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Abstract

Proteasome-dependent turnover of mitochondrial outer membrane (OMM)-associated proteins is
one of the mechanisms for maintaining proper mitochondrial quality and function. However, the
underlying pathways and their implications in human disease are poorly understood. Huntington’s
disease (HD) is a fatal, inherited neurodegenerative disorder caused by expanded CAG repeats in
the N terminal of the huntingtin gene (mutant Huntingtin, mtHtt). In this study, we show an
extensive degradation of the OMM protein MCL1 (Myeloid cell leukemia sequence 1) in both HD
mouse striatal cells and HD patient fibroblasts. The decrease in MCL1 level is associated with
mitochondrial and cellular damage. Valosin-containing-protein (VCP) is an AAA-ATPase central
to protein turnover via the ubiquitin proteasome system (UPS). We found that VVCP translocates to
mitochondria and promotes MCL1 degradation in HD cell cultures. Either down-regulation of
VCP by RNA interference or inhibition of VCP by a dominant negative mutant abolishes MCL1
degradation in HD cell cultures. We further show that UBX-domain containing protein 1
(UBXD1), a known co-factor of VCP assisting in the recognition of substrates for protein
degradation, selectively binds to MCL1 and interacts with VCP to mediate MCL1 extraction from
the mitochondria. These results indicate that the OMM protein MCL1 is degraded by the VCP-
UBXD1 complex and that the process is promoted by the presence of mtHtt. Therefore, our
finding provides a new insight into the mechanism of mitochondrial dysfunction in HD.

Introduction

Huntington’s disease (HD) is a fatal, inherited neurodegenerative disorder that progresses
for 15-20 years after diagnosis. The mutation that causes HD is a variable expansion of
CAG repeats encoding polyglutamine (polyQ) in the huntingtin (Htt) protein (mutant
Huntingtin, mtHtt) [1]. Many studies, including ours, show that mitochondrial dysfunction is
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one of the major events in the pathogenesis of HD [2-6]. Mitochondria isolated from HD
patients or HD-transgenic mouse brains show an increase in mitochondrial permeability,
perturbation in mitochondrial membrane potential, changes in mitochondrial ultrastructure
and DNA integrity, as well as failure in bio-energetics [7-10]. Moreover, incubation of
isolated mitochondria with recombinant mtHtt protein leads to mitochondrial swelling and
release of cytochrome c [10, 11], suggesting direct mitochondrial injury by mtHtt. Further,
we and others recently demonstrated the impairment of mitochondrial fission and mitophagy
in various experimental models of HD [3, 5, 6, 12, 13] and that pharmacological inhibition
of either mitochondrial fragmentation or aberrant mitophagy reduces neuropathological and
behavioral phenotypes in HD transgenic mice [5, 6]. Thus, proper control of mitochondrial
quality is likely to be a useful strategy for halting or slowing the pathology of HD.

To ensure proper mitochondrial function, diverse mitochondrial quality control mechanisms
are evolutionarily conserved. In addition to mitochondrial dynamics (fusion and fission) that
are critical for maintaining mitochondrial morphology and transport [12, 14], mitochondria-
associated protein degradation (MAD) that occurs at the compartment of the outer
mitochondrial membrane (OMM) has been proposed to be one of the mechanisms for
controlling normal mitochondrial function [15, 16]. The MAD mechanism involves retro-
translocation of ubiquitinated proteins from the OMM to the cytosol where the proteins can
be degraded by the ubiquitin-proteasome pathway (UPS) [15, 17, 18].

Valosin-containing-protein (VCP), also known as p97, is an AAA-ATPase central to UPS-
dependent protein turnover [19]. VCP uses energy derived from ATP hydrolysis to apply
mechanical force to substrates, thereby extracting substrates from diverse cellular locations
for proteasomal degradation [19, 20]. Several studies reported that VVCP translocates to the
mitochondria, where it targets ubiquitinated OMM proteins (substrates) with relatively short
half-lives before retro-translocating them to the proteasome for degradation [21-24]. We
recently found that VVCP is recruited to the mitochondria in various experimental models of
HD and that blocking VCP mitochondrial translocation by a novel inhibitor reduces
neuropathology of HD [5], indicating the importance of mitochondrial VCP in HD.
However, whether mitochondria-accumulated VCP is involved in the MAD mechanism in
HD is unknown.

Myeloid cell leukemia sequence 1 (MCL1) is a nucleus-encoded protein localized both on
the OMM and in the mitochondrial matrix [5]. MCL1 is essential for maintaining
mitochondrial membrane potential and is required for matrix and inner membrane structure
integrity and mitochondrial bioenergetics [25, 26]. MCL1 can also serve as a stress sensor
that regulates autophagy [27]. The protein level of MCL1 is controlled by the UPS.
Degradation of MCL1 in cells results in extensive mitochondrial damage (membrane
depolarization, increased oxidative stress, defects in bioenergetics, loss of cristae structure,
and mitochondrial DNA depletion) [25-29], which ultimately leads to necrosis [27-29],
apoptosis [30, 31], and augmented autophagy [26, 28, 29]. Thus, the stability of MCL1 is of
great importance in maintaining overall mitochondrial quality and cell viability.

In this study, we observe MCL1 degradation in both cells expressing mtHtt and HD patient
fibroblasts. Moreover, we identify that VCP and its co-factor UBXD1 mediate MCL1
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degradation, the process of which is promoted by the presence of mtHtt. Thus, our study
establishes an association of the MAD dysregulation with HD pathogenesis.

MCL1 is degraded in HD cell cultures

Decrease in

To determine if the MAD is disturbed in HD, we first investigated the protein levels of the
OMM proteins in HAhQ7 and HdhQ111 knock-in mouse striatal cells. HdhQ7 and Q111
cells were immortalized from knock-in mice carrying 7 and 111 CAG repeats, respectively,
in the mouse Attgene [32]. The HdhQ111 cells express a full-length mtHtt at endogenous
level and therefore provide a genetically accurate cell model of HD [32]. Proteins measured
included MCL1, MFNL1, and MFNZ2, which are known substrates of the MAD [21-24].
Western blot analysis showed that the protein level of MCL1 was decreased in HdhQ111
mutant mouse striatal cells relative to that in HdhQ7 wildtype cells (Fig. 1A). However,
there were no changes in the protein levels of MFN1 and MFN2 observed between HdhQ7
and HdhQ111 cells (Fig. 1A). By contrast, the mRNA level of MCL1 was not affected in
HdhQ111 mutant cells (Fig. 1B). To determine whether the decrease in MCL1 protein levels
in the HdhQ111 mutant cells is the result of protein degradation via the UPS, we over-
expressed the MCL1 plasmid in HdhQ7 and HdhQ111 striatal cells in the presence or
absence of MG132, an inhibitor of proteasome activity. We observed a great down-
regulation of MCL1 in HdhQ111 cells, which was blocked by the addition of MG132 (Fig.
1C). Consistently, MG132 treatment abolished MCL1 degradation occurred in two lines of
HD patient fibroblasts (Fig. 1D). To further test whether MCL1 stability is disturbed by
mutant Htt (mtHtt), we performed a cycloheximide (CHX) chase assay in both HdhQ7 and
HdhQ111 cells. Western blot analysis revealed that the half-life of MCL1 was markedly
reduced in HdhQ111 cells compared to that in wildtype HdhQ7 cells (Fig. 1E). In addition,
we observed an increase in poly-ubiquitination of MCL1 in HdhQ111 cells (Fig. 1F). Taken
together, these results demonstrate that MCL1 was selectively degraded in HD cell cultures
via the UPS pathway.

MCL1 causes mitochondrial damage and enhances autophagy

To determine the functional consequence of MCL1 degradation, we down-regulated MCL1
by small RNA interference (siRNA) and examined mitochondrial function and cellular
survival. In wildtype HdhQ7 mouse striatal cells, knocking down MCL1 resulted in a
decrease in mitochondrial membrane potential (Fig. 2A) and an increase in the production of
reactive oxygen species (ROS) (Fig. 2B). Similarly, HdhQ111 mouse striatal cells in which
the MCL1 protein level is low (Fig. 1A), exhibited lower mitochondrial membrane potential
and higher ROS than those in HdhQ7 cells (Fig. 2A and 2B).

The conversion of microtubule-associated protein 1A/1B-light chain 3 (LC3) | into its
lipidated form LC3I1 is an indicator of autophagy [33]. Increased levels of LC3I1 in the
presence of Bafilomycin Al (BFA, an inhibitor to prevent maturation of autophagic vacuoles
by inhibiting fusion between autophagosomes and lysosomes [34]) has been used to evaluate
autophagosome formation [35]. We found that silencing MCL1 in widltype mouse striatal
cells increased the levels of LC3II in the presence of BFA. Further, down-regulation of
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MCL1 reduced the level of p62, one factor to indicate autophagy turnover [36]. These data
suggest that decreased MCL1 lead to an increase in autophagy. Collectively, our findings in
cultured cells are consistent with previous studies [25-29], showing that the decrease in
MCL1 results in mitochondrial and cellular damage.

VCP is required for MCL1 degradation in HD cell cultures

VCP regulates the turnover of MCL1 under normal and apoptotic stress conditions [24]. To
examine whether VCP is required for MCL1 degradation in our HD cell cultures, we co-
transfected GFP-VCP with Myc-tagged full-length Htt with 23 (Q23, wildtype) or 73 (Q73,
mutant) CAG repeats in HEK293T cells. We found more GFP-VCP associated with the
mitochondria of cells expressing Myc-Htt Q73 than that of Myc-Htt Q23-expressing cells
(Fig. 3A), suggesting that mtHtt recruit VCP to the mitochondria. Consistent with this
observation, the mitochondrial levels of VCP increased in HdhQ111 cells relative to those
measured in HdhQ?7 cells (Fig. 3B). Treatment with N2,N4-dibenzylquinazoline-2,4-diamine
(DBeQ), a VCP inhibitor that inhibits VCP ATPase activity [37], abolished this VCP
mitochondrial accumulation in the HdhQ111 cells (Fig. 3B). Furthermore, down-regulation
of VCP by siRNA in HdhQ111 cells resulted in an increase in the protein level of MCL1
(Fig. 3C). A dominant negative VCP ATPase mutant (VCPE305Q.ES78Q \/CPQQ) has been
shown to inhibit VCP-mediated substrate retro-translocation from the cellular membrane to
the cytosol and therefore stabilizes VCP substrates [38]. We co-transfected either GFP-
VCPWT or its dominant negative mutant GFP-VCPQR with Myc-tagged Htt Q23 or Q73
plasmids in HEK293T cells. As shown in Fig. 3D, we found that overexpression of Myc-
Q73 promoted MCL1 degradation in cells expressing GFP-VCPWT, whereas mtHtt-induced
MCL1 degradation was abolished in cells expressing the GFP-VCPQQ mutant. These data
collectively suggest that mitochondria-accumulated VVCP is required for MCL1 degradation
in HD cell cultures.

UBXD1 is a cofactor of VCP on the mitochondria

VCP functions in diversity of cellular processes, including ER-associated protein
degradation (ERAD), mitochondria-associated degradation (MAD), autophagy and DNA
repair by localizing at different subcellular organelles [19]. The coordination of these diverse
cellular pathways is defined by VCP cofactors, a group of proteins containing a ubiquitin-X
(UBX) domain or UBX-like domain [19, 39]. These domains assume a ubiquitin fold and
interact with VVCP to form a protein complex [39, 40]. The major cofactors of VCP include
UFD1L (ubiquitin fusion degradation 1L), NPL4 (nuclear protein localization homolog 4)
heterodimer, p47, and UBXD1 (UBX-domain containing protein 1) [40-43]. These major
cofactors have been shown to modulate VVCP activity or govern assembly of additional
cofactors. Each core complex can then act in several pathways by associating with
alternative sets of accessory proteins that determine localization of VCP [19, 39]. Because
the association of VCP and its cofactor with mitochondria is required for the recognition of
mitochondrial substrates, we hypothesize that disturbance of VCP’s association with
mitochondria would affect the level of VCP mitochondrial co-factors associated with the
organelle. We treated HdhQ7 and HdhQ111 cells with the VVCP inhibitor DBeQ, which
blocked VVCP translocation to the mitochondria (Fig. 3B), and determined the levels of
several known VCP co-factors on the mitochondrial fractions of these cells by Western blot
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analysis. We found that association of UBXD1 with the mitochondria was greatly inhibited
by treatment with DBeQ in both HdhQ7 and HdhQ111 striatal cells (Fig. 4A). In contrast,
treatment of DBeQ had no effects on the mitochondrial levels of NPL4 and UFD1L,
although the UFD1L mitochondrial level was enhanced in HdhQ111 cells (Fig. 4A).
Additionally, down-regulation of VCP in both HdhQ7 and HdhQ11 striatal cells by VCP
SiRNA reduced the level of UBXD1 on the mitochondria (Fig. 4B), whereas overexpression
of Myc-VCP promoted HA-UBXD1 association with the mitochondria (Fig. 4C). Finally,
we demonstrated the interaction between VCP and UBXD1 on the mitochondria of cells. As
shown in Fig. 4D, HA-UBXD1 co-immunoprecipitated with Myc-VCP in HEK293T cells.
A further co-immunoprecipitation assay revealed that the endogenous binding of VCP and
UBXDL1 on the mitochondria was stronger in HdhQ111 cells than in HdhQ7 cells (Fig. 4E).
Thus, UBXD1 might be a cofactor of VCP on mitochondria under the conditions associated
with HD.

UBXD1 binds to MCL1 and cooperates with VCP to extract MCL1 from mitochondria in HD

cell culture

VCP substrates are bound to and extracted by the cofactors of VVCP for degradation [44]. We
conducted a GST pull-down assay to determine the interaction between UBXD1 and MCL1.
We found that GST-MCL1 was bound to HA-UBXD1 /n vitro (Fig. 5A). In contrast, there
was no interaction between MCL1 and VVCP cofactors, including UFD1L, p47, and NPL4, in
the GST pull-down assay, even though VCP did bind to these co-factors (Fig. 5B, C, D).
Furthermore, in HAhQ111 mutant striatal cells, down-regulation of UBXD1 by siRNA
elevated the protein level of MCL1 (Fig. 5E). These findings support our hypothesis that
UBXDL1 facilitates VCP-mediated MCL1 degradation in HD. Next, we examined the role of
UBXDL1 in MCL1 retro-translocation from the OMM to the cytosolic fractions, an essential
step to process UPS-dependent degradation. In wildtype mouse striatal cells, we expressed
GFP-VCP and HA-UBXD1 in the presence or absence of ubiquitin. We then isolated
cytosolic fractions and determined the level of MCL1. Expression of either GFP-VCP or
HA-UBXDL1 alone did not affect the protein level of MCL1 in the cytosolic fractions. By
contrast, co-expression of VCP and UBXD1 promoted the accumulation of MCL1 in the
cytosolic fractions (Fig. 5F). These results suggest that VCP and UBXD1 work
interdependently to extract MCL1 from the mitochondria, therefore promoting MCL1 retro-
translocation and degradation.

Discussion

The OMM separates mitochondria from the cytosol and are important for maintaining
mitochondrial integrity, including regulation of apoptosis, mitochondrial membrane fusion
and fission as well as mitophagy [16]. Findings from multiple groups suggest a link between
the MAD pathway that targets proteins at the OMM for protein turnover and mitochondrial
quality control [21, 23, 24]. However, whether the mechanism of the MAD is implicated in
human diseases is not yet explored. In this study, using the cell culture models of HD, we
reported for the first time that the MAD pathway is disturbed in HD; mtHtt causes extensive
protein degradation of MCL1, an OMM protein required for mitochondrial membrane
integrity and autophagy. Moreover, we found that mtHtt recruits VCP to the mitochondria,
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where VCP and UBXD1 form a protein complex to mediate MCL1 protein degradation.
Therefore, our findings suggest a novel mechanism by which failure in mitochondrial
protein quality control contributes to the pathogenesis of HD.

MCL1 and mitofusin 1, two mitochondrial outer membrane proteins with short half-lives,
have been identified as mitochondrial substrates of VCP-mediated MAD [23, 24]. In the HD
cell cultures, we found that MCL1 is selectively degraded via the UPS pathway. Moreover,
inhibition of VCP by either gene silencing or a dominant negative mutant recovered the
MCL1 levels in HD mutant cells. These findings collectively suggest that mtHtt-induced
MCL1 degradation depends upon VCP. VCP is required for Parkin-dependent CCCP-
induced degradation of MFN1 and MFN2 and subsequent autophagy of dysfunctional
mitochondria [22]. In our HD cell cultures, we found that the protein levels of MFN1 and
MFN2 remained unchanged. Because of the lack of Parkin expression in HD mouse striatal
cells [5], our findings may support the previous observation that the degradation of MFN1
and 2 requires the presence of Parkin [22, 23]. Thus, in the present study, MCL1 appears to
be our best choice as a VCP mitochondrial substrate to define the signals of VCP-mediated
MAD in the context of HD.

Under physiological conditions, VCP plays an important role in neurogenesis by promoting
the formation of dendritic spines and synapses [45]. Mutations in the VCP gene are
associated with several neurodegenerative diseases and causes mitochondrial dysfunction.
Mice with homozygous pathogenic VCP mutations displayed mitochondrial abnormalities
[46]. Fibroblasts derived from patients with VCP mutations exhibited mitochondrial
depolarization and depletion of ATP content [47]. Additionally, over-expression of a disease-
related VCP mutant in primary mouse neurons impaired clearance of damaged mitochondria
[22]. Thus, VCP has been identified as an important factor in controlling mitochondrial
quality. We recently found that mitochondria-accumulated VVCP recruits the autophagic
component LC3 to the mitochondria via the LC3-interacting regions (LIRs), which in turn
triggers excessive mitophagy and mitochondrial degradation in various HD models [5].
Here, we further showed that VCP mitochondrial accumulation promotes MCL1 degradation
in HD cultures. Depletion of MCLL1 in the cortical neurons of mice predominantly activates
an autophagic response prior to apoptotic induction [27]. Thus, it is likely that VCP has
multiple molecular actions to promote mitochondria-associated autophagy. Whether and
how these pathways crosstalk to regulate autophagy in HD remains to be determined.

Among VCP cofactors, UBXD1 seems to be unique in its interaction with VCP and is
specifically affected by conditions associated with diseases [48, 49]. UBXD1 has been
shown to locate VCP on endosomes, where it cooperates with VCP to regulate
endolysosomal sorting of caveolin-1 [48]. In the present study, we found that UBXD1 was
associated with mitochondria, where its interaction with VCP was enhanced in HD mutant
cells. Moreover, UBXD1 selectively binds to MCL1 and the mitochondrial interaction
between UBXD1 and VCP seems to be required to extract MCL1 from the mitochondria.
Thus, UBXD1 might lend specificity to VCP-mediated MCL1 degradation in HD. Kim et al
showed that UFD1L and NPL4 are recruited to the mitochondria in MEF and C2C12 cells
exposed to CCCP and that VCP-UFD1L-NPL4 mediates MFN1 degradation [22]. Although
we observed the translocation of UFD1L to the mitochondria in our HD mouse striatal cells,
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UFD1L did not bind to MCL1, suggesting that MCL1 is not the mitochondrial substrate for
the VCP-UFD1L complex. The findings from our study and the previous report support the
notion that VCP co-factors determine the specificity of VCP substrate recognition and
degradation [19, 44]. VCP has about 40 identified cofactors in mammalian cells [50]; we
cannot exclude the possibility that other co-factors participate in the VCP-mediated MCL1
degradation in HD.

Mitochondrial dysregulation is associated with neurodegeneration occurring during HD [51].
A key component of mitochondrial maintenance is quality control of damaged,

dysfunctional proteins through protein turnover, which is likely the first line of defense
mechanism against mitochondrial dysfunction in neurons [52, 53]. We found that the
presence of mtHtt promotes mitochondrial protein degradation, thus it is conceivable that the
failure in this defense mechanism in HD might be preferable to the destruction of whole
mitochondrial organelle, which in turn lead to overall mitochondrial damage and neuronal
cell death. This notion is support by our observation that the decrease in MCL1 protein level
in HD cells resulted in mitochondrial depolarization, mitochondrial oxidative stress and
enhanced autophagy, all of which are manifested in neuropathology of HD.

In summary, in this study we report an extensive degradation of the mitochondrial outer
membrane protein MCL1 through a VCP-dependent pathway in the cell culture models of
HD. We also identified UBXD1 as a VCP mitochondrial cofactor to facilitate MCL1 retro-
translocation and degradation. The findings provide insights into the pathways of MAD,
especially under disease conditions, and suggest an additional mechanism of mitochondrial
dysfunction in HD.

Materials and Methods

Antibodies and reagents

Cycloheximide (CHX) and the protease inhibitor cocktail were purchased from Sigma—
Aldrich. Proteasome inhibitor MG132 and VCP inhibitor DBeQ were from Tocris
Bioscience. Antibodies against c-Myc (sc-40, 1:1000), GFP (sc-9996, 1:1000), HA
(haemagglutinin, sc-7392, 1:1000), ubiquitin (sc-271289, 1:1000), HSP60 (sc-13115,
1:1000), MCL1 (sc-819, 1:1000), NPL4 (sc-134746, 1:1000), and p47 (sc-376614, 1:1000)
were from Santa Cruz Biotechnology. VDAC (ab14734, 1:2000), VCP (ab109240, 1:
10,000), and UBXD1 (ab103651, 1:1000) antibodies were from Abcam. Anti-pan-actin
antibody (A1978, 1: 10,000) was from Sigma—Aldrich. Anti-MFN1 (H00055669-M04,
1:1000) and MFN2 (H00009927-M01, 1:1000) antibodies were from Abnova and anti-
UFD1L (NBP1-03339, 1:1000) was from Novus. Anti-mouse and Anti-rabbit 1gG antibodies
were from Thermo Scientific.

Constructs and transfection

Full-length VCP wild-type (VCPWT), VCP dominant negative mutant (VCPRQ), HA-
UBXD1, GST-MCL1, and His-p47 were obtained from Addgene. Myc- or GFP-VCP was
generated by inserting PCR-amplified fragments into the pCMV-Myc vector or GFP-N1
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vector. Htt-Q23 and Q73 constructs were obtained from the CHDI Foundation. Cells were
transfected with TransIT®-2020 (Mirus Bio LLC) following the manufacturer’s protocol.

Immortalized striatal cell lines HdhQ111 (mutant) and HdhQ7 (wild-type) derived from
HdhQ111/111 and HdhQ7/Q7 knock-in transgenic mice (expressing 111 and 7 glutamine
repeats, respectively) were obtained from the CHDI Foundation. Cells were cultured in
DMEM supplemented with 10% fetal calf serum (FBS), 100ug/ml of penicillin, 100 pug/ml
of streptomycin, and 400 ug/ml of G418. Cells were grown at 33°C in a 5% CO2 incubator.
Cells with fewer than 14 passages were used in all experiments.

Human Embryonic Kidney HEK293T cells were maintained in DMEM supplemented with
10% FBS and 1% (v/v) penicillin/streptomycin.

HD patient fibroblasts (purchased from Coriell Institute, USA) and normal fibroblasts
(purchased from Invitrogen) were maintained in MEM supplemented with 15% (vol/vol)
heat-inactivated FBS and 1% (vol/vol) penicillin/streptomycin. All of the above cells were
maintained at 37°C in 5% CO2-95% air.

Isolation of mitochondria-enriched fraction and lysate preparation

Cells were washed with ice-cold PBS and incubated on ice in a lysis buffer (250 mM
sucrose, 20 mM Hepes/NaOH, pH 7.5, 10 mM KCI, 1.5 mM MgCI2, 1 mM EDTA, 1:300
dilution protease inhibitor cocktail and 1:300 dilution phosphatase inhibitor cocktail) for 30
min. Cells were then scraped and disrupted by repeated aspiration through a 25-gauge
needle. The homogenates were spun at 800 g for 10 min at 4°C, and the resulting
supernatants were spun at 10,000 g for 20 min at 4°C. The pellets were washed with lysis
buffer and spun again at 10,000 for 20 min at 4°C. The final pellets were suspended in lysis
buffer containing 1% (v/v) Triton X-100 and were mitochondria-enriched fractions.
Mitochondrial protein VDAC or HSP60 was used as a loading control.

RNA interference

Control siRNA, mouse VCP siRNA, and mouse UBXD1 siRNA were purchased from
Thermo Fisher Scientific. HdhQ111 cells were transfected either with control siRNA or
VCP siRNA or UBXD1 siRNA using TransIT-TKO® Transfection Reagent (Mirus Bio
LLC), according to the manufacturer’s instructions.

Immunoprecipitation

Cells were lysed in a total cell lysate buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1%
Triton X-100, and protease inhibitor) or in the mitochondrial isolation buffer described
above. Total or mitochondrial lysates were incubated with the indicated antibodies overnight
at 4°C followed by the addition of protein A/G beads for 1 hour. Immunoprecipitates were
washed four times with cell lysate buffer and were analyzed by SDS-PAGE.
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Mitochondrial membrane potential and ROS production

Cells cultured on coverslips were washed with PBS and then incubated with 0.25 puM tetra-
methyl rhodamine (TMRM) (Invitrogen Life Science) for 20 minutes at 37°C. To ROS
generation, cells were incubated with general ROS indicator (CM-H2DCFDA, Invitrogen
Life Science) for 30 minutes at 37°C. The images were visualized by microscope and
quantitation of the density of fluorescence was carried out using NIH ImageJ software. At
least 100 cells per group were counted.

Western blot analysis

Protein concentrations were determined by Bradford assay. The protein was re-suspended in
Laemmli buffer, loaded on SDS-PAGE, and transferred onto nitrocellulose membranes.
Membranes were probed with the indicated antibodies, followed by visualization with ECL.

GST pull-down assay

Bacteria-expressed GST or GST-MCL1 were immobilized on glutathione-Sepharose 4B
beads (GE Healthcare) for three hours and then washed three times. Beads were incubated
with total lysates of mouse brains overnight at 4°C. Beads were then washed with a GST
binding buffer (100 mM NaCl, 50 mM NaF, 2 mM EDTA, 1% Triton-X100, and protease
inhibitor cocktail) and analyzed by SDS-PAGE.

Real-time PCR

Total RNA was isolated from the cells and reverse-transcribed with an oligo-dT primer. The
following primers were used for real-time PCR: mouse MCL1 forward: 5’-
AAAGGCGGCTGCATAAGTC-3’; mouse MCL1 reverse: 5’-
TGGCGGTATAGGTCGTCCTC-3’; mouse GAPDH forward: 5’-
TGGCCTTCCGTGTTCCTAC-3’; mouse GAPDH reverse: 5’-
GAGTTGCTGTTGAAGTCGCA-3.

Statistical analysis

Data were analyzed by Student’s #test or ANOVA with post-hoc Holm-Sidak test for
comparison between two groups. Each study was performed with at least three independent
replications. Data are expressed as mean £ SEM. Statistical significance was considered
achieved when the value of p was < 0.05.
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Highlights

. Mutant Htt promotes mitochondrial outer membrane protein MCL1
degradation via the UPS

. Mutant Htt recruits VCP to the mitochondria, where VCP mediates
MCL1 degradation

. UBXDL1 is a cofactor of VCP to facilitate MCL1 degradation in HD
models
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Figure 1. MCL1 is degraded in HD cell cultures via the UPS pathway
(A) Total lysates of HdhQ7 and HdhQ111 mouse striatal cells were harvested. Protein levels

of MCL1, MFN1, and MFN2 were determined by Western blot (WB) analysis using the
indicated antibodies. Actin was used as a loading control. The data shown in the histogram
are mean + SE from three independent experiments. Student #test. (B) RNA was extracted
from HdhQ7 and HdhQ111 cells. The mRNA level of MCL1 was determined by real-time
PCR. GAPDH was an internal control. The data are mean + SE from three independent
experiments. (C) HdhQ7 and HdhQ111 cells were co-transfected with MCL1 and GFP

plasmids, followed by the addition of the proteasome inhibitor MG132 (5 uM for 16 hours).
The MCL1 protein level was determined by WB. GFP was used as a control to ensure equal
transfection efficiency among experimental groups. The shown blots are representative from
three independent experiments. (D) HD patient fibroblasts (GM04693 and GM05539) and
normal fibroblasts (Conl and Con 2) were treated with or without MG132 (5 uM for 16
hours). Total lysates were subjected to WB analysis with the indicated antibodies. The
shown blots are from three independent experiments. (E) Cycloheximide (CHX)-chase assay
of MCL1 in HdhQ7 or HdhQ111 cells was conducted. The cells were treated with CHX at
50 pg/ml for the indicated time. The half-life of MCL1 was determined by WB. Actin was
used as a loading control. The data are mean * SE of three independent experiments. p<0.05,
ANOVA with post-hoc Holm-Sidak test. (F) HIhQ7 and HdhQ111 cells were treated with
MG132 (5 uM, 16 hours). Immunoprecipitation (IP) with anti-MCL1 antibody followed by
WB with anti-ubiquitin (Ub) was performed. Note: the amount of protein used for IP in
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HdhQ111 cells was modified to ensure similar levels of MCL1 protein in each group (see
input). The blots shown are from three independent experiments.
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Figure 2. A decrease in MCL1 causes mitochondrial and cellular damage
MCL1 was down-regulated by siRNA in HdhQ7 wildtype mouse striatal cells. (A) Left:

Western blots confirmed the knock-down of MCL1. Middle: Mitochondrial membrane
potential was determined using Tetramethylrhodamine methyl ester (TMRM) at the
indicated groups. Scale bar: 10 um. Right: quantitative analysis of TMRM fluorescence
density. At least 100 cells per group are counted. (B) An ROS indicator was used to
determine the production of reactive oxygen species (ROS). Left: representative images of
ROS probes in cells at the indicated groups. Scale bar: 10 um. Right: histogram of
guantitative analysis. At least 100 cells per group are counted. (C) The LC3 protein level
was determined by WB analysis in the presence or absence of BFA (20 nM for 4 hours).
Shown blots are from three independent experiments. (D) Total protein level of p62 was
determined by WB analysis. Histogram: quantitative analysis of total protein level of p62 vs.
Actin. All the data are mean = SE of three independent experiments. ANOVA with post-hoc
Holm-Sidak test.
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Figure 3. VCP is required for MCL1 degradation in HD cell cultures
(A) HEK293T cells were transfected with Myc-tagged, full-length Htt with 23 or 73 CAG

repeats (Myc-Htt-23Q and Myc-Htt-73Q, respectively) for 36 hours. Mitochondrial fractions
were isolated and WB analysis was performed with anti-VCP antibody. VDAC was used as a
loading control. The data are mean + SE of three independent experiments. Student #test.
(B) HdhQ7 and HdhQ111 cells were treated with VCP inhibitor DBeQ (10 uM) for 16
hours. Mitochondria were isolated and the VVCP protein level was determined by WB
analysis. HSP60 was a loading control. The data are mean £ SE of three independent
experiments. ANOVA with post-hoc Holm-Sidak test. (C) HdhQ111 cells were transfected
with control or VCP siRNA for 48 hours. MCL1 and VVCP protein levels were examined by
WB with anti-MCL1 and anti-VCP antibodies. The data are mean + SE of three independent
experiments. ANOVA with post-hoc Holm-Sidak test. (D) HEK293T cells were co-
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transfected GFP-VCP wildtype (GFP-VCPWT) or QQ mutant (GFP-VCPQR) with Myc-
tagged Htt carrying 23 (Myc-Q23) or 73 (Myc-73Q) CAG repeats for 36 hours. Western blot
analysis was conducted with the indicated antibodies. The blots shown are from three
independent experiments.
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Figure 4. UBXD1 is a VCP mitochondrial cofactor
(A) HdhQ7 and HdhQ111 cells were treated with VCP inhibitor DBeQ (10 uM) for 16

hours. Western blot analysis of mitochondrial fractions was performed with the indicated
antibodies. The data are mean + SE of three independent experiments. *, p<0.05 vs. Q111
cells. ANOVA with post-hoc Holm-Sidak test. (B) HdhQ111 cells were transfected with
control or VCP siRNA for 48 h. Mitochondrial VCP and UBXD1 protein levels were
detected with anti-VCP and anti-UBXD1 antibodies by WB. The data are mean + SE of
three independent experiments. *, p<0.05 vs. cells with con siRNA. ANOVA with post-hoc
Holm-Sidak test. (C) Control vector or Myc-VCP was co-expressed with HA-UBXD1 in
HEK?293T cells for 36 hours. Western blot analyses of mitochondrial fractions were
performed with anti-Myc, anti-HA, and anti-HSP60 antibodies. (D) HEK293T cells were
co-transfected with Myc-VCP and HA-UBXD1 for 36 hours. Immunoprecipitates (IP) with
anti-Myc were immunoblotted (IB) with anti-HA antibody. (E) Mitochondrial fractions were
isolated from HdhQ7 and HdhQ111 cells. IP with anti-UBXD1 followed by IB with anti-
VCP antibody was conducted. All blots shown are from three independent experiments.
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Figure 5. UBXD1 and VCP cooperate to extract MCL from the mitochondria
(A) HA-UBXD1 was transfected in HdhQ7 wildtype striatal cells for 36 hours. Total cell

lysates were incubated with GST or GST-MCL1 overnight. Immunoprecipitates (IP) were
analyzed by IB with anti-HA antibody. Total cell lysates of HdhQ7 wildtype cells were
incubated overnight with GST, GST-MCL1, or GST-VCP. Immunoprecipitates were
analyzed by IB with anti-UFD1L (B) or an-NPL4 (D) antibodies. (C) Bacteria-expressed
His-p47 was incubated overnight with GST, GST-MCL1, or GST-VCP. Immunoprecipitates
were analyzed by IB with p47 antibody. (E) HdhQ111 mutant striatal cells were transfected
with control siRNA or UBXD1 siRNA for 48 hours. MCL1 and UBXD1 were detected by
WB with the indicated antibodies. Actin was used as a loading control. (F) Ubiquitin was
co-transfected with HA-UBXD1 and GFP-VCP in HdhQ7 wildtype cells for 48 hours.
Cytosolic fractions were isolated and analyzed by IB with anti-MCL1 and anti-UBXD1
antibodies. All blots shown are from three independent experiments.
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