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Figure 5 Ubiquitin accumulation on mitochondria in HA-
Parkin-expressing HeLa cells after CCCP treatment. Cells that
expressed VCP-EGFP  or VCP-EGFPs
stained with anti-ubiquitin and anti-Tom?20 antibodies. GFP
fluorescence indicates VCP-EGFP or pathogenic VCP-EGFP
expression. Scale bars = 10 pm.

pathogenic were

2010), we initially speculated that pathogenic VCPs
might prevent mitochondria ubiquitination, which
would result in the impaired mitochondria localiza-
tion by pathogenic VCPs. However, mitochondria
ubiquitination efficiently occurred after CCCP treat-
ment of cells that expressed paVCP-EGFP, similar to
that in wtVCP-GFP-expressed cells (Fig. 5). This
indicated that pathogenic VCPs did not move to
mitochondria even though mitochondria were ubig-
uitinated.

Because pathogenic VCPs can bind to cofactors,
such as Npl4, Utdl or p47, more efficienty than
wild-type VCP (Fernandez-Saiz & Buchberger 2010;
Manno et al. 2010), we examined whether paVCP-
EGFPs expression affected the localization of endoge-
nous Npl4 and p47 after CCCP treatment. We found
that Npl4 and p47 exhibited rather diffuse staining
patterns due to paVCP-EGFP expression (Fig. 6).
These results. suggested that pathogenic VCPs pre-
vented these cofactors from moving to mitochondria
after CCCP treatment.

Morphological analyses of control flies and flies
expressing wild-type VCP or pathogenic VCPs

To investigate the roles of wild-type and pathogenic
VCPs in mitochondrial quality control in a different

© 2013 The Authors
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Figure 6 Localization of Npl4 and p47 in cells that express
VCP-EGEFP or pathogenic VCP-EGFPs. After 2 h of CCCP
treatment, cells were stained with anti-Npl4 (A), anti-p47 (B)
and anti-Tom?20 antibodies (A and B). GFP fluorescence indi-
cates VCP-GFP or pathogenic VCP-GFPs expression. Scale
bars = 10 pm.

manner, we used electron microscope to morphologi-
cally examine the dorsal longitudinal muscle (DLM),
a part of the flight muscle of control and flies
expressing human wild-type VCP or pathogenic
VCP(R155H). In the flight muscle, many mitochon-
dria are longitudinally aligned between myofibrils,
and the cristae in each mitochondrion are tightly
packed and in an orderly structure.

Genes to Cells (2013) 18, 11311143
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In 20-day-old control flies, however, we occasion-
ally observed mitochondria with abnormal morpho-
logies (Fig. 7A). In these mitochondria, a part of
cristac lost tightly packed structures and often
assumed swirl-like structures. These swirl-like struc-
tures looked similar to those that had been reported
in the flight muscle of aging blowflies, in the flight
muscle of flies after exposure to hyperemia and in the
mitochondria of cells with mutations of mitochondria
components (Sacktor & Shimada 1972; Walker &
Benzer 2004; John et al. 2005). In many cases, these
aberrant structures were associated with functional
mitochondrial defects.

EM photomicrographs were taken for a part of
DLM from the dorsal side to the ventral side across a

(A)

= w

Mitochondria Myofibril Mitochondria

Myofibril

(B) ©)
8 1 P<0.05

N
\,}0
§

VCP

o tubulin

Aberrant mitochondria formation (%)

Figure 7 Mitochondrial morphology analyses of control flies
and flies expressing wild-type VCP or pathogenic VCP. (A)
Electron micrographs of flight muscles with typical mitochon-
dria and aberrant structures observed in 20-day-old control
flies. Myotibrils and mitochondria regions are indicated. Scale
bars = 1 um. (B) Quantification of a ratio of the aberrant
mitochondria in flight muscle of control flies and flies express-
ing VCP or VCP(R155H). Ratios of abnormal mitochondria
out of all the mitochondria were calculated. Results are
means &= SEs of three (control), five (+WT VCP) and four
flies [+VCPR155H)]. (C) Expression levels of VCPs and
a-tubulin in control flies and flies that expressed VCP or VCP
(R155H) were examined by Western blotting.
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DLM, and the proportion of mitochondria with the
aberrant cristae structures among the total mitochon-
dria was calculated (Fig. 7B, Fig. S2, Table S1 in
supporting information). This showed that when
wild-type VCP was expressed, the proportion of mito-
chondria with aberrant cristae structures decreased.
However, in a VCP(R155H)-expressing fly, this eftect
was not observed. We confirmed that wild-type VCP
and VCP(R155H) were similarly expressed (Fig. 7C).
These results suggested that the expression of wild-
type VCP, but not that of VCP(R155H), may have a
protective role against the aberrant mitochondria for-
mation in Drosophila flight muscles.

Discussion

In this study, we examined the movements of wild-
type and pathogenic VCPs, and VCP cofactors to
mitochondria. Based on these findings and previous
studies, we propose models for wild-type and patho-
genic VCP movements (Fig. 8). The first model is
based on reports showing that Npl4/Ufd1 can assume
two forms in a cell: a VCP-bound and a VCP-free
form (Meyer et al. 2000), and that Npl4/Ufd1 effi-
ciently binds ubiquitin chains independent of VCP
(Ye et al. 2003). We speculate that with balanced
binding to VCP in the normal state, VCP-free Npl4/
Ufd1 surveys for ubiquitinated proteins within a cell.
Once mitochondria become ubiquitinated, VCP-free
Npl4/Ufd1 may detect and bind to ubiquitinated
proteins on mitochondria and subsequently recruit
VCP. Because pathogenic VCPs bind to Npl4/Ufd1
more efficiently than wild-type VCP, the equilibrium
tor binding may shift toward VCP-bound Npl4/
Ufdl. In this case, VCP-free Npl4/Ufdl may be
insufficient to detect ubiquitinated proteins, which
would result in inadequate recruitment of pathogenic
VCPs to mitochondria. We showed that more ‘a
large fraction of mitochondria’ remained in Ufd1
siRINA-treated cells than in VCP siRNA-treated cell
(Fig. 3D,E), supporting the idea that Ufd1l might be
involved in not only VCP-mediated but also VCP-
independent mechanisms (e.g., detecting ubiquitinat-
ing proteins in the first place), for the elimination of
damaged mitochondria.

Another model assumes that pathogenic VCPs in
conjunction with Npl4/Ufd1 bind to ubiquitinated
proteins so efficiently that pathogenic VCP/Npl4/
Ufdl can barely bind to any more ubiquitinated pro-
teins, whereas wild-type VCP/Npl4/Ufd1l can still
bind to ubiquitinated proteins on mitochondria.
However, because VCP is a hexamer and can form a

© 2013 The Authors
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Figure 8 Two models to account for different movements of wild-type and pathogenic VCP. Model 1: In the normal state,
wild-type VCP binding to Npl4/Uftd1 occurs in an equilibrium, and Npl4/Utd1 assumes two forms: VCP-bound and VCP-free
forms. When mitochondria are highly ubiquitinated, VCP-free Npl4/Ufd1 detects and binds ubiquitinated proteins on mitochon-
dria. Next, VCP is recruited to Npl4/Ufd1 on mitochondria. Pathogenic VCP binds tightly to Npl4/Ufd1, and binding equilib-
rium is shifted toward VCP-bound Npl4/Ufd] form. Thus, few VCP-free Npl4/Ufdl are available to detect ubiquitin
accumulation on mitochondria. Model 2: Wild-type VCP/Npl4/Ufd! binds to less ubiquitinated proteins than pathogenic VCP/
Npl4/Ufd1 in the normal state. Wild-type VCP/Npl4/Ufd1 complexes are recruited to ubiquitinated mitochondria because they
can bind to new ubiquitinated proteins on mitochondria. Pathogenic VCP/Npl4/Ufd1 complexes are already occupied with ubiq-
uitinated proteins so that they are unable to efficiently bind new ubiquitinated proteins on mitochondria. Wild-type VCP is indi-

cated in pink and pathogenic VCP in red.

mixed hexamer comprising wild-type and pathogenic
VCPs, the scenario for VCP movement might be
complicated. As the ratio of wild-type to pathogenic
promoters increases, these mixed hexamers might be
able to move to mitochondria and behave like a
wild-type VCP hexamer. In addition, some other
unidentified factor(s), such as Vmsl in yeast, may be
involved in recruiting VCP to mitochondria in mam-
malian systems (Heo ef al. 2010). Therefore, addi-
tional experiments are required to elucidate the
molecular mechanisms of VCP movement in detail.
Kim et al. (2013) reported that transfected GFP-
tagged Npl4 localized to mitochondria in Parkin-

© 2013 The Authors

expressing cells after CCCP treatment and that Npl4
and Utdl were required for damaged mitochondria
clearance. Their results were consistent with those of
the present study. They also showed that GFP-tagged
Ufdl co-localized with mitochondria after CCCP
treatment and that over-expression of pathogenic
VCP(A232E) inhibited damaged mitochondria clear-
ance, which showed functional defects in the mito-
chondrial quality control by pathogenic VCPs.

In their study, exogenously expressed EGFP-
tagged p47 did not co-localize with mitochondria
after CCCP treatment, whereas we found that
endogenous p47 did migrate to mitochondria. We

Genes to Cells (2013) 18, 1131-1143

Genes to Cells © 2013 by the Molecular Biology Society of Japan and Wiley Publishing Asia Pty Ltd

1139



1140

Y Kimura et al.

checked the specificity of our anti-p47 antibody
used for the immunofluorescence analysis using p47
siRNA-treated cells (Fig. S3 in supporting informa-
tion). In p47 siRNA-treated cells, mitochondria-
merged staining was not observed. In addition, we
did not observe exogenously expressed EGFP-tagged
p47 co-localization with Tom20, which was consis-
tent with the results of Kim et al. (our unpublished
results). Thus, the different results for p47 localization
might have been because exogenously expressed
EGFP-tagged p47 did not respond to CCCP. More-
over, in contrast to the findings of Kim ef al. that
p47 did not play a role in clearing mitochondria after
CCCP treatment, we observed defective mitochon-
dria clearance by p47 siRNA-treated cells, which
suggested that p47 played a role in the later stage of
mitochondria clearance, possibly during mitophagy.
The reason for the different results is unknown. It
may be that our cell line was more sensitive to the
etfect of p47 depletion than their cell lines.

In our analysis of mitochondria in flight muscles,
we showed that mitochondria with aberrant structures
decreased when wild-type VCP, but not pathogenic
VCP, was exogenously expressed. These results sug-
gested that VCP, but not pathogenic VCP, functions
in clearing damaged mitochondria or in preventing
the formation of aberrant mitochondria. This was
compatible with the recent reports that mice with the
homozygous and heterologous pathogenic mutations
exhibited mitochondria abnormalities (Nalbandian
et al. 2012; Yin et al. 2012). In addition, Bartolome
et al. (2013) recently published a paper reporting that
fibroblasts from patients with IBMPFD had mitochon-
drial uncoupling, which resulted in reduced cellular
ATP levels and established mitochondria dysfunctions
in pathogenic VCP-expressing cells.

In conclusion, we showed different behaviors
between wild-type and pathogenic VCP, and this
behaviors may be related to the pathogenesis of
IBMPFD and ALS.

Experimental procedures
Cell culture and transfections

HeLa cells that stably expressed HA-tagged Parkin were gen-
erated using recombinant retroviruses as described previously
(Okatsu et al. 2012). The retroviral receptor mCAT1 was
transiently expressed in HeLa cells before viral infection. Cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with glucose and L-glutamine (Sigma)
and contining penicillin/streptomycin, 10% fetal bovine

Genes to Cells (2013) 18, 1131-1143

serum (FBS; Gibco) and puromycin (5 pg/ml) at 37 °C with
5% CQO,. Transfection for transient expression used Fugene 6
(Roche), and cells were cultured for 1 day. To depolarize
mitochondria, cells were treated with 10 um CCCP for 2 h.

Plasmids and siRNAs

VCP-EGFP and mutant plasmids were described previously
(Manno et al. 2010).

For siRINA analysis, siRINAs (VCP ncds sense and VCP neds
antisense, Npld4 679 and Npl4 679 antisense, Ufd1 216 sense
and Utd1 216 antisense, p47 1477 sense and p47 1477 antisense)
(Manno ef al. 2010) were treated using Lipofectamine RINAi~
MAX reagent (Invitrogen) for 2 days (2 h of CCCP treatment)
and for 1.5 days (16 h of CCCP treatment). Control siRNA
sequence is as follows: 5-rCrGrUrUrArA rUrCrG rCrGrUrAr-
UrArArUrArCrGrCrGrUrArU-3',  5'-rArUrArCrGrCrGrUr-
ArUrUrArUrArC rGrCrGrArUrUrArArCrG-3".

Transgenic flies

UAS-wtVCP and UAS-VCP(R155H) transgenic flies were
generated as described previously (Manno et al. 2010). Their
genotypes were as follows: ActSc-Gald/+, Act5c-Gald/+;
UAS-wtVCP/+(wtVCP), Act5c-Gal4/+; UAS-VCP[R155H}/
+ [VCP(R155H)].

Electron microscopy

Thoraces were removed from adult flies and fixed in 2% glutar-
aldehyde plus 2% paraformaldehyde with 0.1 m sodium cacody-
late buffer overnight at 4 °C. Samples were embedded,
sectioned at 70 nm thickness and stained with 2% uranyl ace-
tate. The preparations were examined under a transmission
electron microscope (JEOL JEM-1200EX). Because more
abnormal mitochondria tended to be observed at the ventral
than at the dorsal side, images were acquired from the dorsal
across the ventral side of the DLM as shown in Fig. S2 in sup-
porting information. For each fly, four regions were chosen
from the dorsal to the ventral sides as indicated in red squares.
In some flies, two areas were taken as for region four to obtain
a sufficient area. Six images were acquired for each region.

Statistical analyses of fly mitochondria

For quantification, the number of mitochondria with aberrant
structures having diameters of >0.67 pm and total mitochon-
dria were counted from the six images, from which the ratios
of aberrant to total mitochondra were calculated (Table S1).
To statistically compare the ratios of control and VCP-express-
ing flies, a t-test of mean equality using the ratios from all the
four regions was performed. The analysis showed that VCP-
expressing flies had significantly fewer abnormal mitochondria
than the control flies (P = 0.0212). This result was confirmed
using a nonparametric Kruskal-Wallis test that rejected that

© 2013 The Authors
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the two samples were from the same population (P = 0.0067).
Finally, to correct for potential differences between the
regions, we used linear regression for the ratios of abnormal
mitochondria. VCP-expressing flies had significantly 2.5%
fewer abnormal mitochondra than the controls after control-
ling for regions (P = 0.009; adj. R* = 0.36).

Immunocytochemistry

Cell fixation and immunostaining were performed as described
previously (Matsuda et al. 2010). In brief, cells were fixed with
4% paraformaldehyde for 5 min and permeabilized with 50 pg/
ml of digitonin. After blocking with 0.1% gelatin in PBS, cells
were incubated with primary antibodies followed by secondary
antibodies: anti-mouse or anti-rabbit Alexa Fluor 488, 568 and
647 (Invitrogen). Cells were imaged using a laser-scanning con-
focal microscope (LSM510; Carl Zeiss, Inc.).

Affinity-purified rabbit polyclonal anti-VCP, anti-p47 and
anti-Npl4 antibodies used for immunofluorescent staining
were developed previously (Hirabayashi et al. 2001; Noguchi
et al. 2005). In brief, rabbits were immunized with purified
recombinant GST fusion proteins. Next, rabbit serum was
incubated with GST protein and E coli lysates to remove anti-
bodies against GST and E. coli proteins. Subsequently, anti-
bodies were affinity-purified against GST fusion proteins for
each cofactor or VCP. Antibodies used were as follows: anti-
HA (F7, Santa Cruz), anti-GFP (Invitrogen), polyclonal anti-
ubiquitin (DAKO) and anti-Tom20 (FL-145 or FL-10, Santa
Cruz) antibodies.

To quantify the localizations of various VCP-EGFPs, cells
were imaged by microscope, and approximately 100-200
transfected cells were examined in each experiment. For cells
that expressed wild-type VCP-EGFP, a small portion of cells
showed aberrant mitochondria localization and morphology
after CCCP treatment. These cells were not counted.

Immunoblotting

Parkin-expressing HeLa cells were washed with PBS twice,
and a cell monolayer was lysed for 5 min in RIPA buffer with
0.1% SDS supplemented with complete protease inhibitor
cocktail (Roche) plus 1 mm NEM and then cleared for
10 min at 15,000 x g.

To compare the amounts of exogenous VCPs in flies,
whole-body lysates of each genotype were analyzed by Wes-
tern blotting. Lysates were prepared using lysis buffer [50 mm
Tris pH 7.4, 19 mm NaF, 5 mm EDTA, supplemented with
protease inhibitor cocktail (NACALAI TESQUE), and 1 mm
PMSF] at 4 °C. Mouse monoclonal anti-VCP antibody,
which specifically recognized mammalian VCP, used for
Fig. 7, was produced by standard procedure using mouse
immunized with full-length VCP-fused KLH.

Antibodies used were as follows: antimitofusin 1(Abnova),
antimitofusin 2 (Abcam), anti-GFP (Invitrogen), anti-actin
(AC-40, Sigma) and antitubulin (DM1a, Santa Cruz).

© 2013 The Authors
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