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Abstract
Introduction—Mutations in the valosin containing protein (VCP) gene cause hereditary
Inclusion Body Myopathy (hIBM) associated with Paget disease of bone (PDB), and
frontotemporal dementia (FTD). More recently they have been linked to 2% of familial ALS
cases. A knock-in mouse model offers the opportunity to study VCP-associated pathogenesis.

Methods—The VCPR155H/+ knock-in mouse model was assessed for muscle strength,
immunohistochemical, Western, apoptosis, autophagy and MicroPET/CT imaging analyses.

Results—VCPR155H/+ mice developed significant progressive muscle weakness, and the
quadriceps and brain developed progressive cytoplasmic accumulation of TDP-43, ubiquitin-
positive inclusion bodies and increased LC3-II staining. MicroCT analyses revealed Paget-like
lesions at the ends of long bones. Spinal cord demonstrated neurodegenerative changes, ubiquitin,
and TDP-43 pathology of motor neurons.

Discussion—VCPR155H/+ knock-in mice represent an excellent pre-clinical model for
understanding VCP-associated disease mechanisms and future treatments.
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INTRODUCTION
Inclusion body myopathy associated with Paget disease of bone and frontotemporal
dementia (IBMPFD, OMIM 167320) is a multisystem degenerative disease due to mutations
in the valosin containing protein (VCP) gene 1-2. The myopathy occurs at a mean age of 42
years in 80-90% of patients. It is typically proximal and involving the pelvic and shoulder
girdle muscles with progression to other muscle groups 13-4. At later stages of the disease,
the weakness involves respiratory muscles, leading to death from respiratory and cardiac
failure. The pathology of inclusion body myopathy is manifested by rimmed vacuoles and
inclusion bodies in muscle fibers 1-25, and the accumulated inclusion bodies are positive for
TAR DNA binding protein-43 (TDP-43) and ubiquitin 6. Abnormal vacuolization and
increased Light Chain 3 (LC3) of patient myoblasts and autophagosome development
suggests impaired autophagy 7. In view of the shared TDP pathology 8, it is not surprising
that Amyotrophic Lateral Sclerosis (ALS) is seen in approximately 10-15% of individuals
with VCP disease. ALS is a neurodegenerative disease which involves both upper and lower
motor neuron degeneration, and motor symptoms progressively spread to other anatomical
regions 9. Recently, VCP mutations have been linked to 2% of isolated familial amyotrophic
lateral sclerosis (ALS) by Johnson et al. who studied 28 familial, 210 isolated ALS cases 10,
and 0.5% of sporadic cases of ALS 11. However, in 2 independent studies by Williams et al.
(2011) and Tiloca et al. (2012) in which they explored VCP mutation and frequency
analyses in large fALS patient cohorts, VCP was not the main causative gene for ALS 12-13.
Paget disease of bone (PDB) occurs in 49% and has an early onset in the 30s to 40s (mean
42 years) in patients compared to the general population 14-5. PDB is caused by overactive
osteoclastic activity resulting in pain, bony deformities, fractures and occasionally
osteosarcomas. PDB typically affects the skull, vertebral column, pelvis and hip 314.
Diagnosis of PDB is established upon findings of elevated concentrations of serum alkaline
phosphatase (ALP), elevated collagen cross-linkers in the urine, typical skeletal radiography
findings, or hot spots on radionuclide scans 14.

Premature frontotemporal dementia (FTD) is observed in 27% of patients at a mean age of
onset of 57 years 15. FTD is a degenerative condition affecting primarily the frontal and
anterior temporal lobes. 16-18 It is characterized by comprehension deficits, dysnomia,
dyscalculia, relative preservation of memory, paraphrasic errors and social unawareness 5.
Affected individuals typically die in their 40s to 50s from progressive myopathy and
associated cardiac and respiratory failure. FTD typically accelerates the progression of the
disease.

VCP is a member of the type II AAA (ATPases associated with diverse cellular activities)
possessing two ATPase domains 19. VCP plays a critical role in a broad range of cellular
activities, including homotypic membrane assembly, the ubiquitin-proteasome system
(UPS), endoplasmic reticulum associated degradation of proteins (ERAD), cell cycle
regulation, and DNA repair, preventing polyglutamine aggregation, autophagosome
maturation and mitophagy 20-21. However, the precise mechanism of how VCP mutations
result in the pathogenesis of IBMPFD remains unclear. Mutations of VCP are most
frequently within the N-terminal domain, which is involved in ubiquitin-binding and
protein-protein interactions 222. The mutated residues alter the orientation of the VCP
domains and the relative three-dimensional orientations, and thus interfere with the
interactions between VCP and its substrates 23. VCP disease is being recognized more
frequently with over 20 mutations having been identified worldwide 24. The R155H
mutation is by far the most common mutation, accounting for approximately 50% of
affected individuals 225-26.
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Transgenic mouse models provide an opportunity to understand the in vivo effects of VCP
mutations and the pathogenesis of IBMPFD, since the mouse VCP differs from the
corresponding human protein by one residue 27. Deletion of the VCP gene in homozygous
mutant mice resulted in early embryonic lethality, and hemizygotes that lack one VCP allele
were found to be indistinguishable from their wild-type littermates 28. Transgenic over-
expression of the R155H mutation under the regulation of the muscle creatinine kinase
promoter in mice revealed progressive muscle weakness beginning at the age of 6 months,
and muscle pathology beginning at the age of 10 months included variation in muscle fiber
size, increase in endomysial connective tissue, small linear basophilic-rimmed cracks, and
ubiquitin-positive sarcoplasmic and myonuclear vacuoles 29. Custer et al. generated
transgenic mice that ubiquitously over-expressed mutant forms of VCP which exhibited
characteristic inclusion body myopathy with muscle weakness and with blue-rimmed
vacuoles on histology 30. Paget-like bone disease with focal lytic and sclerotic regions was
seen. Widespread TDP-43 brain pathology and abnormalities in behavioral testing were
observed 29-30.

We have generated a Neomycin cassette-free novel VCPR155H/+ knock-in mouse as a true
model of the disease, which expresses the mutant VCP allele at an endogenous level without
interference from the Neomycin cassette. The VCPR155H/+ mouse model demonstrates
muscle weakness, typical histopathology, and progressive accumulation of TDP-43,
ubiquitin, and LC3 in muscle, resembling the onset in humans in the 30s-40s. The
VCPR155H/+ mice show milder, but typical muscle and brain pathology and mild increases in
TDP-43, ubiquitin, and LC3 pathology. Additionally, the spinal cords of these animals
demonstrate neuronal atrophy and astrocyte proliferation, and electrodiagnostic studies
reveal a neurogenic pattern such as is seen in ALS.

PDB-like lesions are patchy with increased bone activity, cortical thickness and
osteoclastogenesis on bone histology resembling the distribution in humans 31. The
VCPR155H/+ mouse model, thus recapitulates human IBMPFD and may serve as a valuable
tool for understanding the pathology of these diseases and for molecularly targeted
therapeutic strategies, without any potential interference from overexpression of the mutant
allele or from the Neomycin cassette.

MATERIALS AND METHODS
Ethics Statement

All experiments were done with the approval of the Institutional Animal Care and Use
Committee (IACUC) of the University of California, Irvine (UCI) (IACUC Protocol
#2007-2716), and in accordance with the guidelines established by the National Institutes of
Health (NIH). Animals were housed in the animal facility of the University of California,
Irvine, and were maintained under constant temperature (22°C) and humidity with a
controlled 12:12-h light-dark cycle. 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.

Generation and Validation of the VCPR155H/+ Mice
In order to generate a VCP disease mouse model, genomic VCP fragments with 7.9 kb of
upstream homology sequence and 2.1 kb of downstream homology sequence were sub-
cloned into a targeting vector. Site-directed mutagenesis using the Quick-Change XL Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used to introduce the R to H
mutation at amino acid position 155. The knock-in mouse model with the R155H VCP
mutation was generated at InGenious Targeting Laboratory, Inc. (Stony Brook, NY) through
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a Neomycin cassette insertion using 129/SvEv mice (Fig. 1A). The expression of mutant
VCP was confirmed by RT-PCR using the following primers in the PCR reactions: Forward-
5′-CAC GGT GTT GCT AAA AGG AAA GAA AAG; Reverse- 3′-CTG AAG AAT CTC
CAA ACG TCC TGT AGC, after the RT reactions with the reverse primer. These mice
were back-crossed more than 6 times with the C57BL/6 strain before experiments were done
to make sure that the majority (>98%) of the genetic background of generated mice was of
C57BL/6 origin. The Neomycin cassette was deleted by crossing with the Flp deletion
mouse model. Genotyping was performed by sending the mouse tail samples to Transnetyx
Incorporation (Cordova, TN), and results were analyzed by our laboratory. The qRT-PCR
analyses for expression of VCP showed no significant differences between WT and
VCPR155H/+ knock-in mouse quadriceps muscles (data not shown). Littermates were used in
every experiment.

Weight, Motor Coordination, and Muscle Strength Measurement Studies
Weights of the VCPR155H/+ and WT animals were measured on a weekly basis to follow
body mass development. Motor coordination and fatigue were assessed by the Rotarod (Med
Associates Inc., St. Albans, VT) accelerating speed analysis. The Rotarod test was
performed for all existing mice at the age of 3 months (17 WT, 10 HET), 6 months (16 WT,
12 HET), 9 months (16 WT, 12 HET), 12 months (14 WT, 12 HET), and 15 months (14
WT, 12 HET), and 24 months (23 WT, 11 HET). Mice were placed on the Rotarod, which
accelerates from 4 to 40 rpm in 5 minutes. Mice went through 3 trials with 45- to 60-minute
inter-trial intervals on each of 2 consecutive days. The results were recorded as the time for
the mouse to drop down from the Rotarod for the first time.

Muscle strength of the mouse forelimbs was measured using a Grip Strength Meter
apparatus (TSE Systems Gmbh, Hamburg, Germany). Briefly, 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. Each animal underwent 5 tests. The
same cohort of mice used for the Rotarod test was also used for the grip strength studies
until 15 months, and subsequent numbers of mice at different ages are: 18 months (6 WT, 5
HET), 24 months (18 WT, 8 HET), and 25-29 months old (6 WT, 4 HET), respectively.
Statistical analyses were performed by Student t-test, and values were considered significant
if p<0.05.

Immunohistochemical Analyses
Quadriceps muscles were flash frozen in isopentane cooled in liquid nitrogen, and brains
from 15-, 19- and 24-month old mice (5 WT and 5 KI) 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 with TDP-43 (Abcam, Cambridge, MA), FK1 (Biomol, Plymouth Meeting, PA),
VCP (Affinity BioReagents, Golden, CO), LC3-I/II (Novus Biologicals, Littleton, CO), and
Neurofilament H non-phosphorylated (SMI-32) motor neuron marker (Sternberger
Monoclonals, San Diego, CA) 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 microscopy using an AxioVision image capture
system (Carl Zeiss, Thornwood, NY). Additionally, Hematoxylin and Eosin (H&E) and
Toluidine blue stains were performed using routine methods and analyzed by light
microscopy (Carl Zeiss).
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Cardiac perfusion was used for immunohistochemical characterization of the brain and
spinal cord pathologies of our R155H heterozygote and WT mice. Animals were
anesthetized with ketamine and perfused transcardially with Phosphate Buffered Saline
(PBS), followed by 4% paraformaldehyde (PFA) for 10 minutes, after which spinal cords
and brains were dissected. Tissues were subsequently incubated in 30% sucrose/PBS
gradients for another 2 days and later processed for immunohistochemical analyses as
described earlier.

Western Blotting
Quadriceps muscle samples from 15-, 19-, and 24-month-old wild-type and VCPR155H/+

knock-in mice (5 wild-type and 5 knock-in mice from two litters) and 15 month-old wild-
type and VCPR155H/+ knock-in brain cortex samples were harvested and extracted using the
NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Rockford, IL). Protein
concentrations were determined using the Nanodrop according to the manufacturer’s
protocols. Equal amount 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 using TDP-43 (Abcam, Cambridge, MA), LC3-I/II (Novus Biologicals, Littleton,
CO), and FK1 for ubiquitin (Biomol)-specific antibodies. Equal protein loading was
confirmed by Beta actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) staining.

Apoptosis Analyses
Apoptosis in mouse quadriceps muscle tissue samples was analyzed by the DeadEnd
Fluorometric TUNEL System (Promega, Madison, WI)and by the Colorimetric CaspACE-3
Assay System (Promega). For TUNEL analysis, muscle cryosections from 10-month old
VCPR155H/+ knock-in mice and WT littermates were stained as described previously 31.

MicroPET/CT Imaging and Bone Histomorphometry
For the microPET/CT scan, 16-month old mice were fasted for 24 hours, after which they
were mildly anesthetized (2.5% isoflurane) and had 350μCi [18F]-fluorodeoxyglucose (18F-
FDG) given via intraperitoneal injection (i.p.). The injected dose was measured by a
dosimeter and was corrected for the residue of dose remained in the syringe. At 60 minutes
post-intraperitoneal injection of [18F]- fluorodeoxyglucose (18F-FDG) (320–363 μCi), mice
were placed under mild anesthesia, and a 40-min PET scan was performed on microPET/CT
(Siemens Inc.). The transaxial FOV for Inveon PET is 10 cm, the axial FOV is 12.7 cm. The
resolution in the center of transaxial FOV is 1.46 mm. Next, microCT scan was performed
by scanning the mice with a large area CT camera that has a 30-40 micron high resolution,
low noise, 14-bit X-ray imaging detector with 4096 × 4096 pixels. (Usable field of view for
this configuration is 10 cm × 10 cm). The high performance 64-bit workstation controls the
Inveon multimodality scanners and was also used for reconstruction of image data. The
reconstructed microCT images were analyzed, and 3D trabecular structural parameters were
determined using the Inveon Multimodality 3D Visualization software. The Bone volume/
Total volume (BV/TV), Bone surface area/Bone volume (BS/BV), trabecular thickness (Tb.
Th), trabecular space (Tb. Sp), trabecular number (Tb. N) and trabecular pattern factor (Tb.
PF) were analyzed from 4 WT and 4 HET femurs (right and left femurs combined). Scans
were performed at different ages of WT and VCP mutant animals.
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RESULTS
Muscle weakness progresses in the VCPR155H/+ knock-in mice typical of IBMPFD

Since patients typicallydemonstrate progressive muscle weakness in their 30s-40s we
investigated the muscle strength and motor coordination and fatigue in the mice at 3-month
intervals using grip strength and Rotarod analysis tests, respectively (Fig. 1B,C). Grip
strength analyses in these knock-in mice showed a 4.0% decrease at 6 months (p=0.5),
12.7% at 9 months (p=0.008), 14.0% at 12 months (p=0.002), 16% at the age of 15 months
(p=0.005), 21% at 19 months of age (p=0.001), 13.5% at 24 months of age (p=0.12), and
18.5% at 26 months of age (p=0.16) (Fig. 1B). Consistent with the grip strength, Rotarod
analysis depicted 3% decreased muscle strength at the age of 6 months (p=0.54), 9.0% at 9
months (p=0.10), 13.7% at 12 months (p=0.10), 19.0% at 15 months (p=0.056), and 31% at
24 months (p=0.002) (Fig. 1C). The mice were unable to perform Rotarod testing after 24
months of age. There were no significant differences in mortality between KI and WT
littermates when they were followed up to 28 months, which was evident by identical
survival curves (data not shown). In contrast, the Neomycin cassette-containing mice
developed muscle weakness earlier at 6-9 months of age as noted by grip strength and
Rotarod testing compared to the equivalent age of 15 months for Rotarod testing and 9
months for grip strength in the VCPR155H/+ mice; the latter pattern resembled that seen in
patients.

Characterization of muscle pathology in VCPR155H/+ knock-in mice reveals typical
histopathological IBMPFD phenotype

H&E staining of quadriceps muscles demonstrated centrally located nuclei (Fig. 2A,B)
variation in fiber size, and accumulation of rare vacuoles (Fig. 2C) in 15- and 24-month old
VCPR155H/+ knock-in mice. Six percent of VCPR155H/+ muscle cells had inclusion bodies
that were positive for the TDP-43 and ubiquitin-specific antibodies (Fig. 2D-I and Table 1).
These inclusions were negative for the VCP antibody. Histological analysis of the
gastrocnemius muscles from these VCPR155H+ heterozygous mice revealed similar findings
(provided as Supplemental Fig. 1). Western blotting analysis of 2 separate litter-matched
wild-type and knock-in mice revealed that the mutant muscle had increased TDP-43 and
ubiquitinated (FK1 marker) proteins (Fig. 2L). Electron microscopy imaging of the 19-
month old VCPR155H/+ knock-in mouse muscle showed extensive accumulation of abnormal
mitochondria (black arrows) and vacuoles (white arrows) in the inter myofibrillar space as
compared to the WT (Fig. 2J). Abnormal mitochondrial cristae structures (black arrows)
were also observed in these VCP mutant mice (Fig. 2K). There was no significant heart
pathology in the heterozygotes (provided as Supplemental Fig. 1).

Autophagy and apoptosis is increased in VCPR155H/+ knock-in mice muscle
Autophagy is a process that degrades long-lived proteins and cytoplasmic components
within vesicles which deliver the contents to the lysosome for degradation. Upon activation
of autophagy, the 18 kDa cytosolic LC3 (LC3B-I) undergoes proteolytic cleavage followed
by a lipid modification and is converted to the 16 kDa membrane-bound form (LC3B-II),
which is specifically localized to the autophagosomal membranes. The conversion from
LC3B-I to LC3B-II is used as a sensitive marker for autophagy in cells. Using myoblasts
obtained from patients with VCP-associated IBM, we previously observed accumulation of
enlarged vacuoles as well as other several cellular dysfunctions in patient myoblasts versus
control myoblasts 7. To analyze if autophagic processes were also disrupted in tissue in the
knock-in mice, we analyzed the expression of the LC3B-II/I protein. Muscle cells from the
VCP knock-in mice exhibited increased LC3-II staining, which was concentrated in the
vesicular organelles throughout the cytoplasm as compared to WT littermates (Fig. 3A,B).
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Western blot analysis of the knock-in VCPR155H/+ quadriceps tissue lysates also
demonstrated a significantly increased amount of LC3B-II (Fig. 3E).

Mutations in the VCP gene have been shown to trigger cell death with apoptosis, whereas
expression of wild type protein has been suggested to have an anti-apoptotic effect 32-34.
TUNEL-staining of quadriceps sections showed an increased number of apoptotic nuclei
which were centrally located in the knock-in muscle compared with WT [wild-type; 3.5%
and VCPR155H/+ knock-in 40% (15 month old) p<0.05 (Fig. 3C,D)]. There was increased
caspase-3 specific activity in VCPR155H/+ muscle as compared with WT littermates (Fig.
3F).

Bone pathology in VCPR155H/+ knock-in animals resembles Paget Disease of Bone
To further characterize the bone pathology we analyzed bone morphology by micro CT
imaging and histology. Gross micro CT images showed no obvious skeletal dysplasia of the
knock-in VCPR155H/+ mice (Fig. 4A,B). Close inspection of the long bones, however
revealed lucencies of the proximal tibias (Fig. 4C,D). Bone morphometric analysis of the
VCPR155H/+ knock-in mice bones did not reveal significant differences of bone surface area/
bone volume (BS/BV), trabecular space (TbSp) trabecular pattern factor (TbPF) and cortical
wall thickness (CTh) versus WT mice, except in the trabecular number (p=0.014) and
cortical wall thickness (p=0.036) (Table 1).

To investigate bone turnover, in vivo imaging with [18]F-fluoride positron emission
tomography (PET) was carried out. Generally, PET uptake is more pronounced in regions of
metabolic activity, as there is fluoride uptake on the bone surface when there is more new
bone formation and higher blood flow to that area 35. The PET scans showed increased
fluoride uptake in 3 mice out of 5 heterozygotes scanned in the spine, tibia, or femur of 1
leg. There was increased fluoride uptake in the lumbar spine in the VCPR155H/+ knock-in
mice, suggestive of PDB, which was not observed in the WT animals (Fig. 4).
Histopathology of the spine revealed that Paget-like lesions were increased in both number
and size indicated by TRAP immunostaining of osteoclasts (data not shown).

Brain and spinal cord pathology in VCPR155H/+ knock-in animals recapitulates ALS
phenotype

Typical FTLD-U pathology has been reported in patient brains, including neocortex and
limbic and subcortical nuclei. Histological analyses of the brain tissues from 15-month old
mutant mice did not show any overt histological signs of degeneration in H&E staining.
Immunohistochemical staining of the frontal cortex (Fig. 5) and hippocampus (data not
shown), however, demonstrated an increase of TDP-43 and ubiquitin-positive inclusions.
The TDP-43 inclusions showed increased cytoplasmic accumulation in the VCPR155H/+

knock-in mouse brains, whereas the TDP-43 inclusions were localized to the nucleus in the
cortex of control mice (Fig. 5A,B). Staining with ubiquitin and VCP demonstrated
cytoplasmic inclusions in the frontal cortex in the mutant mice compared with the WT (Fig.
5C,D). Increased ubiquitin protein expression in the VCPR155H/+ knock-in mice was also
shown by western blot analysis (Fig. 5E).

Recently, studies have revealed VCP mutations are associated with typical ALS features in
2-3% of isolated familial ALS in addition to a10-15% frequency of ALS in VCP disease 10.
We studied the spinal cord pathology of 15-month old VCPR155H/+ knock-in mice (Fig. 6).
Toluidine blue staining revealed motor neurons and spinal cord injury in the 15-month old
mutant mice (Fig. 6A,D). Increased TDP-43 expression levels were also observed in the
anterior horn cells as compared with WT littermates (Fig. 6B,E). SMI-32 motor neuron

Nalbandian et al. Page 7

Muscle Nerve. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



marker staining depicted normal morphology in the WT animals whereas VCPR155H/+

knock-in mice exhibited fragmentation of cell body processes (Fig. 6C,F).

Electrodiagnostic studies reveal denervation in the VCPR155H/+ knock-in mice
Electromyographic (EMG) evidence of widespread acute and chronic denervation was seen
in VCPR155H+ mice (average age 24.98 ± 0.41 months). These changes included a varying
degree of abnormal spontaneous activity in the form of fibrillation and fasciculation
potentials, and a distinct reduction in recruitment and interference patterns. Motor unit
potential morphology was mixed, with both small amplitude as well as large amplitude
potentials present in these muscles. Firing rates were generally decreased, again suggestive
of a neurogenic pattern of activation rather than a myopathic pattern. The left hamstrings
and medial gastrocnemius muscles of VCPR155H+ heterozygous mice also showed complex
repetitive discharges (CRD). All other muscles were normal. Interestingly, histological
analysis of the gastrocnemius muscles from the VCPR155H+ heterozygous mice revealed
vacuoles and centrally located nuclei as compared with the WT animals, however there was
no significant heart pathology (provided as Supplemental Fig. 1).

DISCUSSION
IBMPFD is a degenerative disease which affects various systems and is caused by VCP
mutations. VCP is involved in a number of cellular functions, most of which are related to
ubiquitin-proteasome-dependent proteolysis 2036-39. It is highly conserved in evolution,
which suggests it has 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 apoptosis 43, suggests that intact VCP is indispensable for normal development
and cell survival. Additionally, our recent studies of patient myoblasts demonstrated
accumulation of enlarged vacuoles 44. Despite intense investigations, the critical disease
mechanisms underlying VCP disease are yet to be clarified.

VCP-associated disease mouse models have been previously generated and characterized.
The mouse system created by over-expression of the R155H mutation in mice using a
muscle specific creatinine promoter created by Weihl et al (2007) revealed progressive
muscle weakness beginning at the age of 6 months and muscle pathology, beginning at the
age of 10 months, including variation in muscle fiber size, increase in endomysial
connective tissue, small linear basophilic-rimmed cracks, and ubiquitin-positive
sarcoplasmic and myonuclear vacuoles 29. Custer et al. (2010) created transgenic mice that
ubiquitously over-express mutant forms of VCP and exhibit typical inclusion body
myopathy with muscle weakness and blue-rimmed vacuoles 45. In our laboratory, Badadani
et al (2010), generated and characterized the VCP knock-in mice with the R155H mutation
including the Neomycin-cassette 31. Typical characteristics of these mice included
progressive muscle weakness as demonstrated by Rotarod and Grip Strength analysis,
enlarged vacuoles and ubiquitin- and TDP-43-positive sarcoplasmic inclusion bodies in the
quadriceps muscles. These mice also had disrupted autophagy, increased apoptosis
processes, and seizures when compared with wild type animals. All of these murine models
also demonstrated widespread TDP-43 brain pathology and Paget-like bone disease, all
typical of human disease.

Our Neomycin cassette-free knock-in mouse system represents a unique opportunity for
studying the mechanisms of VCP-associated disease in patients. Given this background, the
findings of this study are unique in several respects. This model had muscle, bone, and brain
pathology of VCP disease in aging mice with onset around 12-15 months of age. We
assessed progression of disease in these mice up to 26 months of age. They exhibit muscle
weakness, vacuoles and ubiquitin and TDP-43 positive inclusions in muscle fibers and brain,
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typical ALS pathology of the spinal cord, and Paget-like bone changes on microPET/CT and
histology. Electron microscopic analysis of 19-month old VCPR155H/+ knock-in mouse
muscle exhibits extensive accumulation of abnormal mitochondria and vacuoles in the inter-
myofibrillar space suggestive of mitochondrial pathology. Mitochondria play an important
role in several neurodegenerative diseases such as Parkinson disease and ALS. We have
performed novelty toy tests on the VCPR155H/+ knock-in and WT animals, but we have not
observed any significant differences. Future studies will aim to perform additional
behavioral studies to detect any abnormalities and to understand the molecular mechanism
of mitochondrial dysfunction in the pathogenesis of VCP-associated disease. Collectively,
these findings suggest that our mouse model has a comparable disease progression and
pathology as that seen in patients who develop late onset muscle weakness at a mean age of
42 years 146-47. Thus, the VCPR155H/+ mouse represents an important and faithful
experimental model for probing the underlying mechanisms responsible for these unique
diseases and novel treatments.

Frontotemporal dementia is a degenerative condition of the brain which primarily affects the
frontal and anterior temporal lobes at a mean age of 57 years 15. No short-term memory
deficiencies were observed in the Neomycin cassette-free VCPR155H/+ knock-in mice
studied here. We observed accumulation of TDP-43-, ubiquitin-, and VCP-positive
inclusions in the 15-month and older knock-in brains, and not in 10-month old brain,
mimicking the delayed development of FTD in patients. TDP-43 inclusions in the
VCPR155H/+ knock-in mouse brains were cytoplasmic, in contrast to the nuclear localization
in the cortex and hippocampus of control mice 48.

ALS associated with motor neuron degeneration in the brain and spinal cord caused by
mutations in superoxide dismutase 1 (SOD1), TDP-43 and fused in sarcoma (FUS),
optineurin and VCP 949-51 accounts for approximately 10-15% of familial ALS cases. The
similar TDP-43 pathology in the brain and spinal cord suggested shared pathogenetic
mechanisms with ALS. Furthermore, mutations in UBQLN2, which encode the ubiquitin-
like protein Ubiquilin 2, a regulator of degradation of ubiquitinated proteins, have been
identified as the cause of dominant X-linked juvenile and adult-onset ALS and ALS/
dementia. 52 This underscores the importance of the ubiquitin-proteasome pathway in the
pathogenesis of VCP and ALS. Most recently, the pathological hexanucleotide repeat
expansion in the C9orf72 gene has been associated with the cause of both chromosome
9p21-linked frontotemporal lobar degeneration (FTLD) and ALS 53-56. The GGGGCC
repeat expansions in these patient cohorts resulted in high mutation frequencies and may
provide evidence for the biological association between these neurodegenerative diseases.
Future studies may identificy new genes and biological/molecular mechanisms responsible
for these phenotypes and ultimately therapeutic approaches to treat these progressive
neurodegenerative disorders.

Autophagy is a process that functions as a stress response that is upregulated by starvation,
oxidative stress, or other harmful conditions. It plays a role in programmed cell death and
possesses important housekeeping and quality control functions that contribute to health and
longevity (for review, see 57-60). Danon disease is an example of a human myopathy that is
characterized by accumulation of autophagic vacuoles in the heart and skeletal muscle 61. A
mouse model for Danon disease exhibits similar histological and phenotypical features to
human patients. There are massive accumulation of autophagic vacuoles in several tissues,
including skeletal muscle and heart 62. Mitochondria are a main target for autophagic
degradation in muscle diseases resulting in reduced mitochondrial function, which leads to
defective energy metabolism and reduced contractility 63. Therefore, increased
autophagosome formation as exhibited by LC3-II accumulation and muscle weakness in
both our VCPR155H/+ knock-in mice and patients, is consistent with other myopathic
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conditions and suggests a common pathogenesis. The histology in both VCPR155H/+ knock-
in mice and patients indicate not only induction of autophagy, but also disruption of the
autophagic maturation process. The current hypothesis is that immature autophagosomes
accumulate in tissues secondary to impaired lysosome-autophagosome fusion and thus
further contribute to tissue pathology. Our recent studies in myoblasts from IBMPFD
patients show increased apoptosis when they are analyzed by caspase-3 assays and TUNEL
staining, and there is increased autophagy 44.

Histochemical stains of vertebral bone revealed increased osteoclastic activity typical of
Paget disease. Giant osteoclast formation resembles the human Pagetic osteoclast
phenotype. PDB is characterized by abnormal bone remodeling, osteolytic lesions, bone
deformities and pathologic fractures. An initial surge of osteoclastic activity leads to
focalized resorption of bone, followed shortly thereafter, by osteoblast hyperactivity. The
osteoblasts are normal morphologically, but they deposit new bone in a disordered manner
to result in the Pagetic lesions. The new disorganized bone is of poor quality and leads to
bowing and occasionally fractures. In the more advanced stages of Paget disease, the rapid
bone formation predominates. The lesions become sclerotic, and bone marrow is replaced
with vascular and fibrous tissue and increased bone thickness. Recent studies have
demonstrated that 10% of patients with sporadic PDB and 50% of familial PDB have
Sequestosome 1 (SQSTM1) gene mutations, which encodes p62 and has an important role in
autophagy. The SQSTM/P62 P394L mutant mice 64 revealed focal osteolytic lesions on hind
limbs by micro CT pathology which resembles the lesions seen in our new Paget disease-
like mouse model. Several studies have shown PET imaging to be a good method to test for
PDB 65-67, although it is not a conclusive test. It is interesting to note that the spine,
particularly the lumbar region, is the second most commonly affected site (53%) after the
pelvis (70%) in PDB patients 68-70. This strengthens the argument that what we are seeing in
the VCPR155H/+ mice is PDB, thus they also promise to be a good model for PDB.

We propose that the VCPR155H/+ knock-in mouse represents an excellent model for VCP-
associated myopathy, PDB, and ALS; these diseases share a common pathogenic
mechanism associated with defects in the protein degradation pathway. Thus, the neomycin
cassette-free VCPR155H/+ knock-in mouse can be exploited for the development of novel
strategies and treatments without potential interference from the Neomycin cassette.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Generation of the VCPR155H/+ knock-in mice and progression of muscle weakness
(A) Drawing of the R155H targeting strategy of the knock-in allele (top) and the wild type
allele (below). The alleles depict the localization of exons 1-5, and the 5′ (7.9kb) and 3′
(2.1kb) targeting sequences indicated by dashed lines. The Neomycin-cassette is marked by
Neo, flanked by FRT sites and restriction enzymes. (B) Muscle strength impairment
observed by grip strength meter in knock-in mice as compared with littermates. (C) Physical
performance demonstrated a decline by Rotarod analysis in the VCP knock-in mice as
compared with littermates. Animal ages (months) (X axis) and relative values versus wild-
type littermates (Y axis). Statistically significant *p<0.05, **p<0.005, and ***p<0.001
values denoted.
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FIGURE 2. Histological analysis of the VCPR155H/+ mouse quadriceps muscles
(A) H&E staining of quadriceps muscle from 24-month-old wild-type (nuclei depicted by
arrows) and (B, C) 15- and 24-month old VCPR155H/+ knock-in mice. (B) Centrally located
nuclei are shown by arrows (C) Enlarged vacuoles in the mutant quadriceps (Magnification:
630X). Quadriceps muscles from (D-F) wild-type and (G-I) VCPR155H/+ knock-in mice
were stained with ubiquitin-specific FK1 antibody and a TDP-43-specific antibody and then
double-stained with both antibodies. (I) Overlay of ubiquitin and TDP-43-positive
cytoplasmic inclusion bodies as shown by arrow. Nuclei were stained with DAPI
(Magnification: 630X). (J) Electron microscopy image of 19-month old VCPR155H/+ knock-
in mouse muscle showing extensive accumulation of abnormal mitochondria (black arrows)
and vacuoles (white arrows) in the inter-myofibrillar space (Magnification 6500X) and (K)
abnormal mitochondrial cristae structure (black arrows) (Magnification 15000X). (L)
Proteins were harvested from the quadriceps muscle of wild-type and knock-in mice and
analyzed by Western blotting using ubiquitin/FK1 (upper panel) and TDP-43 (lower panel)
antibodies. Each membrane was reprobed with β-actin to confirm equal protein loading in
each lane.
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FIGURE 3. LC3-II staining of WT and VCPR155H/+ knock-in mouse quadriceps muscle
Quadriceps muscles from (A) wild-type and (B) R155H knock-in mice were stained with an
LC3-II-specific antibody. (B) LC3-positive vesicles are shown by arrows suggestive of
increased autophagy. Nuclei were stained blue with DAPI. (C,D) DAPI and TUNEL
staining of the quadriceps from WT and VCPR155H/+ mouse models. (Magnification: 630X).
(D) Apoptotic nuclei of the mutant mice are shown by white arrows. (E) LC3 expression
was measured from the quadriceps muscle lysates of WT and R155H knock-in mice by
western blotting. (Magnification: 400X). Wild-type and knock-in samples are from 3
different litters. (F) Caspase-3 specific activity level was measured from VCPR155H/+ knock-
in and WT mouse quadriceps muscle lysates. Specific activities are shown on the Y axis and
mouse genotypes on the X axis.
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FIGURE 4. Pet and Micro CT images of bone in WT and VCPR155H/+ knock-in mice
No obvious structural differences between the (A) R155H mutant and the (B) WT were seen
of the CT images. The tibiae however showed abnormal architecture in the (C) R155H
mutant highlighted with black arrows. (D) None can be seen in the WT. (E-H) In vivo
imaging with microPET/CT demonstrates area of bone turnover. Sagittal view (E) with and
(F) without the microPET image superimposed on the corresponding microCT image.
Coronal view (G) with and (H) without overlaid images. Arrows indicate areas of increased
bone turnover. (I) Micro CT reconstruction of an animal with PDB revealing the Pagetic
lesion as cortical pitting (as shown by arrowhead).
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FIGURE 5. Immunohistochemical staining of the WT and VCPR155H/+ knock-in mouse brain
cortexBrain cortex from (A) WT and (B) R155H knock-in mice were double stained with
ubiquitin-specific FK1 antibody (TRITC-labeled) and TDP-43-specific antibody (FITC-
labeled). Nuclei were stained with DAPI. Ubiquitin and TDP43-positive cytoplasmic
inclusion bodies shown by arrows are predominantly nuclear in the WT and cytoplasmic in
the mutant mice. Brain cortex from (C) WT mice and (D) VCPR155H/+ knock-in mice were
stained with ubiquitin and VCP antibodies. Mutant knock-in mice showed increased
expression of ubiquitin as compared to WT, whereas there was no difference in VCP
expression in either mutant or WT littermates (Magnification: 630X). (E) Proteins were
harvested from the quadriceps muscle of wild-type and knock-in mice and analyzed by
Western blotting using ubiquitin/FK1 antibodies. The membrane was reprobed with actin to
confirm equal protein loading in each lane. Wild-type and knock-in samples are from 2
separate litters (indicated above the figure).
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FIGURE 6. Histological analyses of spinal cord in WT and VCPR155H/+ mouse model
(A,D) Toluidine Blue staining demonstrates degenerating motor neuron cells (indicated by
arrows) in 15-month old R155H mutant mouse (20 uM sections) motor neurons versus WT
mice (A, D) (Magnification 400X). (B) Neurofilament H Non-Phosphorylated (SMI-32)
motor neuron marker staining shows normal morphology in the WT animals, whereas (E)
VCPR155H/+ mice exhibit fragmentation of cell body processes (indicated by arrows). (C)
Normal TDP-43 expression pattern in WT and (F) high levels of TDP-43 expression in
cytoplasm of VCPR155H/+ knock-in mice (indicated by arrows).
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Table 1
Bone morphometric analysis in WT and VCPR155H/+ knock-in mouse model

Analysis of bone morphometrics including bone volume, bone surface area, trabecular thickness, number,
spacing,and pattern factor, and cortical wall thickness in WT and VCPR155H/+ animals. Statistically significant
differences were identified in the trabecular number and cortical wall thickness of femurs of mice.

Parameter Wild Type Mice VCPR155H/+ Mice

Bone Volume/Total Volume (BV/TV) 0.666 ± 0.042 0.583 ± .079 p=0.23

Bone Surface Area/Bone Volume (BS/BV) 18 ± 0.73 19.4 ± 3.24 p=0.32

Trabecular Thickness (TbTh) 0.111 ± 0.0045 0.105 ± .0162 p=0.088

Trabecular Number (TbN) 6.00 ± 0.324 5.57 ± 0.591 p=0.014*

Trabecular Spacing (TbSp) 0.05613 ± 0.0097 0.07588 ± 0.0182 p=0.93

Trabecular Pattern Factor (TbPF) 3.36 ± 1.03 3.42 ± 1.73 p=0.93

Cortical Wall Thickness (CTh) 1.65 ± 0.418 2.1 ± 0.33 p=0.036*

Statistically significant data are represented by

*
p<0.05.
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