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Abstract

Mitochondrial dysfunction has recently been implicated as an underlying factor to several 

common neurodegenerative diseases, including Parkinson’s disease, Alzheimer’s and amyotrophic 

lateral sclerosis (ALS). Valosin containing protein (VCP)-associated multisystem proteinopathy is 

a new hereditary disorder associated with inclusion body myopathy, Paget disease of bone (PDB), 

frontotemporal dementia (FTD) and ALS. VCP has been implicated in several transduction 

pathways including autophagy, apoptosis and the PINK1/Parkin cascade of mitophagy. In this 

report, we characterized VCP patient and mouse fibroblasts/myoblasts to examine their 

mitochondrial dynamics and bioenergetics. Using the Seahorse XF-24 technology, we discovered 

decreased spare respiratory capacity (measurement of extra ATP that can be produced by oxidative 

phosphorylation in stressful conditions) and increased ECAR levels (measurement of glycolysis), 

and proton leak in VCP human fibroblasts compared with age- and sex-matched unaffected first 

degree relatives. We found decreased levels of ATP and membrane potential, but higher 

mitochondrial enzyme complexes II + III and complex IV activities in the patient VCP myoblasts 

when compared to the values of the control cell lines. These results suggest that mutations in VCP 

affect the mitochondria’s ability to produce ATP, thereby resulting in a compensatory increase in 

the cells’ mitochondrial complex activity levels. Thus, this novel in vitro model may be useful in 

understanding the pathophysiology and discovering new drug targets of mitochondrial dynamics 

and physiology to modify the clinical phenotype in VCP and related multisystem proteinopathies 

(MSP).

Keywords

Inclusion body myopathy; Paget’s disease of the bone; Frontotemporal dementia; ALS; Valosin 
containing protein; Mitochondrial bioenergetics

*Corresponding authors at: Department of Pediatrics, Division of Genetics and Genomic Medicine, University of California-Irvine, 
2501 Hewitt Hall, Irvine, CA 92697, USA. Tel.: +1 714 456 5791; fax: +1 714 456 5330. a.nalbandian@uci.edu (A. Nalbandian), 
vkimonis@uci.edu (V.E. Kimonis). 

HHS Public Access
Author manuscript
Mitochondrion. Author manuscript; available in PMC 2020 March 30.

Published in final edited form as:
Mitochondrion. 2015 May ; 22: 1–8. doi:10.1016/j.mito.2015.02.004.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Hereditary inclusion body myopathy, Paget’s disease of bone (PDB), and frontotemporal 

dementia (IBMPFD), more recently termed multisystem proteinopathy (MSP), caused by 

mutations in the valosin containing protein (VCP) gene are associated with weakness and 

atrophy of skeletal, pelvic and shoulder girdle muscles in 90% of individuals (Kimonis et al., 

2000; Kovach et al., 2001; Watts et al., 2003). Affected individuals exhibit scapular winging, 

progressive muscle weakness in a limb girdle muscular dystrophy (LGMD) distribution and 

die from cardiac and respiratory failure (Kimonis et al., 2000, 2008b). Histologically, 

patients display rimmed vacuoles and ubiquitinated TAR DNA binding protein-43 

(TDP-43)-positive inclusion bodies in muscles (Kimonis et al., 2000, 2008a, 2008b; Watts et 

al., 2004), the heart and brain. Affected individuals also suffer from Paget’s disease of bone 

(PDB) in 50%, frontotemporal dementia (FTD) in 33%, and amyotrophic lateral sclerosis 

(ALS) in approximately 15% of cases.

Our previous analyses of IBMPFD myoblasts with VCP mutations showed enlarged 

vacuoles, increased apoptosis and a defective maturation process to myotubes (Vesa et al., 

2009). VCP is involved in a plethora of cellular functions including the autophagy and 

apoptosis signaling transduction pathways (Nalbandian et al., 2011). Autophagy is a 

catabolic process whereby cytoplasmic components are sequestered in autophagosomes and 

brought to lysosomes for degradation and recycling. Accumulation of lysosome-associated 

membrane proteins (LAMP-1 and LAMP-2) and light chain 3 (LC3-I) was observed in the 

vacuolar membranes, suggestive of disturbed final fusion steps between autophagosome and 

lysosome, thus, leading to immature autophagosomes (Tresse et al., 2010). More recently, 

exploring the function of VCP has demonstrated that its impairment by pathogenic 

mutations cannot facilitate the PINK1/Parkin signaling cascade, thereby promoting 

mitophagy (Kim et al., 2013). Current studies are investigating the role of mitophagy as one 

of the pathogenic manifestations underlying VCP disease.

Mitochondrial dysfunction has recently been implicated as an underlying factor to several 

neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease and ALS. With 

its multi-faceted phenotype, VCP MSP was considered a good candidate for a disease 

resulting from disrupted mitochondrial function. Thus, in this report, we have examined the 

mitochondrial dynamics and bioenergetics in VCP human fibroblasts using Seahorse XF-24 
flux analyzer technology and discovered decreased spare respiratory capacity (a 

measurement of extra ATP that can be produced by oxidative phosphorylation in stressful 

conditions); increased ECAR levels, (a measurement of glycolysis); decreased ATP content; 

and proton leak in VCP human fibroblasts compared with age- and sex-matched unaffected 

first degree relatives. This new interplay between mitochondrial dynamics and cell biology 

may provide a deeper understanding of the cellular and molecular mechanism(s) underlying 

VCP pathophysiology and may be of critical importance in discovering new drug targets for 

VCP and related multisystem diseases.
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2. Materials and methods

2.1. Patient myoblast cultures

Control and patient primary myoblasts (with the R155H mutation) were obtained from 

Muscle Tissue Culture Collection (MTCC)/EuroBioBank (München, Germany). Cells were 

maintained in Skeletal Muscle Cell Growth Medium (PromoCell, Heidelberg, Germany) 

supplemented with the supplement mix, 10% FBS, gentamicin (Life Technologies, Carlsbad, 

CA) and GlutaMAX-1 in 5% CO2 at 37 °C. Cultured patient myoblasts were plated in 35 

mm dishes with a ConA-laminin coated cover glasses (MatTek Corp, Ashland, MA).

2.2. VCP murine myoblast cultures

Murine myoblasts (3-week old) from WT, VCPR155H/+, and VCPR155H/R155H were 

harvested and cultured. Briefly, myoblasts were cultured in DMEM with 5% FBS 

supplemented with antibiotics in a 37 °C with 5% CO2. Trypsin/EDTA (Life Technologies, 

Carlsbad, CA) was used for trypsinization purposes. All cell lines were of the same genetic 

background.

2.3. Immunocytochemical (ICC) analysis

Patient fibroblasts and myoblasts were incubated for 24 h at 37 °C in 5% CO2. Briefly, 

myoblasts were cultured in DMEM with 5% FBS supplemented with antibiotics in a 37 °C 

with 5% CO2. Immunocytochemical (ICC) staining were performed using routine methods 

(Badadani et al., 2010). Patient fibroblasts and myoblasts were stained with TDP-43, 

ubiquitin, VCP, LC3-I/II, p62/SQSTM1, and JC-1 (Life Technologies, Carlsbad, CA) -

specific antibodies. All primary antibodies were purchased from Abcam (Cambridge, MA) 

and analyzed by fluorescence microscopy (Carl Zeiss, Thornwood, NY) as described 

previously (Nalbandian et al., 2013).

2.4. Mitochondrial isolation and OXPHOS enzyme analysis

Mitochondria were isolated from cultured human myoblasts by homogenization and 

differential centrifugation. Mitochondrial enzyme complex activities were determined by 

oxidative phosphorylation (OXPHOS) enzyme assays using a previously described standard 

protocol (Kokoszka et al., 2004; Trounce et al., 1996). In brief, the complexes II + III 

analyses were performed as follows: 550 μl dH2O, 400 μl 100 mM potassium phosphate 

buffer (pH 7.4), 20 μl 1 M succinate, 1 μl 0.5 M EDTA, 1 μl 2 M KCN and 10 μl 5 mg/ml 

mitochondria were added to a 1 ml cuvette. Subsequently, 30 μl 1 mM cytochrome c was 

added and the cuvette and samples were read for 1 min at 550 nm. For complex IV analysis, 

reduced cytochrome c was prepared by adding 20 μl 0.1 M DTT in 1 ml of 1 mM 

cytochrome c, and incubating for 15 min at room temperature after which A550/A565 ratio 

was determined. To determine the complex IV activity: 850 μl dH2O, 100 μl 100 mM 

potassium phosphate buffer (pH 7.4), 50 μl 1 mM reduced cytochrome c and 2 μl 5 mg/ml 

mitochondria were pipetted into a 1 ml cuvette and samples were read for 1 min at 550 nm. 

For the citrate synthase analysis: 740 μl dH2O, 100 μl 1 M Tris–HCl (pH 8.0), 50 μl 6 mM 

Acetyl–CoA, 10 μl 10 mM DTNB and 50 μl 1 mg/ml mitochondria were added into a 1 ml 

cuvette and incubated at 30 °C for 5 min. Thereafter, 50 μl 10 mM oxaloacetate was added 
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and samples were read for 1 min at 412 nm. Data was acquired with a Spectra Max plus 

(Molecular Devices, Sunny-vale, CA) and SoftMax Pro software, according to the 

manufacturer’s protocol.

2.5. Seahorse XF-24 metabolic flux analysis

For the Seahorse in vitro mitochondrial respiration studies, 25,000 human fibroblast cells/

well were grown in 24-well plates (Seahorse Bioscience, Billerica, MA) with 5% CO2 in a 

37 °C incubator in DMEM supplemented with 10% fetal bovine serum (FBS). The assay 

was performed over time-resolved measurements of a single population of cells over a 

period of hours as previously described (Ledbetter et al., 1981). Mitochondrial function 

parameters were evaluated by basal respiration, ATP turnover rate, proton leak and maximal 

and spare respiratory capacity measurements.

The cellular bioenergetic profiles were measured by serial injections of oligomycin (1 μM 

final concentration, which blocks ATP synthase to assess respiration required for ATP 

turnover), FCCP (carbonyl cyanide 4-trifluoromethoxy-phenylhydrazone, 1 μM final 

concentration, a proton ionophore which induces chemical uncoupling and maximal 

respiration), and rotenone plus antimycin A (1 μM final concentration of each, which 

completely inhibits electron transport to measure non-mitochondrial respiration). The data 

were normalized to the total protein in each well. The OCR and ECAR values were 

determined from 3 wells per sample and experiments were replicated.

2.6. Bioenergetics: Mitochondrial membrane potential

Cultured patient myoblasts were plated in 35 mm dishes with ConA-laminin coated cover 

glasses (MatTek Corp, Ashland, MA) and were rinsed with a HEPES-buffered salt solution 

(HBSS) containing 120 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 15 mM 

glucose, 20 mM HEPES, 10 mM NaOH, and 0.001% phenol red, pH 7.2–7.4. Cells were 

incubated with the mitochondrial membrane potential (ΔΨm) sensitive probe rhodamine 123 

for 30 min in the dark at room temperature. Fluorescent illumination was provided by a 150-

W xenon arc lamp, and band-specific filters were used for excitation (ex: 490 nm, 

diachronic: 580 nm, em: 530 nm). In order to produce maximal loss of ΔΨm, the cultures 

were first incubated with rhodamine 123 for 30 min and thereafter challenged with 5 μM 

FCCP. Images were acquired with a 12-bit digital CCD camera (Photometrics, Tucson, AZ). 

Pseudocolor representations were generated digitally using Metafluor 4.0 imaging software 

(Universal Imaging, West Chester, PA). Data were collected at 5–10 s intervals. Total cells 

analyzed included: 30 control A cells, 31 R155H cells, 64 control B cells, and 47 R155S 

cells.

To determine mitochondrial membrane potential by immunohistochemistry, cultured live 

human myoblasts were stained with JC-1 antibody (Life Technologies, Carlsbad, CA). 

Briefly, cells were seeded onto chamber slides and stained with the mitochondrial membrane 

potential probe JC-1 (a cationic carbocyanine mitochondrial dye) for 45 min at 37 °C. Cells 

were then washed with warm DMEM and mounted with DAPI hard set mounting medium 

(Vector Labs, Burlingame, CA). Slides were analyzed by fluorescence microscopy (Carl 

Zeiss Microscope).
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2.7. Determination of cellular energy state ATP levels

Levels of ATP were determined in VCP patient myoblasts and fibroblasts and mouse 

myoblasts versus controls as per manufacturer’s instructions (Life Technologies, Carlsbad, 

CA). Briefly, standard reaction solutions were prepared (100 ul) for each sample reaction 

(emission maximum ~560 nm at pH 7.8). A standard curve was generated for a series of 

ATP concentrations and used in calculating the amount of ATP in each experimental sample.

2.8. Statistical analyses

Means were used as summary statistics for all experiments. We compared the above 

experiments – including immunocytochemical, Western blot and in vitro studies – in patient 

fibroblasts, myoblasts, and WT, VCPR155H/+, and VCPR155H/R155H mice myoblasts with 

mixed model analysis of variance and pair-wise t-tests. For Seahorse XF-24 metabolic and 

ATP content analyses, 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.

3. Results

3.1. VCP human fibroblasts illustrate increased pathology and decreased ATP

Upon examination of the VCPR155H/+ and VCPR155H/R155H mouse fibroblasts, we 

subsequently explored patient VCP fibroblasts to understand the pathology of VCP disease 

in vitro. The autophagy pathway is dysregulated in VCP disease, hence, we performed 

immunocytochemistry with LC3-I/II (Fig. 1A), p62/SQSTM1 (Fig. 1B), ubiquitin (Fig. 1C), 

and TDP-43-specific (Fig. 1D) antibodies to evaluate any protein expression differences in 

VCP patient fibroblasts. We discovered that the following markers were increased: LC3, 

p62/SQSTM1, and ubiquitin in VCP patient fibroblasts compared to age- and disease-

matched control fibroblasts (Fig. 1A–C). Interestingly, we also observed translocation of the 

TDP-43 into the cytoplasmic of patient fibroblasts, this being considered the hallmark of 

pathology in VCP and related neurodegenerative disorders (Fig. 1D). Additionally, we 

stained the patient VCP fibroblasts with JC-1, a mitochondrial membrane marker, and found 

a decreased membrane potential (Fig. 1E). Western blot for protein determination illustrated 

increased expression levels for LC3-I/II, p62/SQSTM1, ubiquitin and TDP-43 in VCP 

patient versus control fibroblasts (Fig. 1F). Interestingly, we detected significantly decreased 

ATP levels in our VCP patient versus control fibroblasts (Fig. 1G).

3.2. VCP human fibroblasts show decreased spare respiratory capacity

Recent data indicate that mitochondrial dysfunction is an initial event underlying the 

development and progression of several neurodegenerative disorders. Seahorse technology 

has been used to assess mitochondrial dysfunction in several diseases (Ho et al., 2012; 

Jarrett et al., 2013) and was performed as previously described (Ledbetter et al., 1981). The 

rate of oxygen consumption (OCR), an indicator of mitochondrial respiration and the 

extracellular acidification rate (ECAR), a measure of lactic acid formed during glycolytic 

energy metabolism, were both measured with a Seahorse XF-24 flux analyzer (Fig. 2A). The 

OCR and ECAR measurements in cells are related to the flux through catabolic pathways 
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utilized in ATP synthesis rates that occur in response to changes in ATP consumption. Our 

bioenergetic data in VCP human fibroblasts indicates decreased spare respiratory capacity 

(Fig. 2B,D), a measurement of additional ATP that can be produced by oxidative 

phosphorylation in stressful conditions; and increased ECAR levels (Fig. 2C), which 

represent glycolysis, and elevated proton leak (Fig. 2E) compared with age- and sex-

matched unaffected first degree relatives. These results suggest that mutations in VCP affect 

the mitochondria’s ability to produce ATP, thereby increasing the cells’ glycolysis levels.

3.3. Mitochondrial membrane potential is unchanged, but mitochondrial enzyme proteins 
and activities are upregulated in patient VCP myoblasts

Defective mitochondrial functions are commonly observed in several disorders including 

human muscle diseases. First, we stained our VCP patient myoblast (421/07) lines with 

autophagy markers to assess pathology and observed co-localization with ubiquitin and p62/

SQSTM1 (Fig. 3A), VCP and LC3-I/II (Fig. 3B), and VCP and TDP-43 (Fig. 3C). 

Additionally, we stained the patient VCP myoblasts with JC-1, a mitochondrial membrane 

marker, and found a decreased membrane potential (Fig. 3D). Protein expressions for LC3, 

p62/SQSTM1, TDP-43, were examined and showed increased levels in VCP patient versus 
control myoblasts (Fig. 3E). Interestingly, the protein expression levels of complexes I–V 

were also significantly increased in the VCP patient versus control myoblasts (Fig. 3E).

Next, we evaluated whether mitochondrial functions were affected in cultured VCP patient 

myoblasts by determining the mitochondrial membrane potential (ΔΨm) using rhodamine 

123. This positively charged probe partitions across membranes as a function of potential 

differences. To induce rapid mitochondrial depolarization, we used carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP). When the cultured myoblasts were incubated 

with rhodamine 123 and exposed to 5 μM FCCP, an abrupt increase in cytoplasmic 

fluorescence was observed in both control and mutant cell lines indicating the abruption and 

full loss of ΔΨm. To analyze if there is a difference between VCP and control cells in 

responding to FCCP-induced mitochondrial depolarization, we measured the peak ratios 

(after adding FCCP) and baseline (before adding FCCP) of rhodamine 123 fluorescence. 

Our results obtained from these analyses showed no significant difference in the 

mitochondrial ΔΨm between two VCP patients and two control cell lines studied (Fig. 3G).

Although the mitochondrial ΔΨm was not significantly different between patient and control 

myoblasts, we could not rule out possible differences in the enzyme activities of 

mitochondrial complexes. For this purpose, we measured the activities of complexes II + III 

and IV. They were readily measured by following the oxidation of reduced cytochrome c at 

550 minus 540 nm (extinction coefficient 19.0 mM−1 cm−1). Specific rates can be calculated 

either from the initial quasi-liner phase of the reaction or by estimation of first-order rate 

constants. The assay of citrate synthase follows the reduction of 5,5′-dithiobis (2-

nitrobenzoic acid, DTNB) at 412 minus 360 nm (extinction coefficient 13.6 mM−1 cm−1), 

coupled to the reduction of CoA by the citrate synthase reaction in the presence of 

oxaloacetate. The complex activities were normalized with the activities of the citrate 

synthase. Interestingly, the complex II + III activity was 4.4 times higher and complex IV 

1.7 times higher in the patient cell line when compared to the values of the control cell line 
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(Fig. 3G). There were no significant differences observed in complex I activity levels 

between the controls versus VCP patient myoblasts (Fig. 3F).

3.4. ATP levels are decreased in patient VCP myoblasts

To further analyze the basal cellular ATP levels, determined by the rates of ATP production 

(oxidative phosphorylation and glycolysis) and consumption, we monitored ATP levels in 

our VCP patient versus control myoblasts (Fig. 3H). ATP levels were significantly lower in 

VCP patient versus control myoblasts, possibly suggesting that VCP deficient cells generate 

less ATP.

3.5. Characterization of VCP mouse myoblast shows pathological phenotype

Since the autophagy pathway is dysregulated in VCP disease, we performed 

immunocytochemistry on VCP myoblasts using autophagy markers including LC3-I/II and 

p62/SQSTM1 to evaluate any protein expression differences (Fig. 4B,C). In comparison to 

the age-matched controls, we observed increased levels of autophagy markers LC3-I/II and 

p62/SQSTM1 in the VCPR155H/+ and VCPR155H/R155H animals as compared to WT 

littermates. Interestingly, TDP-43, a transcriptional factor used in assessing pathology when 

translocated to the cytoplasm was not found to be translocated in the 3-week old 

VCPR155H/+ and VCPR155H/R155H fibroblasts (Fig. 4D). We detected decreased levels of 

JC-1 mitochondrial membrane potential in our VCP heterozygote and homozygotes 

myoblasts as compared to the Wild Type myoblasts (Fig. 4E). Protein expressions for LC3, 

p62/SQSTM1, TDP-43 were examined and demonstrated increased levels in VCP mouse 

(heterozygote and homozygote) versus Wild Type myoblasts (Fig. 4F). Interestingly, the 

protein expression levels of complexes I-–V were also significantly increased in the VCP 

heterozygote and homozygote myoblasts as compared to Wild Type (Fig. 4F). Lastly, we 

discovered decreased levels of ATP in the VCP mouse myoblasts (both heterozygous and 

homozygous) versus Wild Type myoblasts (Fig. 4G).

4. Discussion

VCP multisystem proteinopathy (MSP) is caused by mutations in the VCP gene and results 

in a variety of clinical symptoms including primarily proximal myopathy, Paget disease of 

the bone, and Frontotemporal Dementia (FTD) (Watts et al., 2004). To date, several disease 

mutations have been reported, all of which are missense mutations causing an amino acid 

change in the N-terminal part of the polypeptide. The high evolutionary conservation 

suggests an important role for the VCP protein in the normal cellular functions. This is 

further supported by the finding that homozygous knock-out mice lacking both VCP alleles 

die in early embryogenesis (Muller et al., 2007). Also the transgenic mice overexpressing 

the R155H mutation show muscle weakness and muscle tissue pathology typical of patients 

with VCP disease (Weihl et al., 2007).

We have generated a novel neomycin cassette-free heterozygous knock-in (KI) mouse model 

expressing the common disease-related R155H VCP mutation (VCPR155H/+). This mouse 

model recapitulates the human VCP-associated myopathy including progressive muscle, 

bone, spinal cord and brain pathologies (Nalbandian et al., 2013; Yin et al., 2012), 
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manifesting increased TDP-43, ubiquitin, autophagy and mitochondrial pathologies. The 

R155H (VCPR155H/R155H) mouse model expressing two mutant alleles exhibits progressive 

weakness and accelerated pathology in skeletal muscle, spinal cord, brain, and heart prior to 

their early demise at 21 days of age. These mice are a useful model providing us with a 

high-throughput screening platform with which to test potential therapies. Within a short 

period of time, we can obtain valuable in vivo data about whether a treatment would be 

effective for VCP-associated diseases. These mice are also ideal for examining key cellular 

and molecular interactions as well as signaling transduction pathways underlying VCP-

related diseases.

The pathological mechanisms resulting in the clinical and cellular features in the muscle 

tissues of human and mouse are still to be resolved. Therefore, we have started analyzing 

human and mouse fibroblast and myoblast cell lines expressing the mutant VCP at an 

endogenous level. By analyzing these cells that express the protein of interest at a 

physiological level we can exclude the possibility of overexpression artifacts and the 

influence of transfection treatments.

Impairment of the autophagy cascade for protein degradation and mitochondrial dysfunction 

have been implicated in VCP-associated disease (Ju et al., 2008, 2009; Kim et al., 2013; 

Tresse et al., 2010; Vesa et al., 2009), as well as other neurodegenerative diseases such as 

Parkinson’s disease, Huntington’s, Alzheimer’s and ALS (Batlevi and La Spada, 2011; Choi 

et al., 2013; Komatsu et al., 2006a, 2006b; Levine and Kroemer, 2008; Malicdan and 

Nishino, 2012; Malicdan et al., 2007; Masiero et al., 2009, 2012; Raben et al., 2007; 

Rabinowitz and White, 2010; Schiaffino et al., 2008; Son et al., 2012; Vesa et al., 2009; 

Wang et al., 2012). The dysfunction of autophagy in VCP-associated disease is a failure of 

the autophagosomes to fuse with the lysosome, thus causing autophagosome accumulation 

(Ju et al., 2009). VCP participates in the formation of ubiquitinated endocytic 

autophagosomes and this failure leads to a buildup of vacuoles in the muscle tissue of VCP-

associated disease patients (Ju and Weihl, 2010; Weihl et al., 2006). In our study, we 

detected increased levels of TDP-43, ubiquitin, LC3, and p62/SQSTM1, indicative of 

defective autophagy. Mitophagy is a form of autophagy that selectively targets damaged 

mitochondria causing mitochondria dysfunction, damage and production of toxic reactive 

oxygen species (ROS) (Sentelle et al., 2012; Wallace, 2005). We have previously shown that 

the VCPR155H/R155H homozygote mouse muscle have mitochondrial proliferation and 

architecture with megaconia and disrupted cristae and mitochondrial respiratory chain 

dysfunction (Nalbandian et al., 2012). We are currently investigating this process in VCP 

disease to assess its biophysical and functional role.

Mitochondrial membrane potential is an indicator of cellular mitochondrial health and 

function. Our findings showed no significant difference in the mitochondrial ΔΨm between 

two VCP patients and two control cell lines studied, however, showed a decrease in JC-1 

immunohistochemical staining of patient fibroblasts and myoblasts. The mitochondrial 

respiratory chain (MRC) is composed of five protein complexes (I–V) and two small 

electron carriers ubiquinol and cytochrome C. Complexes I, III and IV produce an 

electrochemical proton gradient across the mitochondrial inner membrane (MIM) driving the 

ATP synthesis by complex V. Interestingly, in our study, we found increased complexes I–V 
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protein expression levels, possibly suggestive of a block in the mitochondrial respiratory 

chain. Remarkably, this corroborates with the low levels of ATP production in the VCP 

patient myoblasts and fibroblasts versus controls. Similar results were also observed in the 

VCP heterozygote and homozygote myoblasts versus Wild Type controls. These results 

suggest that mutations in VCP affect the mitochondria’s ability to produce ATP, thereby 

increasing the cells’ glycolysis levels. Our findings are in accordance with a previously 

reported study by Bartolome et al. (2013) illustrating low membrane potential and ATP 

levels in VCP deficient cells (Bartolome et al., 2013).

This paper investigates dysregulated mitochondrial bioenergetics and proposes a mechanism 

by which pathogenic VCP mutations lead to VCP disease. These studies may provide an 

understanding of the physiopathology and the promise of new pharmacologic avenues for 

interventions and treatments for VCP and related neurodegenerative diseases. Future 

physiological and biochemical experiments will be necessary to examine the crosstalk 

between mitochondrial dysfunction and autophagosome formation, autophagy and 

mitophagy pathways in VCP disease.

5. Conclusions

Despite intense investigations, the discovery of effective therapies and the disease 

mechanisms underlying VCP-associated myopathies and neurodegenerative disorders 

remains elusive. To understand the pathological mechanisms underlying the myopathy of 

VCP disease, we studied cellular consequences of VCP mutations in patient fibroblast and 

mouse primary myoblast cell lines and found changes in their mitochondrial dynamics and 

bioenergetics. These findings highlight pathophysiological events that may occur in VCP 

disease and may ultimately pave the way towards promising therapeutics in VCP and related 

multisystem proteinopathies.

Acknowledgments

We thank the families and their physicians as well as our many collaborators for their contributions to this work. 
Human fibroblasts and myoblast cultures were obtained from patients under IRB Protocol# 2007-5832. Myoblast 
cultures were also obtained from the Muscle Tissue Culture Collection, a partner of Eurobiobank 
(www.eurobiobank.org) at the Friedrich-Baur-Institute (Department of Neurology, Ludwig-Maximilians-University, 
Munich, Germany) (MD-NET, service structure S1, 01GM0601) funded by the German ministry of education and 
research (BMBF, Bonn, Germany).

Funding

This work was supported by National Institutes of Health (NIH) grants R01, R21 and Muscular Dystrophy 
Association (MDA) 175682 to VEK. Clinical evaluations were performed in the GCRC at Boston Children’s 
Hospital (Boston, MA), and at the ICTS at University of California, Irvine (Irvine, CA) and University of Kentucky 
(Lexington, KY).

Abbreviations:

MSP multisystem proteinopathy

VCP valosin containing protein

Nalbandian et al. Page 9

Mitochondrion. Author manuscript; available in PMC 2020 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.eurobiobank.org


IBMPFD inclusion body myopathy associated with Paget’s disease of the bone 

and frontotemporal dementia

ALS amyotrophic lateral sclerosis

ETC mitochondrial electron transport chain

OCR oxygen consumption rate

ECAR extracellular acidification rate

ATP adenosine triphosphate
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Fig. 1. 
Immunocytochemical analyses of autophagy markers in human fibroblasts affected with 

VCP disease and controls. Immunocytochemical staining of control and patient VCP 

fibroblasts with (A) LC3-I/II, (B) p62/SQSTM1, (C) Ubiquitin and (D) TDP-43 showing 

increased staining suggestive of disrupted autophagy pathways. (E) Staining of human 

fibroblasts with JC-1, a mitochondrial membrane potential marker. (Magnification 630×) 

White arrows pointing to increased protein expression levels of LC3, p62/SQSTM1, 

ubiquitin and TDP-43 and decreased expression levels of JC-1 in patient fibroblasts. (F) 

Western blot protein expression analysis of LC3, p62/SQSTM1, ubiquitin and TDP-43 

antibodies in patient fibroblasts. Alpha tubulin was used as a loading control. (G) Levels of 

ATP (nmol/mg soluble protein) were determined in the control and patient fibroblasts. 

Statistical significance is denoted by *p ≤ 0.05.
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Fig. 2. 
Seahorse XF-24 metabolic flux analyses in fibroblasts from patients affected with VCP 

disease and controls. (A) Seahorse Bioscience analysis of cellular bioenergetics assay 

approach (measurements of glycolysis and mitochondrial function). The Seahorse 

Bioscience analysis comprised of measuring (B) % oxygen consumption rate (OCR), (C) % 

extracellular acidification rate (ECAR), (D) spare respiratory capacity and (E) proton leak in 

controls 1 and 2 and VCP patient fibroblast samples 1–4.
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Fig. 3. 
Measurements of mitochondrial membrane potential, enzyme complex activities, and ATP 

levels in VCP patient myoblasts. Immunocytochemical staining of control myoblasts versus 
patient myoblasts (421/07) stained with (A) ubiquitin and p62/SQSTM1, (B) VCP and LC3, 

(C) VCP and TDP-43 (magnification 400×), and (D) JC-1 (mitochondrial membrane 

potential marker) (magnification 630×). White arrows pointing to increased protein 

expression levels of ubiquitin and p62/SQSTM1, VCP and LC3, VCP and TDP-43, and 

decreased expression levels of JC-1 in patient myoblasts. (E) Western blot protein 

expression analyses of LC3, p62/SQSTM1, TDP-43, and complexes I–V in VCP patient and 

control myoblasts. Alpha tubulin was used as a loading control. (F) Complex I activity levels 

in VCP patient and control myoblasts. (G) Comparison of mitochondrial ΔΨm in the control 

and patient myoblasts after the maximal loss of the mitochondrial ΔΨm produced by FCCP. 

The peak/basal (Fx/Fo) ratio of rhodamine 123 fluorescence was measured at baseline 

(before adding FCCP) and peak (upon addition of FCCP). Results are presented as relative 

values compared to the values of control A. Data are normalized by the citrate synthase 

activity. (H) Levels of ATP (nmol/mg soluble protein) were determined in the control and 

VCP patient myoblasts. Statistical significance is denoted by *p ≤ 0.05.
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Fig. 4. 
DIC images and immunocytochemical analyses of autophagy markers in Wild Type, 

VCPR155H/+, and VCPR155H/R155H myoblasts. (A) DIC images of myoblasts from WT, 

VCPR155H/+ and VCPR155H/R155H mice. Immunocytochemical staining of WT, VCPR155H/+ 

and VCPR155H/R155H fibroblasts with (B) LC3-I/II, (C) p62/SQSTM1, (D) TDP-43, and (E) 

JC-1 mitochondrial membrane potential marker (magnification 630×). White arrows 

pointing to increased protein expression levels of LC3-I/II, p62/SQSTM1, ubiquitin and 

TDP-43, and decreased expression levels of JC-1 in mouse myoblasts. (F) Western blot 

expression analyses of mouse myoblasts with LC3, p62/SQSTM1, ubiquitin and TDP-43 

antibodies. Alpha tubulin was used as a loading control. (G) Levels of ATP (nmol/mg 

soluble protein) were determined in the control and VCP mouse myoblasts.
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