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FUS (fused in sarcoma) proteinopathy is a group of neurodegen-
erative diseases characterized by the formation of inclusion bodies
containing the FUS protein, including frontotemporal lobar de-
generation and amyotrophic lateral sclerosis. Previous studies
show that mitochondrial damage is an important aspect of FUS
proteinopathy. However, the molecular mechanisms by which FUS
induces mitochondrial damage remain to be elucidated. Our
biochemical and genetic experiments demonstrate that FUS inter-
acts with the catalytic subunit of mitochondrial ATP synthase
(ATP5B), disrupts the formation of ATP synthase complexes, and
inhibits mitochondrial ATP synthesis. FUS expression activates the
mitochondrial unfolded protein response (UPRmt). Importantly,
down-regulating expression of ATP5B or UPRmt genes in FUS trans-
genic flies ameliorates neurodegenerative phenotypes. Our data
show that mitochondrial impairment is a critical early event in FUS
proteinopathy, and provide insights into the pathogenic mecha-
nism of FUS-induced neurodegeneration.
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FUS (fused in sarcoma, or translocated in liposarcoma) is a
multifunctional DNA/RNA-binding protein associated with

neurodegeneration. FUS proteinopathy is a group of neurode-
generative diseases characterized by the presence of protein in-
clusion bodies containing FUS, including amyotrophic lateral
sclerosis (ALS-FUS) and different forms of frontotemporal lobar
degeneration with FUS pathology (FTLD-FUS) (1–4). Recent
studies have suggested potential mechanisms underlying FUS
proteinopathy (reviewed in refs. 5–7), including the DNA dam-
age response (8, 9), stress granule formation (10, 11), dysregu-
lation of RNA metabolism (12), synaptic dysfunction (13),
disrupted endoplasmic reticulum–mitochondria association (14),
and impaired mitochondrial function or dynamics (15–18).
Our previous work has demonstrated that FUS protein inter-

acts with the mitochondrial chaperone HSP60 to localize into
mitochondria, leading to mitochondrial fragmentation, mem-
brane potential loss, increased mitochondrial reactive oxygen
species production, and defects in mitochondrial axonal trans-
port (17, 18). Together with studies by other groups (14–16),
these data suggest that mitochondrial dysfunction may play an
important role in the pathogenesis of FUS proteinopathy.
Mitochondrial ATP synthesis is essential for many aspects

of cellular homeostasis, affecting not only metabolic processes
but also cell survival and death (19, 20). Mitochondrial ATP
synthase (complex V) generates ATP using the electrochemical
gradient across the mitochondrial inner membrane as a result of
the concerted activities of respiratory chain complexes (com-
plexes I to IV) (21). Proper assembly of complex V is essential
for mitochondrial ATP synthesis (reviewed in ref. 22). Down-
regulating or inhibiting a single or multiple subunits of the mi-

tochondrial electron transport chain (ETC), encoded by either
the nuclear genome (nDNA) or the mitochondrial genome
(mtDNA), results in an imbalance between nDNA- versus mtDNA-
encoded subunits as well as the accumulation of unassembled
subunits in mitochondria. This leads to the activation of the
mitochondrial unfolded protein response (UPRmt) (23). UPRmt

may play a protective role in neurodegenerative disorders by re-
ducing mitochondrial damage. UPRmt activation has been reported
in animal models for Parkinson’s disease (PD) and ALS-SOD1
(24–26). However, the role of UPRmt in FUS proteinopathy has
not been reported.
Our data presented here show that when accumulated inside

mitochondria, FUS interacts with the mitochondrial ATP syn-
thase catalytic subunit ATP5B and reduces mitochondrial ATP
synthesis. This mitochondrial impairment is the earliest effect
detected, preceding any detectable signs of cell death. In both
cellular and animal models, expression of wild-type (Wt) or an
ALS-associated mutant (P525L) FUS disrupts the formation of
the mitochondrial ATP synthase supercomplexes and suppresses
the activity of ATP synthase, resulting in mitochondrial cristae
loss followed by mitochondrial fragmentation. Expression of
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FUS increases levels of ATP5B and ATP5B monomer not as-
sembled into the ATP synthase supercomplexes. FUS expression
activates UPRmt. Importantly, down-regulation of ATP5B or
UPRmt genes by RNAi partially rescues neurodegenerative phe-
notypes. Our data suggest that mitochondrial impairment may be
a common pathogenic mechanism underlying FTLD-FUS and
ALS-FUS, and that blocking mitochondrial damage may provide a
therapeutic approach to these devastating diseases.

Results
Expression of Wt or P525L-Mutant FUS Induces Cell Death. To detect
early changes induced by FUS, we generated stable HEK293 cell
lines expressing FUS as a myc-tagged protein using a tetracycline
(Tet)-inducible system. This system allowed us to examine cellular
and molecular changes at different time points following the in-
duction of expression of Wt or P525L-mutant FUS. Both endog-
enous and exogenous FUS proteins were detected in purified
mitochondria by the 16- or 24-h time point after FUS induction
(Fig. 1 A and B). Expression of several mitochondrial proteins
was not obviously affected by FUS, including HSP60, HSPA9,
TOM20, or IMMT (inner-membrane mitochondrial protein) or
CytC (cytochrome c) (Fig. 1 and SI Appendix, Fig. S1).
We next examined cell death by staining cells using an

Annexin V-FITC/PI (propidium iodide) kit followed by flow
cytometry analyses. Cells expressing P525L-mutant FUS began
to show increased cell death by the 72-h time point following
FUS induction, whereas no significant cell death was detected
at the 16- or 48-h time point in cells expressing either Wt or
P525L-mutant FUS (Fig. 1 C–G and SI Appendix, Fig. S2). By

the 96-h time point after FUS induction, both Wt and P525L-
mutant FUS induced significant cell death compared with
control cells (Fig. 1 C–G). Expression of P525L-mutant FUS
showed more mitochondrial FUS accumulation (Fig. 1B) and
induced more cell death (Fig. 1 C–G) compared with Wt FUS,
suggesting that increased mitochondrial FUS is associated
with elevated cytotoxicity.

FUS Induces Mitochondrial Damage Before Cell Death. To investigate
whether FUS expression leads to the mitochondrial dysfunction at
an early stage, we examined FUS-expressing cells by electron
microscopy (EM) between 16 and 72 h after FUS induction. At
16 h, mitochondria in cells expressing Wt or P525L-mutant FUS
showed a prominent loss of cristae compared with those in control
cells (Fig. 2 A–C). By 72 h, the size of mitochondria was signifi-
cantly reduced in cells expressing either Wt or P525L-mutant FUS
(Fig. 2 A and D). Interestingly, the mitochondrial membrane po-
tential of cells expressing Wt or P525L-mutant FUS exhibited a
transient increase at 16 h after FUS induction, and then decreased
by 72 h (Fig. 2 E–H and SI Appendix, Fig. S3). Furthermore, mi-
tochondrial cristae loss was also found in fly photoreceptors
expressing Wt or P525L-mutant FUS (SI Appendix, Fig. S4), in-
dicating that increased FUS expression disrupts the formation or
maintenance of mitochondrial cristae in vivo. It has been reported
that an ATP synthase defect may cause mitochondrial hyperpo-
larization (27) and lead to mitochondrial cristae loss (28, 29). Our
results demonstrate that transient hyperpolarization and mito-
chondrial cristae loss induced by FUS occur at an early stage,
preceding mitochondrial fragmentation and cell death.

Fig. 1. Expression of Wt or P525L-mutant FUS induces cell death. Stable HEK cell lines expressing either Wt or P525L-mutant FUS as myc-tagged proteins
following induction by tetracycline (0.5 μg/mL). (A and B) At different time points following Tet induction of FUS expression, total cell lysates or purified
mitochondria were analyzed using Western blotting with the indicated antibodies. Control, Ctr. (C) Representative flow cytometry analysis of cells following
staining with an Annexin V-FITC/PI kit to quantify cell death in cells expressing Wt or P525L-mutant FUS. (D–G) Quantification of distinct cell populations at
different time points (also see SI Appendix, Fig. S2). Data were analyzed using a two-way ANOVA with Bonferroni post hoc test (representing three in-
dependent experiments; *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant). Error bars represent mean ± SEM.
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FUS Suppresses Mitochondrial ATP Synthase Activity and Disrupts the
Formation of ATP Synthase Supercomplex. We systematically ex-
amined mitochondrial function in these FUS-expressing cells.
By the 16 h time point following induction of expression of
either Wt or P525L-mutant FUS, mitochondrial ATP synthesis
was reduced by more than 50%, reflecting a significant im-
pairment of mitochondrial function. In contrast, the activities
of mitochondrial complexes I through IV were unaffected by
FUS expression (Fig. 3 A and B). This is consistent with the
possibility that the ongoing activity of ETC complexes without
proton influx through the dysfunctional ATP synthase led to a
transient increase in the membrane potential (Fig. 2 E and F).
We then focused analyses on the activity and formation of
mitochondrial ATP synthase (complex V) using blue native
polyacrylamide gel electrophoresis (BN-PAGE) (Fig. 3C). At
16-h postinduction, an in-gel ATPase assay after BN-PAGE
was performed to examine the activities of the complex V
monomer and dimer (Fig. 3D). Although ATP synthase com-
plex monomer (CV) activity was not affected by FUS expres-
sion, CV dimer (CV2) activity was decreased in cells expressing
Wt or P525L-mutant FUS compared with control cells (Fig. 3 D
and E). No obvious differences were detected in the level of the
ATP synthase CV by Coomassie blue staining (Fig. 3C). Thus,
complex V formation was further examined using clear native
polyacrylamide gel electrophoresis (CN-PAGE) analyses of
purified mitochondria from these cells. Western blot analyses
after CN-PAGE using anti-ATP5B antibody detected not only
the complex V complexes but also faster-migrating bands with
molecular masses between 66 and 150 kDa, corresponding to
ATP5B monomers and ATP5B-containing intermediate com-
plexes. Notably, the levels of ATP5B monomers and ATP5B-
containing intermediate complexes were increased in purified

mitochondria from cells expressing either Wt or P525L-mutant
FUS (especially the mutant FUS) compared with the control
group (SI Appendix, Fig. S5). Together, these data demonstrate
that FUS expression disrupts the formation and suppresses the
activity of ATP synthase complexes. It is important to note that
FUS-induced disruption of ATP synthase function occurs at an
early stage (16 h), before any detectable signs of cell death
(72 to 96 h postinduction).
In our previous work, we had established a Drosophila model

of FUS proteinopathy and showed that expression of Wt or
ALS-mutant FUS led to mitochondrial damage and neuro-
degeneration (17, 30). To examine whether FUS expression
affected mitochondrial ATP synthase activity and formation in
vivo, we used transgenic flies expressing human Wt or P525L-
mutant FUS under a temperature-inducible actin5C-Gal4/
tubulin-Gal80ts driver (31). FUS expression was induced in adult
flies for 15 d before mitochondria were purified from fly heads.
BN-PAGE was then performed using purified mitochondria to
measure the activity and formation of complex V (Fig. 3F). The in-
gel ATPase assay following BN-PAGE revealed that expres-
sion of Wt or P525L-mutant FUS decreased the activities of
both the monomer CV and the dimer CV2 compared with the
control group, with reduction of CV activity in the P525L-mutant
group reaching statistical significance (Fig. 3G–I). The protein levels
of the monomer CV and the dimer CV2 were significantly decreased
in flies expressing P525L-mutant FUS compared with the control
group (Fig. 3 J–L). These results indicate that increased FUS ex-
pression in vivo disrupts the formation of mitochondrial ATP syn-
thase supercomplexes and suppresses the ATP synthase activity.

FUS Induces Mitochondrial Unfolded Protein Response. Recent
studies have shown that altering the formation or activity of the

Fig. 2. Increased FUS expression induces mitochondrial cristae loss and mitochondrial membrane hyperpolarization before cell death. All assays were done
16 or 72 h postinduction as specified. (A) EM images showing mitochondrial morphology of HEK293 cells expressing the vector control or Wt or P525L-mutant
FUS. (B) Quantification of mitochondrial size; >100 mitochondria per group (128, 116, and 150 in Ctr, Wt, and P525L groups, respectively) were measured. (C)
Mitochondrial cristae density; >50 mitochondria per group (52, 53, and 54 in Ctr, Wt, and P525L groups, respectively) were quantified. (D) Mitochondrial size
at 72 h postinduction; >100 mitochondria per group (115, 117, and 141 in Ctr, Wt, and P525L groups, respectively) were measured. (E–H) FACS analyses of cells
expressing Ctr, Wt, or P525L-mutant FUS with quantification of TMRM (tetramethylrhodamine methyl ester) signal intensity at 16 and 72 h. Data were
analyzed using a one-way ANOVA with Bonferroni post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001). Error bars represent mean ± SEM.
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mitochondrial ETC activates the mitochondrial unfolded protein
response; one possible trigger for UPRmt activation is a disrup-
tion in the balance of the mtDNA- versus nDNA-encoded
components of ETC complexes (23, 32–35). Our data pre-

sented above indicate that when accumulated in mitochondria,
FUS disrupts the formation and function of the ATP synthase
dimer CV2. This prompted us to examine UPRmt in our cellular
and animal models of FUS proteinopathy. Using the inducible
HEK293 cells expressing FUS, we performed quantitative RT-
PCR (qRT-PCR) at different time points following FUS in-
duction using specific primers for genes critical for mammalian
UPRmt, including ATF5, LonP1, HSP60, and HSPA9 (also
known as mitochondrial HSP70 or mortalin) (36, 37). Quanti-
tative analyses revealed that these UPRmt-associated genes
were up-regulated following induction of expression of either Wt
or P525L-mutant FUS (Fig. 4 A–D). All four genes were
up-regulated 24 h after FUS induction in cells expressing

Fig. 3. (A–E) Expression of Wt or P525L-mutant FUS impairs mitochondrial
ATP synthesis in inducible HEK293 cells (16 h postinduction). (A) Activities of
the mitochondrial complexes I to IV were determined in HEK293 inducible
FUS-expressing cells. (B) Mitochondrial ATP synthesis was measured. (C) BN-
PAGE analyses of mitochondrial complexes using purified mitochondria from
cells expressing Ctr, Wt, or P525L-mutant FUS. (D) The in-gel ATPase assay
was performed using BN-PAGE of digitonin-solubilized mitochondria from
corresponding groups, showing ATPase activity of monomeric or dimeric
complex V (CV or CV2, respectively). The mitochondrial marker IMMT and
FUS protein levels were examined by Western blotting (WB). (E) Quantifi-
cation of mitochondrial ATPase activity from the corresponding groups
shown in D, normalized to the protein levels. (F–L) Expression of Wt or
P525L-mutant FUS in flies disrupts complex V formation and suppresses ATP
synthase activity. (F) BN-PAGE analyses of mitochondrial complexes using
purified mitochondria from flies expressing Ctr, Wt, or P525L-mutant FUS at
day 15 postinduction. (G) The in-gel ATPase assay was performed as in D. (H
and I) Quantification of the mitochondrial ATPase activity shown in G
(normalized to the intensity of the corresponding bands in Coomassie blue
staining of F). (J) Western blotting analyses following BN-PAGE to show the
protein levels of the ATP synthase monomeric or dimeric complexes (CV or
CV2), as detected using a specific antibody against ATP5B. Another mito-
chondrial protein, prohibitin, was used as a loading control. (K and L)
Quantification of CV and CV2 protein levels shown in J. Fly genotypes: Ctr:
actin5C-Gal4/tubulin-Gal80ts/UAS-RFP; Wt: actin5C-Gal4/tubulin-Gal80ts/UAS-
Wt-FUS-RFP; P525L: actin5C-Gal4/tubulin-Gal80ts/UAS-P525L-FUS-RFP. Data
were analyzed using a one-way ANOVA with Bonferroni post hoc test
(representing three independent experiments; *P < 0.05, **P < 0.01, ***P <
0.001). Error bars represent mean ± SEM.

Fig. 4. FUS induces mitochondrial unfolded protein response. (A–D) Ex-
pression levels of ATF5, LonP1, HSP60, and HSPA9 mRNAs in control group or
HEK293 cells expressing Wt or P525L-mutant FUS were measured by qRT-PCR
at different time points postinduction. Data were analyzed using a two-way
ANOVA with Bonferroni post hoc test. (E–I) Expression levels of TRAP1,
HSP60A, Hsc70-5, CG5045 (ClpP), and Lon mRNAs were determined by qRT-
PCR in control flies or flies expressing Wt or P525L-mutant FUS at 15 d
postinduction. Data were analyzed using a one-way ANOVA with Bonferroni
post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent
mean ± SEM. Fly genotypes: Ctr: actin5C-Gal4/tubulin-Gal80ts/UAS-RFP; Wt:
actin5C-Gal4/tubulin-Gal80ts/UAS-Wt-FUS-RFP; P525L: actin5C-Gal4/tubulin-
Gal80ts/UAS-P525L-FUS-RFP.
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P525L-mutant FUS and remained up-regulated through 72 h.
HSP60 and HSPA9 were up-regulated 48 h after FUS induction
in cells expressing Wt FUS, and ATF5 was up-regulated after the
72-h time point. These data show that increased expression of
FUS induces UPRmt in cultured cells.
We next examined whether FUS expression elicited UPRmt in

vivo. The actin5C-Gal4/tubulin-Gal80ts driver was used to induce
expression of either Wt or P525L-mutant FUS in adult flies for
15 d, the same time point when the formation of mitochondrial
ATP synthase supercomplexes was disrupted by FUS (Fig. 3G–L).
Quantitative RT-PCR analyses revealed that UPRmt-associated
genes, including TRAP1, HSP60A, Hsc70-5, CG5045 (ClpP), and
Lon, were up-regulated in flies expressing either Wt or P525L-
mutant FUS compared with the control flies (Fig. 4 E–I).
To investigate the role of UPRmt in FUS-induced neuro-

degeneration, we examined whether altering expression of
genes critical for UPRmt modified FUS-induced neurotoxicity.
Unexpectedly, knocking down UPRmt-associated genes, in-
cluding TRAP1, Hsc70-5, CG5045 (ClpP), and Lon, reduced
retinal degeneration in flies expressing Wt or P525L-mutant
FUS, with a recovery of ommatidial organization to various
extents, whereas knocking down these genes in control flies did
not show any detectable effects (Fig. 5 and SI Appendix, Fig. S6
A and B). While control flies overexpressing Lon showed
moderate retinal degeneration (SI Appendix, Fig. S6A), Lon
overexpression in FUS transgenic flies exacerbated FUS-
induced retinal degeneration, with eye atrophy and a more
severe loss of ommatidial organization (Fig. 5A). Over-
expression of ClpP, another UPRmt gene, did not show a de-
tectable effect (SI Appendix, Fig. S6C). These data suggest that

UPRmt activation by FUS may not protect against neurotoxic-
ity; instead, excessive UPRmt activation may contribute to the
pathogenesis of FUS proteinopathy.

FUS Interacts with Mitochondrial ATP Synthase β-Subunit. To dissect
the mechanism by which FUS affects mitochondrial ATP syn-
thase function, we examined whether FUS interacted with any
components of the ATP synthase complex. Our previous study
using an immunopurification-coupled mass spectrometry ap-
proach identified several mitochondrial proteins interacting with
FUS, including ATP5B (17). Coimmunoprecipitation followed
by Western blotting with specific antibodies against different
subunits of the mitochondrial ATP synthase complexes revealed
that both Wt and P525L-mutant FUS specifically interacted with
ATP5B, the catalytic subunit of the ATP synthase (Fig. 6A). No
interaction was detected between FUS and ATP5A1, ATP5O, or
ATP5F1 (SI Appendix, Fig. S7A). To test if FUS directly inter-
acted with ATP5B, we performed GST pull-down experiments
using purified Wt or P525L-mutant FUS proteins tagged with
GST together with His-tagged ATP5B protein. In the GST pull-
down assay, both Wt and P525L-mutant FUS interacted with
the purified ATP5B protein (Fig. 6B). The interaction between
FUS and ATP5B was not dependent on RNA, because such
interaction was not affected by RNase treatment (SI Appendix,
Fig. S7B). These data indicate that FUS interacts with ATP5B in
an RNA-independent manner.
To examine if FUS protein colocalized with ATP5B inside

mitochondria, we performed immunoelectron microscopy
(IEM) using FTLD-FUS brain samples as reported in our
previous study (17). In FTLD-FUS brain samples, FUS-
immunostaining signals (10-nm gold particles) were detected
in close proximity to ATP5B-immunostaining signals (25-nm
gold particles) (marked by arrows in Fig. 6C), and both were in
close association with mitochondrial cristae (arrowheads in Fig.
6C). Similar IEM results were obtained in cultured HEK293
cells stably expressing the Wt or P525L-mutant FUS. ATP5B
colocalized with either Wt or P525L-mutant FUS on mito-
chondrial cristae (marked by arrows in Fig. 6D). Further ex-
amination of purified mitochondria at 24 h postinduction
showed that the ATP5B protein levels were moderately in-
creased in cells expressing Wt or P525L-mutant FUS (not
reaching statistical significance; Fig. 6 E and F). Interestingly,
the ratio of the nuclear-encoded ATP5B to the mitochondrial-
encoded MT-ATP6 increased in cells expressing P525L-mutant
FUS at 24 h postinduction (Fig. 6G), consistent with UPRmt

activation at this time point in these cells (Fig. 4 A–D). FUS
knockout did not affect the mitochondrial ATP5B protein level
(SI Appendix, Fig. S8A), suggesting that the increase in AT5B
protein level is not due to stabilization by FUS. On the other
hand, ATP5B mRNA levels increased in cells expressing Wt or
P525L-mutant FUS (SI Appendix, Fig. S8B).

Knocking Down ATP5B Rescues Mitochondrial and Retinal Degeneration
Phenotypes in FUS Transgenic Flies. To investigate if FUS interacts
with ATP5B in vivo, we performed genetic experiments by
overexpressing or down-regulating ATP5B in FUS transgenic
flies. Flies expressing Wt or P525L-mutant FUS in photore-
ceptors exhibited retinal degeneration with a loss of ommatidia,
as reported previously (17, 18, 30). Western blotting showed
that ATP5B was increased in fly eyes expressing Wt or P525L-
mutant FUS (SI Appendix, Fig. S9 A and B). Overexpressing
ATP5B in FUS flies exacerbated the retinal degeneration
phenotype, with a more severe loss of ommatidia (Fig. 7A), and
also further reduced locomotor function of larvae expressing
FUS (SI Appendix, Fig. S9C). On the other hand, down-regulating
ATP5B suppressed FUS-induced retinal degeneration. Two in-
dependent RNAi fly lines, siATP5B 1 and 2, were examined
in which the ATP5B protein level was significantly reduced

Fig. 5. Down-regulating UPRmt genes partially rescues retinal degeneration
phenotype. (A) Microscopic images of fly eyes (day 5 adults) show that RNAi
knockdown of UPRmt genes partially rescued retinal degeneration in flies
expressing Wt or P525L-mutant FUS. Magnified retinal regions (marked by
arrows) are shown (Insets). (B and C) Quantification of the degenerated area
(percentage of the entire eye surface) in fly eyes expressing Wt or P525L-FUS,
respectively, in the indicated groups shown in A. Data were analyzed by a
one-way ANOVA with Bonferroni post hoc test (representing three in-
dependent experiments; *P < 0.05, **P < 0.01, ***P < 0.001). Error bars
represent mean ± SEM. Fly genotypes: Ctr: GMR-Gal4/UAS-Wt-FUS-RFP or
GMR-Gal4/UAS-P525L-FUS-RFP; siTRAP1: GMR-Gal4/UAS-Wt-FUS-RFP/UAS-
siTRAP1 or GMR-Gal4/UAS-P525L-FUS-RFP/UAS-siTRAP1; siHsc70-5: GMR-
Gal4/UAS-Wt-FUS-RFP/UAS-siHsc70-5 or GMR-Gal4/UAS-P525L-FUS-RFP/UAS-
siHsc70-5; siClpP (siCG5045): GMR-Gal4/UAS-Wt-FUS-RFP/UAS-siClpP or
GMR-Gal4/UAS-P525L-FUS-RFP/UAS-siClpP; siLon: GMR-Gal4/UAS-Wt-FUS-RFP/
UAS-siLon or GMR-Gal4/UAS-P525L-FUS-RFP/UAS-siLon; Lon OE: GMR-Gal4/
UAS-Wt-FUS-RFP/UAS-Lon or GMR-Gal4/UAS-P525L-FUS-RFP/UAS-Lon.
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(Fig. 7 B and C). Both siATP5B lines showed suppression of the
retinal degeneration phenotypes in fly eyes expressing either Wt
or P525L-mutant FUS, with a partial recovery of ommatidial or-
ganization (Fig. 7A). These results indicate that down-regulating
ATP5B partially rescued the neurodegeneration phenotype in
vivo. As siATP5B lines 1 and 2 showed a similar rescue effect,
siATP5B line 1 was used for subsequent experiments. EM revealed
a loss of rhabdomeres and mitochondrial damage in photoreceptors
expressing Wt or P525L-mutant FUS. Although down-regulating
ATP5B did not restore the rhabdomeres to completely normal
morphology, it significantly increased the mitochondrial size in
photoreceptors (Fig. 7 D and E).

Discussion
A number of mechanisms have been proposed for FUS protein-
opathy, including the DNA damage repair defect, dysregulation of
transcription and/or pre-mRNA splicing, oxidative stress, aberrant
stress granule formation, mitochondrial impairment, and axonal
transport defects (for recent reviews, see refs. 6 and 7). A previous
report suggests that FUS may affect ATP synthesis (14). However,
the underlying mechanisms were not understood.
Our data here demonstrate that expression of Wt or ALS-

mutant FUS leads to mitochondrial dysfunction that precedes cell
death (Figs. 1 and 2 and SI Appendix, Figs. S2 and S3). Further,
our work demonstrates that FUS interacts with ATP5B, disrupts

Fig. 6. FUS interacts with ATP5B and colocalizes with ATP5B in mitochondria. (A) Interaction of FUS with ATP5B was detected in coimmunoprecipi-
tation experiments. A specific anti-Myc monoclonal antibody was used to immunoprecipitate FUS protein in HEK293 cells expressing Wt or P525L-
mutant FUS as Myc-tagged proteins. ATP5B was detected among proteins immunoprecipitated by anti-Myc in cells expressing Wt or P525L-mutant FUS,
but not in cells expressing the vector control. IP, immunoprecipitation. (B) GST pull-down assay using purified FUS and ATP5B proteins indicates that Wt
or P525L-mutant FUS interacts with ATP5B. (Top) Detection of ATP5B by Western blotting in the GST pull-down assay using GST-tagged Wt or P525L-
mutant FUS. (Bottom) Coomassie blue staining of purified GST-tagged Wt or P525L-mutant FUS protein preparations as well as the control GST protein
used in the GST pull-down experiments. Approximately 1/40 of the total input (20 ng ATP5B-His) was loaded in lane 1 to avoid excessively strong WB
signals; 50 ng of Wt or P525L-mutant FUS-GST together with 20 ng ATP5B-His was used for GST pull-down in the last two lanes. (C ) IEM of FTLD-FUS
brain samples. Cryosections were immunostained with a specific murine anti-FUS antibody and a secondary anti-murine IgG conjugated to 10-nm gold
particles. Mitochondrial ATP5B was labeled with rabbit anti-ATP5B and anti-rabbit IgG conjugated to 25-nm gold particles. Because the majority of
mitochondria in FTLD-FUS brain samples exhibited a loss of mitochondrial membrane or damaged cristae (17), only the remaining mitochondrial cristae
are shown, rather than typical healthy mitochondria. Arrows mark colocalization of FUS IEM signals with ATP5B IEM signals. Arrowheads mark mi-
tochondrial cristae. Magnified areas are shown (Insets). (D) IEM of HEK293 stable cells expressing Wt or P525L-mutant FUS. FUS was labeled with 10-nm
gold particles, and ATP5B was labeled with 25-nm gold particles. Arrows mark colocalization of FUS with ATP5B in the mitochondria. Magnified areas are shown
(Insets). (E) Mitochondria were purified from HEK293 cells expressing control, Wt, or P525L-FUS 24 h postinduction and analyzed by Western blotting with the
indicated antibodies to show the levels of nuclear-encoded ATP5B and mitochondrial genome-encoded MT-ATP6 proteins. IMMT was used as an internal control.
(F and G) Quantification of data in B to show the ATP5B protein levels or the ATP5B:MT-ATP6 ratio in Ctr, Wt, or P525L-FUS groups. Data were analyzed using a
one-way ANOVA with Bonferroni post hoc test (representing three independent experiments; *P < 0.05). Error bars represent mean ± SEM.
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assembly of the ATP synthase supercomplex(es), and suppresses
mitochondrial ATP synthesis (Figs. 3 and 6). ATP synthase
complex assembly is critical for efficient ATP synthesis and is
closely associated with mitochondrial cristae formation (38). ATP
synthase mutants show disorganized cristae in yeast (28, 38, 39).
ATP5B, the β-subunit, is the essential catalytic subunit of the
mitochondrial ATP synthase (40). Our data show that expression
of Wt or ALS-mutant FUS impairs the formation and activity of
ATP synthase complexes (complex V) without affecting the other
four ETC complexes (Fig. 3). Our study demonstrates that FUS
directly targets mitochondrial complex V.
Consistent with the association between complex V assembly

and cristae formation, our EM data show that expression of Wt
or P525L-mutant FUS leads to a mitochondrial cristae loss in
both cellular and animal models (Fig. 2 and SI Appendix, Fig.
S4). Remarkably, similar mitochondrial damage, including cris-
tae loss, was recently reported as the earliest pathological
changes, preceding synaptic or neuronal loss, in transgenic mice
expressing wild-type human FUS protein (41). Similar cristae
changes were also observed in FTLD-FUS patient brains (17),
indicating that mitochondrial impairment is an intrinsic patho-
logical feature of FUS proteinopathy.
Genetically altering the level of ATP5B not only modifies

FUS-induced mitochondrial damage but also modulates FUS
neurotoxicity (Fig. 7), suggesting that the interaction of FUS
with ATP5B is functionally significant. By interacting with
ATP5B, FUS may disrupt the assembly of ATP synthase super-
complexes, resulting in mitochondrial dysfunction and damage

(see the working model depicted in Fig. 8). The mitochondrial
ATP5B protein level was increased in FUS-expressing HEK293
cells (Fig. 6 E and F) and flies (SI Appendix, Fig. S9 A and B),
whereas ATP synthase complex activities and formation were
decreased (Fig. 3 C–E and G–L). Our data suggest that there
would be an accumulation of unassembled or free ATP synthase
subunits (ATP5B or another subunits; ATPx). This may induce
an imbalance in the nDNA- versus mtDNA-encoded complex
components and thereby activate UPRmt, similar to a previous
study (23). Consistent with this notion, FUS expression increases
unassembled ATP5B levels in purified mitochondria and in-
creases the mitochondrial ATP5B:MT-ATP6 ratio (Fig. 6 E and
G and SI Appendix, Fig. S5).
UPRmt is an adaptive mechanism to ensure proper com-

munication between mitochondria and the nucleus. Accumu-
lation of mitochondrial unfolded proteins or an imbalance of
nDNA- versus mtDNA-encoded mitochondrial proteins may
trigger UPRmt to regulate genes crucial for mitochondrial
proteostasis and quality control (42–44). However, UPRmt

activation is not always beneficial. Under severe or extended
mitochondrial stresses, excessive activation of UPRmt may
have detrimental effects (24, 45). For example, it was reported
that prolonged UPRmt activation induced neurodegeneration
in PD models (46). Our data show that expression of Wt or
ALS-mutant FUS proteins activates UPRmt (Fig. 4), and that
down-regulating UPRmt genes ameliorates FUS-induced neu-
rodegeneration in vivo (Fig. 5 and SI Appendix, Fig. S6).
We hypothesize that UPRmt is activated by FUS-induced

Fig. 7. Down-regulating ATP5B ameliorates retinal degeneration and mitochondrial fragmentation in flies expressing Wt or P525L-mutant FUS. (A) Mi-
croscopic images of fly eyes (5-d-old adult) show that RNAi knocking down of ATP5B mitigates retinal degeneration in flies expressing Wt or P525L-mutant
FUS, whereas overexpression (OE) of ATP5B exacerbates the neurodegenerative phenotypes. (B) Western blotting analyses revealing ATP5B protein levels in
the fly eyes of the corresponding groups. (C) Quantification of ATP5B protein levels in two ATP5B RNAi lines. (D) Transmission electron microscopy images of
fly retinae at day 5. Knocking down ATP5B expression by siRNA partially rescues mitochondrial fragmentation in flies expressing Wt or P525L-mutant FUS. (E)
Mitochondrial size was quantified using ImageJ (NIH). More than 100 mitochondria per group (140, 129, 125, 139, and 129 in Ctr, Wt-FUS, Wt-FUS+siATP5B,
P525L-FUS, and P525L-FUS+siATP5B groups, respectively) were quantified. Data were analyzed using one-way ANOVA with Bonferroni post hoc test (***P <
0.001). Error bars represent mean ± SEM. Fly genotypes: GMR>Ctr group: Ctr: GMR-Gal4/UAS-RFP; ATP5B OE: GMR-Gal4/UAS-ATP5B-Myc; ATP5B siRNA#1:
GMR-Gal4/UAS-siATP5B#1; ATP5B siRNA#2: GMR-Gal4/UAS-siATP5B#2; GMR>hFUS group (Wt or P525L-mutant): Ctr: GMR-Gal4/UAS-Wt-FUS-RFP or GMR-
Gal4/UAS-P525L-FUS-RFP; ATP5B OE: GMR-Gal4/UAS-Wt-FUS-RFP/UAS-ATP5B-Myc or GMR-Gal4/UAS-P525L-FUS-RFP/UAS-ATP5B-Myc; ATP5B siRNA#1:
GMR-Gal4/UAS-Wt-FUS-RFP/UAS-siATP5B#1 or GMR-Gal4/UAS-P525L-FUS-RFP/UAS-siATP5B#1; ATP5B siRNA#2: GMR-Gal4/UAS-Wt-FUS-RFP/UAS-siATP5B#2 or
GMR-Gal4/UAS-P525L-FUS-RFP/UAS-siATP5B#2.
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disruption of mitochondrial ATP synthesis and by an imbalance
in nuclear-encoded ATP5B versus mitochondrial-encoded sub-
units of ATP synthase. This represents an interesting avenue for
future work.
Taken together, our data show that FUS interacts with the

catalytic subunit of mitochondrial ATP synthase and disrupts
assembly and function of the mitochondrial ATP synthase
complex(es). This likely leads to an accumulation of unassem-
bled complex V subunits in mitochondria, and possibly thereby
activates UPRmt. Excessive or prolonged UPRmt may result
in irreparable mitochondrial damage and neuronal death
(Fig. 8). Our results suggest that blocking or reversing mito-

chondrial impairment may provide therapeutic benefits for FUS
proteinopathy patients.

Materials and Methods
Fly Strains and Antibodies. Fly strains and antibodies are described in detail in
SI Appendix. The specificity of all antibodies used in this study has been
confirmed by published studies.

Ethics Statement. Deidentified postmortem brain samples were obtained
from the Cognitive Neurology and Alzheimer’s Disease Center at North-
western University following institutional and NIH guidelines. All samples
were previously published (17) and collected with informed consent at the
Cognitive Neurology & Alzheimer’s Disease Center at Northwestern
University with the study approved by the institutional review board. All
samples were from deidentified post-mortem autopsy.

Cell Death Detection Assay. Cell death was measured using Annexin V-FITC
Apoptosis Detection Kit I (BD) according to the manufacturer’s instruc-
tions. Briefly, cells at different induction time points were detached by
trypsin-EDTA, rinsed in cold PBS, and then stained with Annexin V-FITC and
PI followed by immediate analysis (within 1 h) using flow cytometry
(BD FACSCalibur).

Mitochondrial Purification. Mitochondria were purified following published
protocols (17, 47). Fly mitochondria were purified following a published
protocol (48).

Procedures for cell cultures, electron microscopy, mitochondrial purifica-
tion, measurement of mitochondrial complex activities, mitochondrial ATP
synthesis, mitochondrial membrane potential, BN-PAGE and CN-PAGE, in-gel
ATPase assay together with qRT-PCR, and larvae movement assays are de-
scribed in SI Appendix.

Statistical Analyses. Differences between two groups were analyzed using
Student’s t test. Multiple group comparisons were performed using one- or
two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test.
The bar graphs represent mean ± SEM. Significance is indicated by asterisks:
*P < 0.05, **P < 0.01, ***P < 0.001.
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