation. Recent
studies have shown that sequestosome 1 (p62/SQSTM1)
interacts with the autophagic effector protein, light chain 3
(LC3-I/II), to mediate the uptake of aggregated proteins.
VCP is important for the retro-translocation of misfolded
endoplasmic reticulum (ER) proteins, and failure in this
activity results in defective ER-associated protein degrada-
tion and ER stress responses.24 Interestingly, the SQSTM1
gene, encoding p62/SQSTM1, is involved in the autophagy
and apoptosis signaling cascades, and is responsible for
approximately 10% of sporadic PDB and 50% of familial
PDB. Mutations in p62/SQSTM1 have also now been asso-
ciated with ALS. Impaired autophagic degradation is also
involved in Alzheimer’s and Huntington’s diseases, among
other neurodegenerative disorders.25–29

Generation of tamoxifen-inducible Cre models has become
the gold standard for determining gene function in mice by
allowing the phenotypic analyses for selected tissues during
embryonic development, thus providing a powerful platform
to analyze the functions of genes and proteins physiologically
in vivo. More recently, studies based on novel gene, cell, and
drug therapies in patients have shown promising exon skip-
ping strategies to treat muscular dystrophies such as Duchenne
muscular dystrophy (DMD), Becker muscular dystrophy,30,31

and in other autosomal dominant disorders, including neuro-
fibromatosis type I, frontotemporal dementia-associated Par-
kinsonism, and fibrodysplasia ossificans progressive (FOP). In
FOP patients, this technology is carried out by reducing the
excessive activin receptor-like kinase 2 (ACVR1/ALK2).32

Exon skipping in VCP disease is currently being pursued as an
effective translational suppression technology to skip exons
hoping to pave the way toward a possible therapeutic strategy.
Herein, we report on a proof-of-principle technology using the
transgenic Cre-ERTM-VCPR155H/ + mouse model, with the
targeted excision of the VCP R155H mutation demonstrating
amelioration of the typical phenotypic features observed in
VCP-associated diseased patients.

Materials and Methods

Ethics statement

All experiments were done with the approval of the In-
stitutional Animal Care and Use Committee of the University
of California–Irvine (Protocol #2007-2716-2), and in accor-
dance with the guidelines established by the National In-
stitutes of Health (NIH). Animals were housed in the animal
facility and were maintained under constant temperature
(22�C) and humidity with a controlled 12:12 hr light–dark
cycle. Animals were observed throughout the entire experi-
mental process in order to ameliorate any pain and suffering.
Mice were euthanized by CO2 inhalation followed by cervical
dislocation.

Generation and validation of the Cre-ERTM-VCPR155H/ +

mouse model

The VCP disease mouse model was generated in our
laboratory as previously described.33 Male R26Cre-ER
transgenic mice ( Jackson Laboratories, Bar Harbor, ME;
Strain #004847) were obtained as a kind gift from Edward

Monuki (University of California–Irvine, Irvine, CA) and
crossed to females carrying the most common VCP gene
mutation R155H. These R26CreER mutant mice have a
tamoxifen-inducible Cre-mediated recombination system driven
by the endogenous mouse ROSA promoter. When crossed with
a strain containing a loxP site-flanked sequence of interest, this
mutant is useful for generating tamoxifen-induced, Cre-
mediated targeted deletions. The presence of the Cre gene
(genotyping) was confirmed by PCR using the following
primers: forward, Cre 5¢–GCACTGATTTCGACCAGGTT;
reverse, Cre 3¢–GCTAACCAGCGTTTTCGTTC with 50 ng
DNA per sample. The primers for the PCR and long-range
PCR were as follows: forward, AGTTAGGTATGAGGCTT
CCAG; reverse, TGATTGGCACTGAGTGTGGT (50 ng per
sample). Age-matched and sex-matched littermates (n = 8–10)
were used in every experiment.

Induction of Cre activity with tamoxifen

Tamoxifen (T5648; Sigma, St. Louis, MO) was dissolved
in 5 ml of corn oil (Sigma) in a scintillation vial at 42�C for
30 min. Tamoxifen administration induces Cre recombina-
tion in the developing embryos of treated mouse dams;
hence, pregnant Cre-ERTM-VCPR155H/ + females were trea-
ted with tamoxifen at 0.12 mg/g body weight or corn oil
control by oral gavage (22-gauge feeding needle) at E6.75
once. Pups were monitored on a weekly basis, and weight
and grip strength measurements were recorded as described
previously.34

Measurements of weight and muscle strength

Muscle strength of the forelimbs of Cre-ERTM-VCPR155H/ +

and WT mice was measured by a Grip Strength Meter ap-
paratus (TSE Systems Gmbh, Hamburg, Germany). Mice
were held from the tip of the tail above the grid and gently
lowered down until the front paws grasped the grid. Hind
limbs were kept free from contact with the grid. The animal
was brought to an almost horizontal position and pulled back
gently but steadily until the grip was released. The maximal
force achieved by the animal was recorded.

Confirmation of recombination by PCR

Quadriceps, liver, kidney, and brain samples were
harvested from the WT and Cre-ERTM-VCPR155H/ + mice
to assess recombination following tamoxifen administra-
tion. Genomic DNA was purified from these tissues using
the Qiagen DNeasy Blood & Tissue Kit following the
manufacturer’s instructions (Qiagen, Valencia, CA). Cre-
mediated recombination was determined by PCR using the
primers flanking the loxP sites: forward, 5¢-AGTTAGGT
ATGAGGCTTCCAG; reverse, 5¢-TGATTGGCACTGAGT
GTGGT. The PCR conditions were as follows: step 1, 95�C
for 2 min; step 2, 95�C for 30 sec; step 3, 55�C for 30 sec;
step 4, 72�C for 1 min; and then repeat steps 2–4 for 35
cycles and finally keep at 72�C for 5 min. Recombination
of the VCP gene resulted in a deletion of 1,500 bp (exons
4 and 5), thus resulting in a smaller distance (500 bp) be-
tween the primers. Successful recombination resulted in
550 bp band detection by gel electrophoresis. This band
was not observed in wild-type (WT) tamoxifen-treated or
untreated mice.
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Efficiency of recombination by Q-PCR

To confirm the efficiency of recombination, Q-PCR was
used to detect the nonrecombined allele. Genomic DNA from
quadriceps, liver, brain, and kidneys of WT and Cre-ERTM-
VCPR155H/ + mice were purified from these tissues using the
Qiagen DNeasy Blood & Tissue Kit following the manufac-
turer’s instructions (Qiagen). The Q-PCR conditions were as
follows: step 1, 95�C for 2 min; step 2, 95�C for 30 sec; step 3,
55�C for 30 sec; step 4, 72�C for 1 min; and then repeat steps
2–4 for 35 cycles and finally keep at 72�C for 5 min.

The primers (specific to the mouse mutant allele only) for
this Q-PCR were as follows—primers for both excised and
nonexcised products: CTTCGTATAGCATACATTATACG
AA—forward (Het.Cre.control.F), ACACTCAGTGCCAATC
ATTT—reverse (Het.Cre.control.R), and product = 153 bp;
primers for excised only: GCCCGGCCAGAGATTATTA
AT—forward (Het.Cre.excised.F), GTCCGAAGAACGGATC
CAA—reverse (Het.Cre.excised.R), and product = 151 bp;
primers for nonexcised only: CACTCAGGTAGTATTCATG
TTGT—forward (Het.Cre.non-excised.F), TAGACTAATAC
GCGTGGAC—reverse (Het.Cre.non-excised.R), and product =
151 bp. This analysis assessed the effectiveness of the Cre
tamoxifen recombination in these different tissue types. For
these Q-PCRs, one detected excised transcripts (eT) and one
detected unexcised transcripts (uT). The following calculations
were then used to determine efficiency: eT/tT · 100 = Total
unexcised. uT/tT · 100 = Total excised. These two numbers
totaled would be between 97% and 101%, showing it to be an
efficient method to calculate total excised transcripts. The total
mutant primers were used as the internal control to normalize,
as the amount of excised and nonexcised was calculated rel-
ative to this transcript. Future analysis will also focus on the
excision efficiency in osteoblasts/osteoclasts.

Histological analysis

Forelimb muscles were flash-frozen in isopentane cooled
in liquid nitrogen, and brains from 18-month-old Cre-ERTM-
VCPR155H/ + mice were harvested and embedded in OCT
compound cryo-sectioning mounting media (Electron Mi-
croscopy Sciences, Hatfield, PA) and stored at - 80�C before
sectioning 10 lm sections. For brain harvesting, Cre-ERTM-
VCPR155H/ + mice were perfused with 4% paraformaldehyde
and sequentially transferred through several sucrose gradi-
ents, embedded, and sectioned. For immunohistochemical
analyses, quadriceps and/or brain sections were incubated
with anti-TDP-43-, ubiquitin-, glial fibrillary acidic protein
(GFAP)-, HT7 (tau)-, VCP-, p62/SQSTM1-, and LC3-I/II-
specific antibodies overnight in a humidified chamber. All
primary antibodies were purchased from Abcam (Cam-
bridge, MA). Monoclonal anti-alpha-tubulin (mouse IgG1
isotype) was derived from the hybridoma produced by the
fusion of mouse myeloma cells and splenocytes from an
immunized mouse. Purified chick brain tubulin was used as
the immunogen. The isotype was determined by a double-
diffusion immunoassay (Sigma-Aldrich, St. Louis, MO).
Subsequently, sections were washed with TBST (0.5%) and
incubated with fluorescein-conjugated secondary antibodies
(Sigma-Aldrich) for 1 hr at room temperature and mounted
with DAPI-containing mounting media (Vector Laboratories,
Inc., Burlingame, CA). Sections were analyzed by fluores-
cence microscopy using an AxioVision image capture sys-

tem (Carl Zeiss, Thornwood, NY). The number of animals
used in each group was n = 8–10/group, and they were im-
aged and analyzed by an unbiased blinded personnel.

Protein expression studies

Quadriceps muscle and brain samples from 18-month-old
tamoxifen-treated or corn oil (vehicle)-treated WT and Cre-
ERTM-VCPR155H/ + mice were harvested and extracted using
the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo
Scientific, Rockford, IL). Protein concentrations were deter-
mined using the Nanodrop according to the manufacturer’s
protocols. Equal amounts of proteins were separated on
Bis-Tris 4–12% NuPAGE gels using the Novex Mini Cell
(Invitrogen Life Technologies, Carlsbad, CA) according to
manufacturer’s protocols. The expression levels of proteins
were analyzed by Western blotting: GAPDH (cytoplasmic-
specific marker) (1:5,000); Histone H1 (nuclear-specific marker)
(1:1,000); GFAP (1:500); HT7 (1:1,000); NeuN (1:500); VCP
(1:2,000); TDP-43 (1:1,000); LC3-I/II (1:1,000); ubiquitin
(1:1,000); p62/SQSTM1 (1:1,000); BAX (1:1,000); Bcl-2
(1:1,500); p53 upregulated modulator of apoptosis (PUMA;
1:2,000); alpha-tubulin (1:10,000); or b-actin (1:10,000) for
equal loading. These experiments are representative of trip-
licates. Densitometry was performed to quantitate the Wes-
tern blot bands using ImageJ Program (National Institutes of
Health, Bethesda, MD).

Assessment of oxidative mitochondrial markers

Histochemical analyses and activity levels with succinic
dehydrogenase (SDH; Sigma-Aldrich) and nicotinamide ade-
nine dinucleotide (NADH; Sigma-Aldrich) were performed on
quadriceps muscles from the Cre-ERTM-VCPR155H/ + and WT
mice. Quadriceps cross sections were incubated with SDH or
NADH for 2 hr in the incubator at 37�C. Following incuba-
tion, slides were cooled off for 5 min at room temperature and
mounted with Aqua-mount (Thermo Scientific). The staining
intensity of each slide was evaluated using light microscopy.
Multivariate analyses were performed on SDH and NADH
markers among treated and untreated WT and VCPR155H/ +

groups.

TUNEL assay

To measure apoptosis after 24 hr, TUNEL assay (Prome-
ga, Madison, WI) was performed per manufacturer’s in-
structions. Briefly, slides were fixed in 4% paraformaldehyde
for 15 min, washed in PBS for 5 min, and permeabilized with
20 lg/ml Proteinase K solution for 10 min at room temper-
ature. Cells were then washed in PBS for 5 min, and 100 ll
of equilibration buffer was added for 10 min. The cells were
labeled with 50 ll of TdT reaction mix and incubated for
60 min at 37�C in a humidified chamber. Stop reaction was
added for 15 min after which the cells were washed, coun-
terstained, and prepared for analysis. The percentage of
TUNEL-positive cells was calculated by counting all cells
per slide. These experiments are representative of triplicates.

Micro-computed tomography imaging

Micro-computed tomography (microCT) scans were per-
formed by scanning the WT and Cre-ERTM-VCPR155H/ +

mice with a large-area CT camera. The reconstructed
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microCT images were analyzed, and trabecular structural
parameters were determined using the Inveon Multi-
modality 3D Visualization software as previously described.33

Statistical analysis

Means were used as summary statistics for all experi-
ments. We compared the above studies—including muscle
grip strength measurements, immunohistological, TUNEL
studies, and densitometries—among tamoxifen- and corn oil
control (vehicle)-treated WT and Cre-ERTM-VCPR155H/ +

mice using mixed model analysis of variance (ANOVA),
multivariate analyses (performed on SDH/NADH stainings
among treated/untreated WT and VCPR155H/ + groups), and
pair-wise t-tests. Randomized samples were analyzed in 50
areas from 20 different slides.

Results

Generation of Cre-recombinase tamoxifen-inducible
VCPR155H/ + mice

The VCPR155H/ + heterozygous mouse was created with two
loxp sites, placed on either side of the R155H mutation in exons
4 and 5, allowing the possibility of deleting this region, thereby
knocking the mutant allele out of frame, with Cre-loxP tech-
nology.33 The rationale for deletion of exons 4 and 5 was to
disrupt the mutant VCP open reading frame, thereby leaving the
normal allele intact, providing proof of principle that removal
of the mutated gene could result in amelioration of muscle
pathology (Fig. 1a). In this investigation, we have crossed our
VCPR155H/ + mice with another mouse line containing the Cre-

ER hybrid recombinase transgene, ubiquitously expressed in all
tissues, driven by the endogenous mouse ROSA promoter,
thereby generating a unique Cre-ERTM-VCPR155H/ + mouse
model.

Administration of tamoxifen to pregnant females allows
recombination during prenatal development

We evaluated the effects of inducing Cre-mediated re-
combination during early postnatal development and postu-
lated that oral gavage would rapidly induce Cre recombinase
activity and have less toxicity than with intraperitoneal (i.p.)
injections. Administration of tamoxifen to young pups by i.p.
injection was found to be lethal in our studies similar to the
findings by Furukawa et al.35 The pregnant Cre-ERTM-
VCPR155H/ + dams were oral gavaged once with tamoxifen
(0.12 mg/g body weight) at E6.75, where the tamoxifen was
transferred to the pups through the placental barrier.35 Pre-
natal treatment was preferred as this allowed us to follow the
effects of the mutation excision from an early age of de-
velopment. Recombination was confirmed by PCR analysis
(Fig. 1b) and Q-PCR analysis (Fig. 1c). Tamoxifen’s half-life
is 12 hr in mice, although the in utero effect may be per-
manent. Upon birth, the pups were monitored for weight and
muscle strength measurements, up to 18 months of age.

Efficient and functional recombination
by Q-PCR analysis

We assessed the efficiency and functionality of Cre re-
combination in the pups of the tamoxifen-treated pregnant

FIG. 1. Cre-mediated recombination and functionality in Cre-ERTM-VCPR155H/ + mice. (a) Schematic of exons 1–5 in the
VCP gene with the R155H mutation flanked by loxp sites. (b) PCR analysis with primers flanking the loxp sites reveals
550 bp product after Cre-loxp recombination in the Cre-ERTM-VCPR155H/ + 3-week-old pups from Cre-ERTM-VCPR155H/ +

pregnant mice. Lanes—M: molecular weight markers; WT-L, wild-type corn oil (CO)-treated (liver); 2: WT – L, tamoxifen-
treated (liver); 3: (mutant) MT-L, VCPR155H/ + corn oil-treated (liver); 4: MT – L, Cre-ERTM-VCPR155H/ + (liver); 5: MT-
SM, VCPR155H/ + corn oil-treated (skeletal quadriceps); 6: MT – SM, Cre-ERTM-VCPR155H/ + (skeletal quadriceps); 7:
MT-B, VCPR155H/ + corn oil-treated (brain); 8: MT – B, Cre-ERTM-VCPR155H/ + (brain); 9: MT-K, VCPR155H/ + corn oil-
treated (kidney); 10: MT – K, Cre-ERTM-VCPR155H/ + (kidney). The number of animals used was n = 10/group. (c) Q-PCR
analysis validated recombination efficiency in livers, quadriceps, brains, and kidneys from Cre-ERTM-VCPR155H/ + and WT
mice. VCP, valosin-containing protein; WT, wild-type. Color images available online at www.liebertpub.com/hgtb
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VCPR155H/ + mice. The Cre-ER hybrid recombinase is
trapped in the cellular cytoplasm and is unable to mediate
recombination of the DNA region flanked by loxP sites until
its activation with tamoxifen. Once tamoxifen is adminis-
tered and binds to the murine estrogen receptor, Cre protein
translocates to the nucleus to induce site-specific recombi-
nation.34,36 The specificity of Cre recombinase was tested by
immunohistochemistry using an anti-Cre-antibody (data not
shown). The undeleted region results in a 2000 bp product
(data not shown). PCR primers flanking the loxp sites give
rise to a 550 bp PCR product when the region is deleted,
confirming efficient Cre-mediated recombination of the
VCP gene in the Cre-ERTM-VCPR155H/ + pups in liver,
skeletal muscle, brain, and kidney samples (Fig. 1b). The
band running slightly lower was confirmed to be nonspecific
by sequencing (data not shown). Sequencing of PCR tran-
scripts confirmed that exons 4 and 5 have selectively been
removed to produce a truncated VCP transcript. This VCP
transcript is 691 bp with the corresponding predicted protein
size of 33.33 kDA, most likely resulting in the degradation
of the mutant VCP protein. Excision efficiency of the Cre

recombination was assessed by Q-PCR in liver (80%),
quadriceps (90%), brain (25%), and kidney (50%) samples
from Cre-ERTM-VCPR155H/ + mice as compared with the
control corn oil VCPR155H/ + mice (Fig. 1c).

Improvement of muscle strength and histology
in Cre-ERTM-VCPR155H/ + mice

VCPR155H/ + mice have an equal life span to WT litter-
mates.37 Survival did not differ between the monitored
tamoxifen-treated and untreated Cre-ERTM-VCPR155H/ + mice.
Weight measurements of tamoxifen-treated and untreated WT
and VCPR155H/ + pups at 3, 9, 15, and 18 months of age did not
show any significant differences (Fig. 2a). We next performed
grip strength measurements to examine the effects of tamoxifen-
induced Cre-mediated recombination on the muscle strength of
Cre-ERTM-VCPR155H/ + transgenic mice. Remarkably, there
was significant improvement in the muscle strength measure-
ments in Cre-ERTM-VCPR155H/ + mice when compared with
their control littermates at 15 and 18 months of age ( p < 0.05).
Specifically, grip strength analyses in Cre-ERTM-VCPR155H/ +

FIG. 2. Weight, grip strength,
and histological analyses of
Cre-mediated recombination in
Cre-ERTM-VCPR155H/ + mice.
(a) Weight analysis and (b) grip
strength measurements of WT
and Cre-ERTM-VCPR155H/ +

tamoxifen-treated animals at
3, 9, 15, and 18 months of
age, respectively. Histologi-
cal analyses by H&E in (c)
corn oil control or tamoxifen-
treated WT and Cre-ERTM-
VCPR155H/ + mice. Black arrow
indicates centralized nuclei
and degenerating fibers (blue
arrow). Scale bar represents
100lm. Statistical significance
is denoted by *p < 0.05. The
number of animals used was
n = 8–10/group. Color images
available online at www
.liebertpub.com/hgtb
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mice showed a 50% (15-month-old animals [SD – 3.1]) and
40% (18-month-old mice [SD – 2.6]) reduction in muscle
strength loss as compared with the control corn oil VCPR155H/ +

heterozygotes (Fig. 2b).
We next evaluated the effects of inducing Cre-mediated

recombination in the quadriceps of Cre-ERTM-VCPR155H/ +

mice and control littermates by histology. The changes in
histology in the Cre-ERTM-VCPR155H/ + animals included
an improvement in the organization of the muscle fibers
at 18 months of age (Fig. 2c), reduced centrally localized
nuclei, decreased endomysial space, and a decrease in
neurodegenerative fibers as compared with corn oil-treated
VCPR155H/ + animals (black arrow shows centrally located
nuclei; blue arrow shows increased endomysial space).
Table 1 represents quantification of the observed histo-
logical data.

Cre-ERTM-VCPR155H/ + mice exhibit improvement
of the autophagic cascade in quadriceps

The autophagy cascade whereby long-lived proteins are
degraded is of critical importance in understanding one of the
possible underlying mechanisms in VCP disease. We have
previously shown that the autophagy pathway is disrupted in
patients’ myoblasts and our VCPR155H/ + mouse models.33,37,38

To determine whether autophagic processes were altered in
the quadriceps muscles in the Cre-ERTM-VCPR155H/ + and WT
mice, we analyzed levels of autophagy markers, including
ubiquitin, LC3-I/II, p62/SQSTM1, VCP, and TDP-43 by im-
munohistochemistry (Fig. 3a), Western blotting (Fig. 3b), and
densitometric analyses (Fig. 3c). Cre-ERTM-VCPR155H/ + mice
revealed decreased protein expression levels of the autophagic
markers, LC3-I/II and p62/SQSTM1, thereby suggesting

Table 1. Quantification of Fiber Parameters in Corn Oil- and Tamoxifen-Treated

Wild-Type and VCPR155H/ +
Animals

Observed organelles
Area

(mm2)
WT corn oil

control
WT tamoxifen-

treated
VCPR155H/ + corn

oil control
Cre-ERTM-
VCPR155H/ +

Vacuoles 112,351 0 1.0 13.01* – 0.47 2.04* – 0.15
Centrally located nuclei 112,351 1.08 – 0.45 2.05 – 0.38 14.01* – 0.84 3.05* – 0.17
Total endomysial space 112,351 133.34 – 0.54 133.092 – 0.14 147.602* – 0.25 126.104* – 0.41
Neurodegenerative fibers 112,351 0.35% – 0.15 0.87% – 0.57 11.62*% – 0.49 0.54*% – 0.33

*p < 0.05 is considered statistically significant.

FIG. 3. Analysis of autophagy cascade in the quadriceps of Cre-ERTM-VCPR155H/ + and WT mice. Immunohistochemical
analysis of (a) ubiquitin-, LC3-I/II-, p62/SQSTM1-, VCP-, and TDP-43-specific autophagy markers in quadriceps from 18-
month-old WT and Cre-ERTM-VCPR155H/ + corn oil- and tamoxifen-treated animals, respectively. Scale bar represents
100 lm. Arrows indicate enlarged insets. (b) Western blot analysis of autophagy intermediates in 18-month-old WT and
Cre-ERTM-VCPR155H/ + tamoxifen-treated animals. Alpha tubulin was used as loading controls. (c) Densitometric analysis
of Western blots. Statistical significance is denoted by *p < 0.05 and **p < 0.005 with one-way ANOVA. The number of
animals used was n = 3/group. Color images available online at www.liebertpub.com/hgtb
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correction of the autophagic cascade, compared with corn oil
(vehicle) VCPR155H/ + mice (location of magnified insets are
shown by white arrows) (Fig. 3a–c). However, ubiquitin was
not significantly changed. Cre-ERTM-VCPR155H/ + mice de-
picted TDP-43 punctates in the nuclei and reduced cytoplasmic
translocation of TDP-43 as compared with the control corn oil
(vehicle) VCPR155H/ + mice. Tamoxifen has been shown to be
an autophagy and apoptosis inducer,39 and thus levels of LC3-I/
II and p62/SQSTM1 autophagy markers were increased in WT
mice treated with tamoxifen (Fig. 3b) as compared with control
oil WT animals. Tamoxifen treatment did not have any effect on
b-actin levels. All data were normalized to b-actin levels.

Decreased apoptotic cells by TUNEL in quadriceps
Cre-ERTM-VCPR155H/ + mice

Mutations in the VCP gene have been shown to trigger cell
death by apoptosis. TUNEL analysis of the quadriceps muscles
from the Cre-ERTM-VCPR155H/ + depicted a significant de-
crease in TUNEL + cells by immunohistochemical methods
(as shown by white arrows) (Fig. 4a) and quantification (Fig.
4b), suggesting important differences in apoptotic levels as
compared with the corn oil (vehicle) control Cre-ERTM-
VCPR155H/ + mice. To further explore the apoptotic cascade,
we analyzed three anti- and pro-apoptotic markers, namely,
Bcl-2, BAX, and the PUMA, and confirmed our expectations
(Fig. 4c). There was increased expression in anti-apoptotic
protein Bcl-2 between the tamoxifen-treated Cre-ERTM-
VCPR155H/ + mice versus corn oil (vehicle)-treated Cre-ERTM-
VCPR155H/ + mice (Fig. 4c). There was decreased expression
of Bcl-2-associated X protein, BAX, and PUMA in the Cre-

ERTM-VCPR155H/ + mice versus the corn oil (vehicle) mice
(Fig. 4c); however, levels of the BAX protein were increased
in the WT tamoxifen-treated animals possibly because of ta-
moxifen toxicity. Densitometry for these Western blots con-
firmed these results (Fig. 4d). Tamoxifen has been shown to be
an autophagy and apoptosis inducer39; thus, it was expected to
observe a slight increase in protein levels in tamoxifen-treated
WT animals. Though the metabolism of tamoxifen is different
in the mouse, rat, and human cancer patients, there is a per-
manent effect observed throughout each mouse’s lifetime. The
increases in tamoxifen-treated WT mice were statistically
significant compared with their WT littermates (corn oil).

Mitochondrial enzymes are stimulated
in Cre-recombinase VCPR155H/ + mice

To analyze the effects of tamoxifen-induced Cre re-
combinase activity on the mitochondrial complexes of
Cre-ERTM-VCPR155H/ + and WT animals, we performed
mitochondrial enzyme assays using SDH and NADH stains.
Identification of oxidative and nonoxidative fibers by SDH
staining is used in assessing mitochondrial pathology,
where increased mitochondrial proliferation is indicative of
mitochondrial dysfunction, as mitochondrial-rich type I fi-
bers stain darker than anaerobic type II fibers. VCPR155H/ +

18-month-old animals treated with corn oil demonstrated
dark-stained angular-shaped atrophic type I fibers (as in-
dicated by white arrows) compared with corn oil-treated
WT littermates, which depicted a normal ‘‘checkered’’
pattern with NADH and SDH staining (Fig. 5a). In contrast,
Cre-ERTM-VCPR155H/ + animals demonstrated a decrease in

FIG. 4. TUNEL analyses of
quadriceps of Cre-mediated re-
combination from Cre-ERTM-
VCPR155H/ + mice. TUNEL
staining of quadriceps muscles
from corn oil (CO)-treated (a)
WTandCre-ERTM-VCPR155H/+

mice, and tamoxifen (TM)-
treated WT and VCPR155H/ +

mice at 18 months of age
(magnification: 630 · ). Arrows
indicate TUNEL + cells. Scale
bar represents 250 lm. (b)
Quantification of TUNEL +
cells in corn oil (vehicle)- and
tamoxifen-treated Cre-ERTM-
VCPR155H/ + mice. (c) Western
blot analysis of apoptosis
markers, Bcl-2, BAX, and
Puma in 18-month-old WT
and Cre-ERTM-VCPR155H/ +

tamoxifen-treated animals.
b-Actin was used as a loading
control for these samples. (d)
Densitometry analysis con-
firmed levels of the apoptosis
markers. Statistical signifi-
cance is denoted by *p < 0.05
and **p < 0.005 with one-way
ANOVA. The number of ani-
mals used was n = 3/group.
Color images available online
at www.liebertpub.com/hgtb
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type I fibers, suggestive of a reduction in mitochondrial
pathology (Fig. 5a). A decrease in SDH staining was ob-
served in the tamoxifen-treated WT animals possibly because
of tamoxifen toxicity; however, it was not significant (Fig.
5a). Quantification of NADH and SDH oxidative fibers in
control and tamoxifen-treated WT and Cre-ERTM-VCPR155H/ +

animals confirmed these findings ( p < 0.05), demonstrating a
10% reduction in WT and a 20% reduction in tamoxifen-
treated NADH-stained oxidative fibers as compared with
control corn oil VCPR155H/ + animals (Fig. 5b). Similarly,
tamoxifen-treated WT animals showed a 20% reduction in
oxidative fibers and Cre-ERTM-VCPR155H/ + animals depicted
an 18% decrease in SDH-stained fibers compared with con-
trol corn oil VCPR155H/ + animals.

Improvement of frontal cortex pathology by autophagy
cascade in Cre-ERTM-VCPR155H/ + mice

We evaluated the autophagy cascade in the cytoplasmic and
nuclear frontal cortex extracts from control corn oil (vehicle)
and tamoxifen-treated WT and VCPR155H/ + heterozygote
mice by immunohistochemistry (location of magnified insets
is shown by white arrows) (Fig. 6a) and Western blotting
analyses (Fig. 6b). There were no significant differences noted
between the cytoplasmic and nuclear protein lysates from the
control corn oil (vehicle)- and tamoxifen-treated WT and
VCPR155H/ + samples for GFAP, a marker of astrocyte pro-
liferation, LC3-I/II, p62/SQSTM1 and ubiquitin, autophagy
markers, and VCP protein levels (Fig. 6b). Differences were
observed between cytoplasmic and nuclear brain protein ex-
tracts from control corn oil (vehicle)- and tamoxifen-treated
WT and VCPR155H/ + samples for HT7 (tau), a marker of
neurodegeneration, NeuN, and TDP-43 protein expression
levels (Fig. 6b). Specifically, cytoplasmic levels of HT7 (tau),
NeuN, and TDP-43 were increased in the corn oil control
VCPR155H/ + animals, whereas there were no changes in the

nuclear extracts. Interestingly, Cre-ERTM-VCPR155H/ + ani-
mals depicted decreased levels of all three, HT7 (tau), NeuN,
and TDP-43, suggestive of an improvement in frontal cortex
pathology (Fig. 6a and b). Tamoxifen-treated WT levels de-
picted increased cytoplasmic HT7 (tau), possibly because of
tamoxifen toxicity; however, ubiquitin and GFAP inclusions
decreased (Fig. 6a and b). Densitometry levels of the immu-
noblots for the cytoplasmic and nuclear fractions confirmed
these findings (Fig. 6c). The half-life of tamoxifen is 12 hr in
the mouse; however, the metabolism differs among species
with a permanent effect. b-Actin levels were used as a loading
control among all the samples.

Improvement of Paget-like lesions
in Cre-ERTM-VCPR155H/ + mice

We characterized the bone pathology in the tamoxifen-
treated and corn oil control Cre-ERTM-VCPR155H/ + and
WT mice at 18 months of age by microCT imaging and
histological techniques. Gross microCT images showed no
significant skeletal differences in the corn oil control or Cre-
ERTM-VCPR155H/ + mice (Fig. 7a and b); however, close
inspection of the hind limb bones in the Cre-ERTM-
VCPR155H/ + mice at 18 months of age demonstrated re-
duced formation of PDB-like lytic lesions (as shown by
yellow arrows) (Fig. 7c and d). Of the five animals analyzed,
four out of five corn oil-treated VCPR155H/ + mice had PDB-
like lytic lesions and one out of five tamoxifen-treated Cre-
ERTM-VCPR155H/ + mice showed lytic lesions, suggesting
amelioration of the PDB-like phenotype in these mice.

Discussion

Specific disease mechanisms and novel therapeutic advance-
ments underlying VCP-associated myopathies and neurodegen-
erative disorders are under further investigation. Evolutionarily,

FIG. 5. Mitochondrial en-
zyme analysis of Cre-ERTM-
VCPR155H/ + mice. Staining
with (a) NADH and SDH
in WT and Cre-ERTM-
VCPR155H/ + corn oil control
(vehicle)- and tamoxifen-treated
animals, respectively. (b)
Quantification of SDH and
NADH oxidative fibers in WT
and Cre-ERTM-VCPR155H/ +

corn oil control (vehicle)-
and tamoxifen-treated ani-
mals. Scale bar represents
250 lm. Statistical signifi-
cance is denoted by *p < 0.05.
The number of animals used
was n = 8–10/group. Color
images available online at
www.liebertpub.com/hgtb
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VCP is highly conserved and plays a significant role in several
cellular processes in both unicellular and multicellular organ-
isms. The knock-in VCPR155H/ + mouse model exhibits pro-
gressive muscle weakness, and histological changes, including
inclusions and vacuoles in the muscle fibers, Paget-like bone
changes, and brain and spinal cord pathology of the human
VCP disease, thereby providing a useful experimental platform
to further investigate the mechanism(s) responsible for these
VCP-associated disorders. Generation of conditional tamoxi-
fen-inducible Cre-loxP mouse models has been utilized in a
number of neuromuscular and degenerative diseases, including
inducible androgen receptor knockout models, spinal muscular

atrophy, muscular dystrophies including DMD, Alzheimer’s
disease, and ALS.40 Recently, exon skipping as a therapeutic
platform has demonstrated successful treatment in DMD mice
and patients.41–43

Here, we describe our novel tamoxifen-inducible Cre-
ERTM-VCPR155H/ + mouse line as a powerful tool and show
that targeted excision of the R155H mutation in exons 4 and 5
ameliorates the phenotype typically observed in patients with
VCP-associated disease. The rationale for deletion of exons 4
and 5 was to disrupt the mutant VCP open reading frame,
thereby leaving the normal allele intact, providing proof of
principle that removal of the mutated gene could result in the

FIG. 6. Neuropathological frontal cortex analysis of autophagy cascade in Cre-ERTM-VCPR155H/ + mice. Im-
munohistochemical analysis of (a) GFAP, HT7 (tau), TDP-43, VCP, and LC3 protein expression levels in the frontal
cortices from 18-month-old WT and Cre-ERTM-VCPR155H/ + corn oil- and tamoxifen-treated animals (magnification:
400 · ). Scale bar represents 100 lm. (b) Western blot analysis of GFAP, HT7 (tau), NeuN, P62, LC3-I/II, TDP-43,
ubiquitin, VCP, b-actin, Histone H1, GAPDH, in 18-month-old WT and Cre-ERTM-VCPR155H/ + frontal cortices from
tamoxifen-treated animals. Arrows indicate enlarged insets. (c) Densitometric analysis of the cytoplasm fraction confirmed
findings of the Western blot. (d) Densitometric analysis of the nuclear fraction confirmed findings of the Western blot.
Statistical significance is denoted by *p < 0.05 and **p < 0.005 with one-way ANOVA. b-Actin was used as a loading
control. The number of animals used was n = 3/group. Color images available online at www.liebertpub.com/hgtb
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improvement of muscle and brain pathologies. The Cre-loxP
recombination system cannot be currently used in humans
because of technicalities in the manipulation of genes in a cell
type-specific or inducible manner, but provides proof of
principle. The emergence of exon skipping technology pro-
vides the advent of skipping exons with disease mutations, in
this case, generating an ‘‘out-of-frame’’ shift, resulting in
protein degradation. During processing of pre-mRNA, which
is copied from the DNA template, introns are removed and
exons are precisely spliced together to create the mature
mRNA. By targeting elements in pre-mRNA that are essential
for splicing, splice switching oligomers force the cellular
machinery to skip over targeted exons, thereby creating an
altered mRNA template, ultimately resulting in restored or
neutralized protein by induced skipping of a specific exon.
Current investigations are researching the development, opti-
mization, and characterization of exon skipping oligonucleo-
tide therapeutics in VCP disease patient myoblasts in vitro and
subsequently in vivo in the VCPR155H/ + heterozygote models.

In particular, when compared with the control corn oil
(vehicle) Cre-ERTM-VCPR155H/ + mice, we discovered a sig-
nificant improvement in muscle strength measurements by
the grip strength test and partial amelioration of the typical
pathology of VCP-associated disease. Furthermore, impaired
autophagy has been observed in several human diseases, in-
cluding myopathies and lysosomal storage disorders. Auto-
phagy is a highly conserved mechanism, which is necessary
for the maintenance of cellular homeostasis and orchestra-
tion of stress responses upregulated by oxidative stress,
starvation, or other harmful conditions. Pro-LC3 is pro-
cessed to its cytosolic form, LC3-1, exposing a carboxyl
terminal Gly. LC3-1 is activated by Atg7, transferred to
Atg3, a second E2-like enzyme, and modified to a membrane-
bound form, LC3-II, which is localized to preautophagosomes
and autophagosomes, making this protein an autophagosomal
marker. Following the fusion of autophagosomes with lyso-
somes, intra-autophagosomal LC3-II is degraded by lysosomal
hydrolytic enzymes. We found that Cre-ERTM-VCPR155H/ +

FIG. 7. (a and b) MicroCT
analyses of hind limb bones
in WT and Cre-ERTM-
VCPR155H/ + mice. (c and d)
Gross microCT images of
hind limb bones in WT and
Cre-ERTM-VCPR155H/ + mice.
The number of animals used
was n = 8–10/group. (d) Paget-
like lytic lesion in VCPR155H/ +

control mouse is shown by
an arrow in the left panel,
whereas the tamoxifen-treated
VCPR155H/ + mouse depicted
no lesions in the right panel.
MicroCT, micro-computed
tomography. Color images
available online at www
.liebertpub.com/hgtb
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animals had an improvement in the autophagy cascade by
the decrease observed in the p62/SQSTM1, LC3-I/II, ubi-
quitin, and TDP-43 expression levels, possibly suggesting
increased fusion between LC3-II-localized vesicles and ly-
sosomes. Interestingly, a decrease in apoptotic cells and in
the mitochondrial enzymes NADH and SDH in type I fibers
was also detected, demonstrating a reduction in mitochon-
drial myopathy.

Frontotemporal dementia primarily affects the frontal and
anterior temporal lobes of the brain with abnormalities in
behavior, personality, and language. We observed decreased
accumulation of TDP-43-, ubiquitin-, HT7 (tau)-, and GFAP-
positive inclusions in the brains of 18-month-old Cre-ERTM-
VCPR155H/ + tamoxifen-treated versus corn oil control mice.
Also, the TDP-43-positive inclusions in the control corn oil
(vehicle) VCPR155H/ + mice were cytoplasmic, in contrast to
the nuclear localization in the cortex and hippocampus of
Cre-ERTM-VCPR155H/ + mice.

Paget disease of bone is usually characterized by osteo-
clastic lesions, abnormal bone remodeling, bone deformities,
and pathologic fractures. The osteoclastic activity leads to
resorption of bone and shortly thereafter by hyperactivity of
the osteoblasts, leading to a disordered deposition of new bone
resulting in Pagetic-like lesions. The lesions become sclerotic
in the later stages of PDB and bone marrow is replaced with
fibrous tissue and increased bone thickness. Studies have
shown that 10% patients with sporadic PDB and 50% familial
PDB have gene mutations of sequestosome 1 (SQSTM1).
More recently, research has shown that p62/SQSTM1 plays an
important role in the autophagic cascade and knockout mouse
models have demonstrated focal osteolytic lesions on the hind
limbs. Close inspection of the long hind limb bones by mi-
croCT reveals lucencies of the proximal tibias of 18-month-
old corn oil-treated Cre-ERTM-VCPR155H/ + , suggestive of
PDB. Our studies suggest that the Cre-loxP technology exci-
sion of the R155H mutation from the VCP gene results in a
partial amelioration of PDB-like changes.

In the present study, it is not clear whether the ameliora-
tion observed through tamoxifen administration is primarily
by a direct effect of tamoxifen or a secondary effect. In our
studies, tamoxifen is having a permanent effect on the ma-
turing pups, likely because of several properties of the drug,
including its known ability to cross the blood–brain barrier.
Tamoxifen is a weak anti-estrogen that undergoes extensive
biotransformation in humans to metabolites that have far
greater anti-estrogenic potency. 4-Hydroxytamoxifen (4-HT)
represents less than 10% of Tamoxifen primary oxidation,
but has 100-fold greater affinity for the estrogen receptor and
30–100-fold greater potency in suppressing estrogen-depen-
dent cell proliferation compared with Tamoxifen.

This is the first report of the Cre-ERTM-VCPR155H/ + mice
using the ROSA version of the recombinase of the human
estrogen receptor and crossing it with the VCPR155H/ + mice to
generate a novel excised R155H DNA segment flanked by
loxP sites. This provides proof of principle that removal of
exons 4 and 5, resulting in amelioration of the VCP-associated
disease phenotype, could be beneficial to patients. There are
several novel techniques currently available that are being
used in other diseases that could make this translational to
VCP-associated disease patients. This article provides in-
sight into exon splicing/skipping strategies in VCP-associated
diseases and its translational therapeutic value for VCP

patients. Cre-ERTM-VCPR155H/ + mice show improvements
in the typical muscle pathology observed in the heterozygote
mice carrying the R155H mutation. Although exon skipping
has been used successfully in X-linked disorders such as
DMD to produce a smaller functional protein, it has only
rarely been utilized in autosomal dominant disorders by
knockdown of the disease allele as reported in FOP.32,41,43,44

Thus, the Cre-ERTM-VCPR155H/ + mouse conclusively serves
as a highly valuable model for novel therapeutic strategies
such as allele silencing for the human VCP-disease among
other neurodegenerative genetic disorders.
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