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Introduction

Macroautophagy (hereafter autophagy) is a catabolic process in 
which sequestered cytosolic components are delivered to a spe-
cialized compartment for degradation by lysosomal hydrolases. 
Substrates, including proteins and organelles, are initially seques-
tered within double membraned, immature autophagic vesicles 
that are not acidified and do not contain lysosomal hydrolases. 
Early studies appreciated that delivery of lysosomal hydrolases 
occurs via fusion with lysosomes.1 As this process has been eluci-
dated, it has become apparent that autophagosome maturation is 
a complex sequential, step-wise process that involves fusion with 
multiple components of the endolysosomal system to produce 
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autolysosomes with degradative capacity.2 This maturation pro-
cess is incompletely understood at present, but the molecular play-
ers are rapidly becoming elucidated. For example, it has become 
evident that components of the ESCRT complex machinery are 
essential to autophagosome maturation, either in the process of 
autophagosome closure, fusion with target vesicles, or both.2,3 
Several members of the Rab family of small GTPases, which 
regulate most if not all membrane trafficking pathways, play 
important roles at several steps of autophagosome maturation.4,5 
It is likely that autophagosome maturation also involves soluble 
N-ethylmaleimide-sensitive factor attachment protein receptors 
(SNARE) proteins that drive membrane fusion through a pro-
cess regulated by N-ethylmaleimide-sensitive factor (NSF).6 As 
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impairment of either the ubiquitin-proteasome system (UPS) 
or of autophagy.19 A well-characterized function of VCP is its 
involvement in ubiquitin-dependent degradation by the ERAD 
and UFD pathways and, indeed, expression of dominant nega-
tive VCP (VCP-DN) strongly impairs these pathways. It has been 
suggested that mutations that cause IBMPFD impair ERAD, 
but this speculation is based on the observation that a mutant 
form of cystic fibrosis transmembrane conductance regulator 
(CFTR ∆508) is present at higher levels in cells co-transfected 
with mutant VCP.20 This result is difficult to interpret, however, 
since the CFTR ∆508 mutant is also degraded by autophagy.21,22 
To address the impact of disease-causing VCP mutations on 
proteasome-dependent degradation more specifically, we turned 
to another approach. We used reporter cells stably expressing 
UbG76V-YFP that provide a fluorescent signal that is highly sensi-
tive to impairment of the UFD pathway of proteasomal degra-
dation.23 As expected, these cells show impairment of the UFD 
pathway in response to expression of VCP-DN (Fig. 1A–C and 
Suppl. Fig. 1). However, there was no impairment of the UFD 
pathway in cells expressing the disease-associated mutants VCP-
R155H or VCP-A232E (Fig. 1A–C and Suppl. Fig. 1). We used 
a second reporter cell line that expresses CD3d-YFP that pro-
vides a fluorescent signal that is highly sensitive to impairment 
of the ERAD pathway of proteasomal degradation.24 The ERAD 
pathway is impaired in cells expressing VCP-DN as expected 
but, again, there was no impairment of the ERAD pathway in 
cells expressing the disease-associated mutants VCP-R155H or 
VCP-A232E (Fig. 1D–F). Thus we find no evidence that dis-
ease-causing mutations in VCP impair its ability to support ubiq-
uitin-dependent degradation by the proteasome.

VCP is essential for autophagosome maturation. In order to 
monitor the process of autophagosome maturation, we generated 
mouse embryonic fibroblasts (MEFs) stably expressing the tan-
dem tagged, fluorescent reporter mCherry-EGFP-LC3b.25 This 
reporter consists of a fusion protein of the fluorescent proteins 
mCherry, enhanced green fluorescent protein (EGFP) and micro-
tubule-associated 1 light chain 3 isoform b (LC3b), a membrane-
associated marker of autophagic vesicles. At neutral pH both 
mCherry and EGFP emit fluorescence and LC3-positive vesicles 
appear yellow in merged images. Since EGFP is pH-sensitive, at 
acidic pH only mCherry emits fluorescence and LC3-positive 
vesicles appear red. Thus, these reporter cells permit monitor-
ing of autophagosome maturation since the fluorescence emis-
sion spectra changes during acidification. In untreated cells, or in 
cells transfected with nontargeting siRNA, the predominate type 
of LC3 vesicles present are small red foci indicative of mature 
autolysosomes, although some small yellow vesicles indicative of 
immature autophagosomes are also present (Fig. 2A and B). By 
contrast, RNAi-mediated knockdown of Rab7, a protein required 
for autophagosome maturation,4 results in significant accumula-
tion of yellow foci, indicative of immature autophagosomes (Fig. 
2A and B). We also observe a significant accumulation of imma-
ture autophagosomes following RNAi-mediated knockdown of 
VCP, indicating that this protein is also involved in autophago-
some maturation (Fig. 2A and B). Here we use the term “matu-
ration” to indicate the processes that occur after autophagosome 

the process of autophagosome maturation is further illuminated, 
additional molecular players in the process will undoubtedly 
become apparent.

VCP (p97 in mouse, TER94 in Drosophila melanogaster, and 
CDC48 in Saccharomyces cerevisiae) is a highly conserved AAA+-
ATPase that regulates a wide array of cellular processes.7 VCP is 
a 97 kD protein composed of an N-terminal domain followed by 
tandem ATPase domains. VCP functions as a homo-hexameric 
ring formed by the ATPase domains with the N-terminal domain 
oriented outward to permit interaction with adapter proteins. 
Hydrolysis of ATP drives a conformational change in VCP and 
this is required for VCP function.8 A catalytically dead mutant 
version of VCP, generated by mutations that impair both ATPase 
domains (E305Q/E578Q), functions as dominant negative when 
expressed exogenously and has been extensively used to interro-
gate VCP function.9 VCP coordinates a number of ubiquitin-
regulated processes through its ability to segregate ubiquitinated 
substrates from unmodified partners.7 VCP is essential to some 
aspects of ubiquitin-dependent proteasomal degradation includ-
ing endoplasmic reticulum-associated degradation (ERAD),10,11 
degradation of some cytosolic proteins by the ubiquitin-fusion 
domain (UFD) pathway,12 and rapid degradation of nascent 
peptides during heat shock.13 VCP is also essential to some non-
proteolytic aspects of ubiquitin signaling, including chromatin 
decondensation following mitosis,14 nuclear envelope formation15 

and homotypic membrane fusion during biogenesis of the ER 
and Golgi apparatus.16

Mutations in VCP cause a dominantly inherited, multisystem 
degenerative disorder characterized by inclusion body myopathy, 
frontotemporal dementia and Paget disease of bone (also known 
as IBMPFD) (reviewed in ref. 17). The pathology of this disorder 
is characterized by extensive accumulation of ubiquitin conju-
gates in affected tissues, suggesting impairment of protein degra-
dation pathways. In addition, the muscle pathology in IBMPFD, 
which is the best characterized aspect of this disease, shows accu-
mulation of numerous vacuoles; a defining feature of IBMPFD-
related myopathy is the accumulation of large, ubiquitin-positive 
“rimmed vacuoles” of uncertain origin.18 The molecular basis for 
pathogenesis in IBMPFD is unknown. In this study, we show 
that VCP mutations that are causative for IBMPFD do not cause 
detectable impairment in ubiquitin-dependent degradation by 
the proteasome, but do impair maturation of ubiquitin-contain-
ing autophagosomes. Further, we show that myoblasts derived 
from IBMPFD patients show abnormal accumulation of large 
LAMP-1- and LAMP-2-positive vacuoles and LC3-II protein 
consistent with a defect in autophagy. This study strongly sug-
gests that defective autophagy contributes to IBMPFD including 
the pathological accumulation of ubiquitin conjugates.

Results

Disease-associated mutations in VCP do not impair ubiquitin-
dependent degradation by the proteasome. A prominent char-
acteristic of the pathology in IBMPFD is the accumulation of 
ubiquitin conjugates in affected tissues. This implies a defect 
in turnover of ubiquitinated proteins and could result from 
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Figure 1. Disease-associated VCP mutants do not cause a general impairment of ubiquitin-dependent proteasomal degradation. (A) Mel Juso cells 
stably expressing the ubiquitin fusion degradation (UFD) substrate UbG76V-YFP were transiently transfected with expression vectors encoding GFP-
tagged wild-type VCP (VCP-wt), VCP-R155H, VCP-A232E and dominant negative VCP (VCP-DN). The VCP-wt and disease-associated mutants did not 
cause accumulation of the UbG76V-YFP substrate in contrast to the VCP-DN mutant. As a control, untransfected UbG76V-YFP Mel Juso cells were treated 
for 6 hrs with 10 µM of the proteasome inhibitor MG132. Scale bars equal 50 µm. (B) Quantification of the YFP fluorescence in UbG76V-YFP Mel Juso cells 
expressing wt and mutant VCPs. Values were normalized for the fluorescence intensity of untransfected cells. VCP-DN caused a significant increase 
in UbG76V-YFP levels (**unpaired t test, p < 0.001). Error bars represent standard deviation (n = 30–150 cells). (C) Scatter plots of the YFP and GFP levels 
in UbG76V-YFP Mel Juso cells expressing GFP-tagged wt and mutant VCPs. (D) Mel Juso cells stably expressing the ERAD substrate CD3δ-YFP were tran-
siently transfected with expression vectors encoding GFP-tagged VCP-wt, VCP-R155H, VCP-A232E and VCP-DN. The VCP-wt and disease-associated 
mutants did not cause accumulation of the CD3δ-YFP substrate whereas the VCP-DN mutant caused a general increase in CD3δ-YFP levels. Scale bars 
equal 50 µm. Error bars represent standard deviation. (E) Quantification of the YFP fluorescent values in CD3δ-YFP Mel Juso cells expressing wt and 
mutant VCPs. VCP-DN caused a significant increase in CD3δ-YFP levels (**unpaired t test, p < 0.001). Error bars represent standard deviation (n = 30–150 
cells). (F) Scatter plots of the YFP and GFP levels in CD3δ-YFP Mel Juso cells expressing GFP-tagged wt and mutant VCP.
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accumulates when autophagy is impaired. VCP knockdown 
results in ∼3.5-fold accumulation of p62 (Fig. 2C and D) thus 
further implicating VCP in autophagy.

formation, through acidification, including fusion-dependent 
processes. To corroborate this autophagy defect, we monitored 
the level of p62, a protein that is degraded by autophagy and 

Figure 2. RNAi knockdown of VCP impairs autophagosome maturation. (A) mCherry-EGFP-LC3b stable MEFs transfected with nontargeting, Rab7 
or VCP siRNA. Scale bars equal 10 µm. (B) Quantification of autophagosomes and autolysosomes under basal conditions in cells transfected with 
nontargeting or VCP-targeting siRNA. *indicates p < 0.01; n.s. indicates non-significant difference, error bars indicate standard errors. (C) Immunoblot 
against VCP, p62 and tubulin in non-targeting and VCP-targeting siRNA in MEFs. p62 and tubulin were observed simultaneously using a Li-Cor Odyssey 
system. (D) Quantification of p62 normalized against tubulin in cells transfected with nontargeting, VCP-targeting or Rab7-targeting siRNA. *indicates 
p < 0.01; **p < 0.001; error bars indicate standard deviation from triplicates.
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Disease-associated mutations in VCP lead to accumulation 
of autophagosomes that are laden with ubiquitin. The pathol-
ogy of IBMPFD is characterized by accumulation of ubiquitin 
conjugates indicative of a defect in protein degradation. We 
found no evidence of a defect in the ERAD and UFD pathways 
of proteasomal degradation in cells expressing disease-associated 
mutant VCP (Fig. 1). However, we did find VCP to be essential 
for autophagosome maturation under basal conditions (Figs. 2 
and 3) and following challenge with the proteasome inhibitor 
epoxomicin, but not under starvation conditions (Suppl. Fig. 
3). Thus, we reasoned that VCP might be particularly impor-
tant to clearance of ubiquitinated substrates by autophagy. We 
immunostained cells for ubiquitin and observed that wild-type 
MEFs rarely show ubiquitin-positive, LC3-positive vesicles, even 
when autophagosomes accumulate in response to Bafilomycin A 
or starvation (Fig. 5A). By contrast, the majority of vesicles that 
accumulate in mutant VCP-expressing cells contain ubiquitin-
positive material in their lumen (Fig. 5B and C; and see Suppl. 
Fig. 5 for higher magnification). These results suggest that defec-
tive maturation of ubiquitin-containing autophagosomes may 
account for the pathology characteristic of IBMPFD.

IBMPFD patient myoblasts show accumulation of large 
LAMP-1- and LAMP-2-positive vacuoles. To determine whether 
autophagy impairment was present in patients with IBMPFD, 
we studied myoblasts derived from IBMPFD patients carrying 
R155H or R155S mutations and compared these to myoblasts 
derived from normal individuals. In normal myoblasts, LAMP-1 
and LAMP-2 staining associates with numerous small, vesicles as 
expected (Fig. 6A and Suppl. Fig. 6). By contrast, in myoblasts 
derived from IBMPFD patients, nearly all cells showed accu-
mulation of very large LAMP-1- and LAMP-2-positive vacuoles 
(Fig. 6A and Suppl. Fig. 6). Furthermore, LC3-II accumulates in 
myoblasts derived from IBMPFD patients, providing further evi-
dence of an autophagy defect (Fig. 6B). Combined with the pre-
ceding data, these findings strongly suggest that disease-causing 
mutations in VCP lead to autophagy impairment that contributes 
to the pathogenesis of IBMPFD. Endogenous VCP did not asso-
ciate with the membranes of these LAMP-positive vacuoles (Fig. 
6A) consistent with our observation that exogenous VCP/p97 
expressed in MEFs did not associate with membranes (Suppl. 
Fig. 2). However, we cannot exclude the possibility that VCP/
p97 associates with autophagosome or lysosomal membranes 
transiently or at some low level in a way that is functionally sig-
nificant as it does with membranes of the nuclear envelope, endo-
plasmic reticulum and the Golgi apparatus.

Discussion

These data indicate that VCP is essential for proper matura-
tion of autophagosomes under basal conditions and in the 
setting of proteasome impairment, but not in the setting of 
starvation. Furthermore, the autophagosomes that accumulate 
due to impaired VCP function contain ubiquitin-positive con-
tents. Thus, it appears that VCP may be selectively required for 
autophagic degradation of ubiquitinated substrates. Importantly, 
disease-associated mutations in VCP also lead to defective 

Disease-associated mutations in VCP impair autophagy mat-
uration. We next sought to determine whether disease-associated 
mutations of VCP impair autophagy. Expression of VCP-DN 
in mCherry-EGFP-LC3b reporter MEFs, but not expression 
of wild-type VCP, resulted in accumulation of increased num-
bers of yellow foci consistent with an accumulation of imma-
ture autophagosomes (Fig. 3A and B). In addition, we observed 
accumulation of numerous large vacuoles over 1.5 µm in diam-
eter consisting of a yellow ring surrounding a red lumen consis-
tent with abnormal, partially acidified autophagic vesicles that 
was only rarely observed in cells transfected with empty vector 
or wild-type VCP (Fig. 3A, C and D). Neither wild-type nor 
mutant VCP was observed to associate with LC3-positive vesicles 
(Suppl. Fig. 2). Moreover, cells expressing mutant VCP accu-
mulate p62 as shown by western blot analyses consistent with a 
defect in clearance of this protein by autophagy (Fig. 3E and F). 
Thus, disease-associated VCP mutations also impair autophago-
some maturation, suggesting that a defect autophagy may con-
tribute to pathogenesis in IBMPFD.

The experiments described above were performed in basal 
conditions. We next sought to evaluate whether VCP is required 
for autophagosome maturation under different conditions of 
autophagy induction. Interestingly, we observed that expression 
of VCP-DN or disease-associated versions of VCP did not impair 
autophagosome maturation under starvation conditions; although, 
as expected, autophagosome maturation during starvation was 
impaired by treatment with the drug bafilomycin (Suppl. Fig. 3). 
In contrast, similar to the results under basal conditions, expres-
sion of VCP-DN or disease associated versions of VCP did impair 
autophagosome maturation in cells challenged with the protea-
some inhibitor epoxomicin (Suppl. Fig. 3). These results indicate a 
conditional requirement for VCP in autophagosome maturation.

Mutant forms of VCP impair autophagosome maturation at 
a late stage after acidification and delivery of lysosomal hydro-
lases. The appearance of abnormal, large autophagic vacuoles 
with a yellow rim surrounding a red lumen implies the accumu-
lation of autophagosomes that are at least partially acidified. To 
confirm this suspicion, we co-transfected MEFs with GFP-LC3 
and wild-type or mutant forms of VCP, followed by labeling with 
the acidotrophic dye LysoSensor Blue or the Cathepsin B sub-
strate MR-(RR)2. Cells expressing wild-type VCP did not accu-
mulate LC3-positive vesicles and showed the normal distribution 
and size of lysosomes (Fig. 4). However as we suspected, many 
of the large vacuoles that accumulate in cells expressing mutant 
VCP were LysoSensor Blue-positive indicating that they were 
acidified (Fig. 4). These vesicles also exhibited Cathepsin B pro-
tease activity, which confirmed acidification and indicated that 
these vesicles contain lysosomal protease (Fig. 4). In contrast, the 
vesicles that accumulate following Bafilomycin A treatment were 
smaller and showed no evidence of acidification or Cathepsin 
B activity, as expected (Fig. 4). We conclude that impairment 
of VCP function, including disease-causing mutations in VCP, 
results in defective autophagosome maturation, but is not simply 
a defect in autophagosome-lysosome fusion, since a significant 
number of large, acidified, Cathepsin B-containing vesicles are 
able to form.
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Figure 3 (See opposite page). Defective autophagosome maturation in cells expressing disease-associated VCP mutants. (A) mCherry-EGFP-LC3b 
stable MEFs transfected with the empty vector or expressing VCP-wt, VCP-DN, VCP-R155H or VCP-A232E. Arrows indicate large LC3-positive vesicles. 
Scale bars equal 10 µm. (B) Quantification of autophagosomes (yellow) and autolysosomes (red) per cell under basal conditions. Cells were transfected 
with the empty vector, or with VCP-wt, VCP-DN, VCP-R155H or VCP-A232E. Empty vector transfected cells were also treated with bafilomycin (ev + Baf). 
*indicates p < 0.05; **p < 0.01; ***p < 0.001. Error bars indicate standard errors. (C) Size distribution of autophagic vesicles (AV) in cells transfected with 
wt or mutant forms of VCP. Size is estimated in µm. **indicates p < 0.01. (D) Quantification of the percent of cells containing “extra-large” vesicles (i.e., 
over 1.5 µm diameter) in cells transfected with empty vector, wt-VCP or mutant forms of VCP. Experiment was performed twice in triplicate. (E) Mutant 
forms of VCP lead to accumulation of p62 in HEK293T cells. Western blot against p62/rabbit and tubulin/mouse using a Li-Cor Odyssey system. (F) 
Quantification of p62 western blot. p62 quantification was normalized to tubulin quantity. Error bars indicates standard deviation of three indepen-
dent replicates. **indicates p < 0.01.

Figure 4. The large LC3-positive vesicles that accumulate in cells expressing mutant VCP are acidified and exhibit cathepsin B activity. Cells were 
co-transfected with GFP-LC3 and either wild-type or mutant forms of VCP, and then labeled with acidotrophic dye LysoSensor Blue and Cathepsin B 
substrate MR-(RR)2. As a control, cells expressing VCP-wt were also treated with Bafilomycin A. Arrows indicate large GFP-LC3-positive vesicles that are 
labeled with LysoSensor Blue and MR-(RR)2. Scale bars equal 10 µm. The control for efficiency of co-transfection is shown in Supplemental Figure 4.
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Figure 5. The large LC3-positive vesicles that accumulate in mutant VCP-expressing cells contain ubiquitin-positive material. (A) Cells transfected 
with GFP-LC3 and immunostained with anti-ubiquitin (red) were observed under basal conditions (upper), or after Bafilomycin A treatment (middle) 
or starvation (lower). (B) Cells were co-transfected with indicated plasmid and GFP-LC3 and then immunostained with anti-ubiquitin (red). Scale bars 
equal 10 µm. Arrows indicate LC3-positive vesicles containing ubiquitin-positive material. (C) Graph representing the percentage ubiquitin-containing 
autophagosomes in cells expressing wild-type or mutant VCP. Errors bars represent standard deviations of three independent replicates. **means 
p < 0.005; ***p < 0.001. See Supplemental Figure 4 for analysis of co-transfection efficiency and Supplemental Figure 5 for magnification indicating 
ubiquitin staining is lumenal.
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that caused by mutations in VCP,29 suggesting that these proteins 
may function in a common biological pathway. Mutations in 
CHMP2B cause frontotemporal dementia that shares the same 
type of ubiquitin pathology as that caused by mutations in VCP,30 
suggesting that these proteins may also function in a common 
biological pathway. CHMP2B is a component of the ESCRT-
III complex that regulates the formation of early endosomes. 
Depletion of ESCRT subunits or overexpression of CHMP2B 
proteins inhibits autophagic degradation of ubiquitinated pro-
teins.31 Indeed, VCP may be added to list of proteins found at the 
interface of the endo-lysosomal system and autophagy that are 
associated with neurodegenerative disease.32

It should also be noted that among VCP’s binding partners 
is HDAC6,33 which we previously showed was essential for 
degradation of ubiquitinated protein through autophagy.34,35 
Overexpression of HDAC6 in cells expressing disease mutants 
of VCP partially rescue degradation of ubiquitinated proteins,36 
suggesting that these two proteins work cooperatively in a com-
mon pathway leading to the autophagic clearance of ubiquit-
inated protein.

In conclusion, this study shows that VCP is essential for clear-
ance of ubiquitinated protein by autophagy. It will be of high 
interest to determine if such a phenomenon in an in vivo model 
is reproducible in order to define its role in IBMPFD and develop 
adapted therapeutics.

autophagosome maturation and accumulation of vesicles that 
contain ubiquitin-positive contents. This is in contradistinction 
to a lack of any impairment of the UPS (including the ERAD 
and UFD pathways), suggesting that impaired autophagosome 
maturation is the basis for the accumulation of ubiquitin conju-
gates and ubiquitin-positive vacuoles in IBMPFD. The observed 
defect in maturation of autophagosomes caused by VCP muta-
tions is not simply an impairment of autophagosome-lysosome 
fusion, since we clearly see acidification and protease activity in 
the large, accumulated vacuoles. Interestingly, a similar defect in 
autophagosome maturation, with accumulation of acidified and 
cathepsin D-positive vesicles, has been described in Alzheimer 
disease.26,27 Finally, we show accumulation of numerous, large 
LAMP-1 and LAMP-2-positive vacuoles and accumulation of 
LC3-II in myoblasts derived from patients with IBMPFD. We 
conclude that VCP is essential for maturation of ubiquitin-con-
taining autophagosomes and that defect in this function may 
contribute to IBMPFD pathogenesis.

The role of VCP in autophagosome maturation shown here 
is particularly interesting in light of clinical overlap between 
IBMPFD and diseases caused by mutations in other genes related 
to autophagy; specifically, p62/SQSTM1 (p62) and Vps2/
CHMP2B (CHMP2B). Mutations in p62, which is essential for 
the delivery of ubiquitinated proteins to the autophagy-lysosomal 
system,28 cause Paget disease of bone that is indistinguishable from 

Figure 6. IBMPFD patient myoblasts show accumulation of large LAMP-positive vesicles and LC3-II protein. (A) Immunostaining for VCP and LAMP-1 
in myoblasts derived from normal control or an IBMPFD patient. Cells were observed with a 63x objective. Please see Supplemental Figure 6 for cell 
lines from additional patients and additional markers. (B) Western blot analysis of LC3 in myoblast lysates from 2 control samples and samples from 2 
IBMPFD patients.
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co-transfected VCP plasmids with a Cerulean containing plas-
mid. The efficiency of co-transfection has been determined 
<93% (Suppl. Fig. 3). The Cerulean plasmid has no impact on 
autophagy (Fig. 1A). LysoSensor Blue (Molecular Probes, DND-
167) was used at a final concentration of 10 µM. Cathepsin B 
activity was determined using Magic Red Cathepsin B detection 
kit (Immunochemistry Technologies, 937) following recommen-
dations of the manufacturer. Anti-ubiquitin immunofluorescence 
microscopy was performed with P4D1 antibody (Santa Cruz 
Biotechnologies, sc-8017) on cells previously co-transfected with 
GFP-LC3 and VCP wt or mutants. LAMP-1 antibody was pur-
chased from Affinity BioReagents (PA1-654A), LAMP-2 antibody 
was purchased from Santa Cruz biotechnologies (sc-18822), VCP 
monoclonal antibody was purchased from Affinity BioReagents 
(MA-3004). For microscopy related to monitoring ERAD and 
UFD substrates, after 24 hrs, Mel JuSo cells were fixed with 4% 
paraformaldehyde and examined with a Zeiss LSM510 META 
confocal laser scanning microscope (Plan-Neofluar 40x/1.3 oil 
objective). In order to achieve clear separation of the EGFP and 
EYFP fluorescence, the META system was used with a spec-
trum range 497–508 nm for EGFP, and 550–583 nm for EYFP. 
Quantitative analyses of fluorescence intensities were performed 
using the Volocity software (Improvision PerkinElmer).

Western blot. For p62 western blots, HEK293T cells or MEFs 
were transfected as described above. Sixteen (Fugene, Roche 
11814443001) or 67 (Lipofectamine RNAi-Max, Invitrogen, 
13778-075) hours post-transfection, transfection media were 
replaced by rich medium for 5 hours. The Odyssey system 
(Li-Cor) was used for detection, and the ImageJ software was 
used for quantification. For LC3 western blot, control and patient 
myoblasts have been lysed in RIPA and centrifuged. Cells were 
then lysed using RIPA and sonication. Entire lysates were loaded. 
Anti-p62 (P0067) and anti-tubulin (T6074) were purchased 
from Sigma-Aldrich. The Odyssey system (Li-Cor) was used for 
detection, and the ImageJ software was used for quantification. 
For LC3 western blot, control and patient myoblasts have been 
lysed in RIPA and centrifuged. Anti-LC3 antibody (PM036) was 
provided by Upstate.
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Materials and Methods

Cell culture. MEFs were cultured with DMEM (Hyclone, 
SH30022) supplemented with GlutaMax-1X (GIBCO, 35050061) 
and 10% FBS (Hyclone, SH30079.02). Starvation was realized 
by washing cells with PBS and then adding a low glucose medium 
supplemented with inactivated dialyzed FBS. Epoxomicin was 
used at a final concentration of 10 nM; bafilomycin was used 
at a final concentration of 10 µM. The human melanoma Mel 
JuSo cell lines stable expressing the UPS reporters UbG76V-YFP 
and CD3∆-YFP24 were cultured in Iscove’s modified Dulbecco 
medium (Sigma-Aldrich, 13390) supplemented with 10% fetal 
calf serum (Sigma-Aldrich), 10 units/ml penicillin and 10 µg/
ml streptomycin (Sigma-Aldrich, P4333). Primary myoblast cell 
lines from patients with the heterozygous R155H and R155S 
mutations as well as from two control subjects were obtained from 
The Muscle Tissue Culture Collection (MTCC)/EuroBioBank 
(Munich, Germany). All characteristics have been previously 
published by Vesa and colleagues.37 Mutant myoblasts were gen-
erated from muscle biopsies showing typical clinical phenotype 
and histological findings of IBMPFD.37 Control cell lines were 
generated from age-matched control subjects without any patho-
logical findings in histology. Cells were maintained in Skeletal 
Muscle Cell Growth Medium (PromoCell, C23060), 10% FBS 
(HyClone, SH30079.02), Gentamicin (Gibco, 15710064) and 
GlutaMAX-1 (Gibco, 35050061) in 5% CO

2
 at 37°C.

Plasmids and transfection. RFP-LC3 and mCherry-EGFP-
LC3b pDEST vectors were obtained from Terje Johannsen. We 
isolated an insert containing the coding sequences for mCherry-
EGFP-LC3b by digestion with NheI and SphI. This insert was 
subcloned into the retroviral vector LCP into BamHI and SphI, 
which was used to make stably-expressing MEFs using techniques 
described previously.38 GFP-LC3 vector was obtained from Craig 
Thompson. Wild-type and mutant VCP tagged with Flag at the 
N-terminus were subcloned into a pcDNA3.1. Transfections 
with these plasmids were accomplished with Fugene reagent 
(Roche 11814443001). To determine which cells were trans-
fected with FLAG-VCP, we co-transfected with a vector express-
ing the fluorescent protein Cerulean. In our hands, control 
experiments using immunofluorescence determined that >93% 
of transfected cells were co-transfected with both constructs 
(Suppl. Fig. 4). The VCP wt and mutant plasmids were con-
structed by PCR amplification of the VCP ORFs lacking the stop 
codons from pcDNA3.1+/VCP-WT, pcDNA3.1+/VCP-R155H, 
pcDNA3.1+/VCP-A232E, pcDNA3.1+/VCP-DKO, and inser-
tion into the BamHI and HindIII sites of pEGFP-N1 (Clontech, 
6085-1). These plasmids were transfected using Lipofectamine 
Plus (Invitrogen, 11514-015) according to the manufacturer’s 
protocol. RNAi knockdown were performed by transfection of 
ON-TARGET plus-Smartpool siRNA (Dharmacon, 040859 
for Rab7 and 057592 for VCP) with Lipofectamine RNAi Max 
(Invitrogen, 13778-075).

Microscopy. Confocal microscopy for autophagy observa-
tion was performed with Marianas and Marianas 2 confocal 
microscopes, with 63x objectives. All analyses were performed 
with Slidebook 5.0 software. To identify transfected cells, we 
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