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Dysregulation of the DNA/RNA-binding protein FUS causes certain subtypes of ALS/FTD by largely unknown
mechanisms. Recent evidence has shown that FUS toxic gain of function due either to mutations or to increased
expression can disrupt critical cellular processes, including mitochondrial functions. Here, we demonstrate that in
human cells overexpressing wild-type FUS or expressing mutant derivatives, the protein associates with multiple
mRNAs, and these are enriched in mRNAs encoding mitochondrial respiratory chain components. Notably, this
sequestration leads to reduced levels of the encoded proteins, which is sufficient to bring about disorganized mi-
tochondrial networks, reduced aerobic respiration and increased reactive oxygen species. We further show that
mutant FUS associates with mitochondria and with mRNAs encoded by the mitochondrial genome. Importantly,
similar results were also observed in fibroblasts derived from ALS patients with FUS mutations. Finally, we dem-
onstrate that FUS loss of function does not underlie the observed mitochondrial dysfunction, and also provides a
mechanism for the preferential sequestration of the respiratory chain complexmRNAs by FUS that does not involve
sequence-specific binding. Together, our data reveal that respiratory chain complex mRNA sequestration underlies
themitochondrial defects characteristic of ALS/FTD and contributes to the FUS toxic gain of function linked to this
disease spectrum.
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Amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD) are devastating neurodegenerative diseas-
es often characterized by RNA-binding protein (RBP) ag-
gregation within neural tissues. Such aggregation can
contribute to ALS/FTD pathology in several ways, for ex-
ample by producing misspliced transcripts due to seques-
tration of available splicing regulators (Lee et al. 2013;
Conlon et al. 2016, 2018). Among ALS/FTD-linked
RBPs, fused in sarcoma (FUS), a nuclear RBP participating
in splicing and other cellular processes, forms cytoplas-
mic aggregates in a significant fraction of ALS/FTD pa-
tient brains (Kwiatkowski et al. 2009; Vance et al. 2009;
Dormann and Haass 2011). Pathological mutations in
FUS have also been identified in ∼5% of inherited ALS
(Deng et al. 2014). Growing evidence has suggested that
FUS cytoplasmic gain of function drives ALS/FTD pro-

gression. For example, mice expressing human FUS with
a truncated nuclear localization signal show substantial
motor neuron degeneration, while motor neuron-specific
FUS knockout mice lack an ALS phenotype (Scekic-
Zahirovic et al. 2016; Sharma et al. 2016). Mutant FUS
has also been reported to retain SMN, a protein essential
to motor neuron survival, in the cytoplasm and to impair
axonal growth (Groen et al. 2013; Sun et al. 2015). Addi-
tionally, FUS cytoplasmic inclusions sequestermotor pro-
tein kinesin-1 and disrupt RNA localization (Yasuda et al.
2017). Although FUS thus affects many processes when
mislocalized to the cytoplasm, important questions re-
garding the origin of FUS toxicity remain to be answered.
Especially significant is whether and how FUS damages
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important cellular organelles, and how this ultimately
contributes to motor neuron degeneration.

Mitochondrial dysfunction is strongly associated with
various neurodegenerative diseases including ALS/FTD
(Lin and Beal 2006; Smith et al. 2017). Patient cells show
elevated numbers of mitochondria with ruptured cristae,
shortened length, and reduced ATP levels (Sasaki and
Iwata 2007;Wang et al. 2016).Mutations in themitochon-
drial gene CHCHD10 have been identified in ALS/FTD
patients, which further suggests that mitochondrial de-
fects may contribute to ALS/FTD pathogenicity (Bann-
warth et al. 2014). FUS has also been reported to damage
mitochondria when mislocalized to the cytoplasm. For
example, wild-type andmutant FUS are recruited tomito-
chondria by HSP60 and can induce mitochondrial frag-
mentation (Deng et al. 2015). Also, overexpressed wild-
type FUS or expression of mutant FUS has been shown
to activate GSK3-β and disrupt ER–mitochondria contacts
(Stoica et al. 2016). Intriguingly, not only does mislocal-
ized mutant FUS induce mitochondrial dysfunction, but
increased wild-type FUS expression can also cause similar
effects. Indeed, FUS pathology has been identified in
∼10% of FTD patient brains, including increased FUS ex-
pression, cytoplasmic aggregates and mitochondrial dam-
age, even in the absence of FUS mutations (Dormann and
Haass 2011; Deng et al. 2015; Hofmann et al. 2018). One
study identified mutations in the 3′UTR of FUS mRNA
in a number of ALS patients, leading to twofold to fivefold
increases in both FUS protein and transcript levels, and to
FUS accumulation in the cytoplasm (Sabatelli et al. 2013).
These studies together point to mitochondria as a vulner-
able organelle upon increased FUS protein accumulation
in the cytoplasm.

FUS has been well studied as an RNA/DNA-binding
protein. The protein binds to long pre-mRNAs, noncoding
RNAs and single-stranded DNA, and is predominantly
nuclear-localized under normal conditions (Dormann
et al. 2010; Lagier-Tourenne et al. 2012; Tan et al. 2012).
Functions attributed to FUS in the nucleus are varied
and include control of alternative splicing and alternative
polyadenylation, a role in nuclear body formation, and
functions in theDNA damage response and transcription-
al regulation (Schwartz et al. 2012; Tan et al. 2012; Wang
et al. 2013b; Zhou et al. 2013; Hennig et al. 2015; Masuda
et al. 2015). Under stress conditions, such as hyperosmo-
lar stress, FUS translocates to the cytoplasm and incorpo-
rates into stress granules with other RBPs to promote cell
survival (Sama et al. 2013). Studies using cross-linking im-
munoprecipitation (CLIP) have shown that wild-type and
mutant FUS are enriched on distinct regions of mRNAs,
with wild-type primarily binding within introns and mu-
tant binding to 3′UTRs or other exonic regions (Hoell et al.
2011; Nakaya andMaragkakis 2018). The distinct binding
regions reflect the respective nuclear and cytoplasmic
localization of wild-type and mutant FUS, respectively.
Our previous study using fluorescence in situ hybridiza-
tion (FISH) and biochemical fractionation showed that
mutant FUS sequesters several mRNAs, including
MeCP2 mRNA, in cytoplasmic granules and prevents
MeCP2 translation (Coady and Manley 2015). Although

MeCP2 has not been directly linked to ALS/FTD, these
findings suggest a possible broad impact on expression of
numerous FUS-sequestered cytoplasmic mRNAs.

Here we extended our analysis of FUS-sequestered
mRNAs and investigated whether this sequestration
might contribute to dysregulated gene expression and sub-
cellular defects linked to ALS/FTD. To this end, we isolat-
ed and sequenced ALS mutant FUS-bound cytoplasmic
mRNAs from FUS-R521C transfected cells. Unexpected-
ly, analysis of our RNA-seq data, together with CLIP-seq
and RIP-seq data sets derived from independent studies,
revealed thatmRNAs encodingmitochondrial respiratory
chain complex (RCC) proteins were preferentially associ-
ated with mutant FUS. In addition, we show that expres-
sion of the encoded proteins was sharply and specifically
reduced, without significant changes in overall transla-
tion or mRNA expression levels. We also show that
mitochondrial networks were disrupted and aerobic respi-
ration inhibited in both cells overexpressing wild-type
FUS or expressing ALS mutant derivatives, as well as in
ALS patient-derived fibroblasts. Moreover, depletion of
the same RCC proteins recapitulated FUS-induced mito-
chondrial dysfunction, suggesting that loss of respiratory
chain function lies at the center of FUS-induced mito-
chondrial defects. In contrast, mitochondrial defects
were not observed in FUS depleted cells, consistent with
the mechanism being a toxic gain of function. Finally,
we demonstrate that mutant FUS accumulates at mito-
chondria and interactswithmitochondrial—aswell as nu-
clear—encoded respiratory chain mRNAs, suggesting a
mechanism by which mutant/overexpressed FUS prefer-
entially associates with these mRNAs. Together, our
findings explain how overexpressed or mutant FUS brings
about the mitochondrial dysfunction that occurs in
ALS/FTD

Results

Mutant FUS associates with mRNAs encoding
mitochondrial RCC proteins

Our previous experiments indicated that ALS mutant
FUS can sequester certain mRNAs in cytoplasmic aggre-
gates, leading to their translational silencing (Coady and
Manley 2015). To extend these results, we first examined
whether mutant FUS colocalizes with poly(A+) RNA in
the cytoplasm by transfecting plasmids encoding GFP-
tagged wild-type or R521C mutant FUS into HEK293T
cells. Note that Western blot (WB) revealed down-regula-
tion of endogenous FUS after overexpressing GFP-tagged
wild-type FUS, but not R521C mutant FUS (Fig. 1A).
This is consistent with previous studies showing that
wild-type, but not mutant, FUS autoregulates endoge-
nous FUS levels (Zhou et al. 2013), and provides evidence
that the GFP tag does not compromise normal FUS func-
tions. Indeed, R521C mutant FUS, visualized by GFP
fluorescence, and poly(A+) RNA detected by oligo(dT) hy-
bridization displayed striking colocalization (Fig. 1B,C),
supporting the existence of FUS-mRNA cytoplasmic
aggregates.
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We next wished to identify globally the mRNAs pre-
sent in the FUS aggregates. To this end, we used the
procedure described in our previous study (see also Fig.
1D; Coady and Manley 2015). Briefly, we transfected a
plasmid encoding FLAG-tagged R521C mutant FUS
(FUS-R521C) into U87 glioma cells (used because they
provide a brain-derived cell line amenable to these bio-
chemical analyses), isolated an insoluble fraction con-
taining FUS-R521C, and then gently resolubilzed the
FUS complexes (with 0.1 M urea) and isolated them
by immunoprecipitation (IP) with anti-Flag antibodies.
RNA was extracted and subjected to 3′ region extraction
and deep sequencing (3′READS) (Hoque et al. 2013) to
identify FUS-bound poly(A+) RNAs. Poly(A+) RNA reads
from the mutant FUS IP were then compared with input
reads to identify mRNAs susceptible to possible FUS
sequestration. The scatter plot shows that the abun-

dance of poly(A+) RNAs associated with FUS-R521C
was positively correlated with their expression levels
(rep1: R= 0.928, rep2: R= 0.801, Pearson’s correlation.)
(Fig. 1E).
We next wished to investigate whether FUS-R521C as-

sociated preferentially with specific mRNAs, as was sug-
gested by our previous work (Coady and Manley 2015).
To this end, we normalized sequencing reads of RNA as-
sociatedwith FUS-R521C isolated from the insoluble frac-
tion to thewhole-cell reads and calculated the fold change
of RNA read counts in the IP relative to the whole cell to
obtain a “sequestration susceptibility” for each RNA (Fig.
1E). We designated RNAs with the top 5% greatest fold
change above the standard curve as “R521C-enriched.”
RNAs below the standard curve were designated as “non-
enriched,”while the remainder were considered to be nei-
ther enriched nor nonenriched.
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Figure 1. Nuclear-encoded respiratory chain complex (RCC)mRNAs are preferentially sequestered by ALSmutant FUS. (A) GFP-tagged
FUS was transiently expressed in HEK293T cells for 48 h followed by Western blot of endogenous and GFP-tagged FUS. (B) Immunoflu-
orescent staining of GFP-FUS and poly(A+) RNAs. Scale bar, 15 µm. (C ) Quantification of GFP-FUS-poly(A+) RNA granules per cell. Total
cells analyzed: N=153. Fifty or more cells were analyzed in each transfection condition. (∗∗∗) P< 0.001, Mann-Whitney U-test. (D) Flag-
tagged mutant FUS-R521C was transiently expressed in U87 cells followed by fractionation to generate soluble and insoluble fractions.
The insoluble fractionwas extracted with 100mMurea and the supernatant was IPedwith an antibody targeting Flag-tagged FUS-R521C.
Precipitated RNAs were purified and used for 3′READS to sequence poly(A+) RNAs bound by FUS-R521C. (E) Scatter plot of all poly(A+)
RNAs associated with insoluble FUS-R521C (IP) versus poly(A+) RNA expression levels in whole cell (WC). Standard curve was plotted
using linear regression. R521C-enriched poly(A+) RNAs are shown in red. RNAs with enrichment below the standard curve are nonen-
riched transcripts (pale blue). The remainders are neither (dark gray). (F ) GO overrepresentation analysis of R521C-enriched and nonen-
riched transcripts in FUS-R521C IP. GO enrichment scores are displayed in −log10 (P-value). (G) List of respiratory chain complex I genes
identified in overrepresentation analysis of R521C-enriched poly(A+) RNAs. (H) Genome browser snapshot of example gene read clusters
from two replicates. (Top) NDUFA5. (Bottom) INTS4. (pA) Poly(A) site. (I ) Box plots showing IP enrichment of RCC mRNAs (rep1: 64
genes, rep2: 60 genes) and total poly(A+) RNAs associated with FUS-R521C. Statistics: Wilcoxcon rank sum test.
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We next identified the R521C-enriched transcripts
found in both of two replicates (236 RNAs) (Supplemental
Table S1) and subjected them to gene ontology (GO) en-
richment analysis. Interestingly, GO analysis revealed
overrepresentation of mitochondrial inner membrane,
mitochondrial respiratory chain and respiratory chain
complex I (or Type I NADH dehydrogenase) proteins en-
coded by R521C-enriched mRNAs (Fig. 1F). These pro-
teins are essential components of the RCC directly
responsible for electron transport for ATP production
(Fig. 1F,G), a process indeed suggested to be impaired in
ALS/FTD patients (Wang et al. 2016; Pansarasa et al.
2018). We identified 11 transcripts encoding RCC sub-
units, which have been reported to be dysfunctional in,
or associated with, other neurodegenerative diseases,
such as mitochondrial complex I deficiency, Alzheimer’s,
Huntington’s, and Parkinson’s (Supplemental Fig. S1A).
We confirmed that the R521C-enriched mRNAs were
poly(A+) with reads clustered in the 3′UTR and possessed
stronger signal peaks than in the whole-cell fraction (Fig.
1H; Supplemental Fig. S1B). In contrast, nonenriched tran-
scripts did not contain stronger signal peaks (Fig. 1H; Sup-
plemental Fig. S1C). To demonstrate that the GO terms
overrepresented in the R521C-enriched RNAs were not
identified by coincidence, we performed the same analysis
both with all the nonenriched transcripts as well as with
the 5%most depleted mRNAs (Fig. 1F; Supplemental Ta-
ble S2). The results did not indicate any specific GO terms
overrepresented in thesemRNAs. In addition, we generat-
ed a negative control scatter plot using the twowhole-cell
input replicate samples and performedGO analysis on the
top 5% outlier genes (Supplemental Fig. S1D). The results
did not indicate any specific GO terms related to RCC
components overrepresented in these transcripts. We
also performed an unbiased enrichment analysis using
total poly(A+) RNA associated with FUS-R521C, and as
expected found mRNAs encoding RCC proteins to be sig-
nificantly enriched compared with total poly(A+) RNA
(Fig. 1I).

We next wished to obtain more evidence that mRNAs
encoding RCC proteins are preferentially sequestered by
ALS FUS mutants. We first reanalyzed wild-type and
ALS mutant FUS-R495X CLIP-seq data sets from mouse
ESCs-differentiated neurons (Nakaya and Maragkakis
2018) to identify mRNAs enriched in FUS CLIP (Supple-
mental Fig. S2A). Consistent with our analysis, RNA
abundance in both wild-type and mutant FUS CLIP frac-
tions positively correlated with their expression levels in
mouse ESC-derived neurons (Supplemental Fig. S2A).
We then selected the top 2% CLIP-enriched mRNAs,
which yielded 187 transcripts. (Note that this number is
comparable with the number of R521C-enriched tran-
scripts [236] analyzed above.) Indeed, six RCC mRNAs
were found in this cohort of FUS-R495X CLIP-enriched
transcripts andmitochondrial RCCGO termswere signif-
icantly overrepresented (Supplemental Fig. S2B,C; Supple-
mental Table S3). In contrast, although three RCC
mRNAs were bound by wild-type FUS within the top
2% CLIP-enriched mRNAs (Supplemental Fig. S2D),
mitochondrial RCC GO terms were not overrepresented

(Supplemental Fig. S2D; Supplemental Table S3). The
same analysis performed with the 2% most depleted
transcripts from the wild-type and FUS-R495X CLIP-seq
analysis revealed no mitochondrial RCC GO terms over-
represented in these transcripts (Supplemental Table S3).

To extend this comparison to human cells, we over-
lapped theR521C-enrichedmRNAs identified in our anal-
ysis with mRNAs bound by FUS-R521G/H but not by
wild-type FUS in stably transformed HEK293 cells, deter-
mined by CLIP (Supplemental Fig. S2E; Hoell et al. 2011).
Although the number of overlapped targets was modest,
GO analysis of the overlapping mRNAs again revealed
overrepresentation of mitochondrial RCC proteins (Sup-
plemental Fig. S2E). This data provides additional
evidence thatmRNAs encodingmitochondrial RCC com-
ponents are preferentially bound by mutant FUS. The
combined analysis of RIP-seq, CLIP-seq and whole-cell
RNA-seq data targeting wild-type or ALS mutant FUS
thus demonstrates that mRNAs encoding RCC compo-
nents are overrepresented among the enriched mutant
FUS-bound transcripts.

Density of known wild-type FUS-binding sequences
is not correlated with enrichment of mutant
FUS-associated transcripts

Wenextwished to determinewhethermutant FUS prefer-
entially binds certain transcripts via specific sequence
motifs. To this end, we first interrogated the density of
three reported FUS-binding sites derived from multiple
SELEX, RNAcompete and CLIP-seq studies (Lerga et al.
2001; Lagier-Tourenne et al. 2012; Ray et al. 2013; Wang
et al. 2015b) in the R521C-enriched transcripts as well
as in total FUS-R521C associated poly(A+) RNA. Possible
co-occurrence of all three motifs described in the above
studies was analyzed first. We found no significant corre-
lation between enrichment by mutant FUS and the densi-
ty of sequencemotifs presented in total R521C-associated
transcripts (Supplemental Fig. S3A). We also found no sig-
nificant increase of FUS binding motifs in RCC mRNAs
(Supplemental Fig. S3B) or in the R521C-enriched RNAs
(Supplemental Fig. S3C). Evaluation of the three motifs
separately again showed no significant differences in mo-
tif density between RCCmRNA and total FUS-R521C as-
sociated poly(A+) RNA (Supplemental Fig. S3D). These
results together suggest that mutant FUS employs a
mechanism to recognize target mRNAs distinct from
binding the reported sequence motifs. This is consistent
with previous studies of FUS binding specificity using
gel mobility shift assays, which suggested that both
wild-type andmutant FUS do not possess strong sequence
specificity (Wang et al. 2015b).

Mutant and overexpressed wild-type FUS associate with
RCC mRNAs in human cell lines and ALS patient cells

We next examined whether wild-type and mutant FUS
bindmRNAs encodingRCCproteinswith different appar-
ent affinities. We transfected plasmids encoding GFP-
tagged wild type or FUS-R521C into HEK293T cells for
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36 h, fractionated the cells as described in Figure 1D and
performed IP using anti-GFP antibodies (Fig. 2A). We first
examined twelve RCCmRNAs from the R521C-enriched
transcripts (Fig. 2B). The amount of each mRNA tested
that copurified with the GFP-tagged FUS derivatives was
then determined byRT-qPCR (Fig. 2C). In the soluble frac-
tion, wild-type and mutant FUS associated with these
mRNAs at comparable levels. Intriguingly, though, mu-
tant FUS bound sixfold higher on average to the mRNAs

isolated from the insoluble fraction than did wild-type
FUS (Fig. 2C). To determine whether these transcripts
were preferentially bound relative to nonenriched tran-
scripts, we compared their enrichment relative to seven
mRNAs (Fig. 2D) that were not among the R521C-en-
riched transcripts. In the soluble fraction, binding of the
RCC mRNAs and nonenriched mRNAs was similar, and
not significantly different in wild-type or mutant FUS ex-
pressing cells (Fig. 2E; Supplemental Fig. S4A). In contrast,
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Figure 2. RCC mRNAs are preferentially associated with ALS mutant FUS in transfected human cells and ALS patient fibroblasts.
(A) HEK293T were transfected with GFP-tagged wild-type and R521C mutant FUS followed by fractionation. Western blot of GFP-FUS
IP performedwith soluble and insoluble fractions using GFP antibody. (B) Scatter plot depicts RCCmRNAs enriched in the insolublemu-
tant FUS IP and are linked to neurodegenerative disease pathways.NDUFS6 is outside the vertical axis range. (C ) RT-qPCRof the listed 12
RCC genes in soluble and insoluble fractions. Each point represents mean RNA fold change in IP relative to input fraction, then normal-
ized to GFP transfected control cells. Data are shown inmean±SD from three independent experiments. (∗∗∗∗) P <0.0001,Mann-Whitney
U-test. (D) Scatter plot depicts neither and nonenriched RNAs in the insoluble mutant FUS IP. mRNAs shown are INTS4, UPF1, UPF2,
RPL12, SMG1, and PPP2CA. (E,F ) RNAs associated with GFP-tagged wild-type and R521C mutant FUS were extracted from soluble (E)
and insoluble (F ) fractions followed by RT-qPCR. IP fold changes of 12 RCC transcripts are compared with seven control transcripts
(INTS4, UPF1, UPF2, RPL12, SMG1, PPP2CA, and 18S) that are non-enriched or not expected to be preferentially bound by mutant
FUS. Data are shown inmean±SD from three independent experiments. (∗∗∗) P<0.001; (∗∗∗∗) P< 0.0001,Mann-WhitneyU-test. (G) West-
ern blot of FUS IP from the soluble and insoluble fractions fromwild-type andR495Efs527Xmutant FUS patient fibroblasts using antibody
against FUS. (H) RNAs associated with wild-type and R495Efs527Xmutant FUSwere extracted from soluble and insoluble fractions. RT-
qPCR of the listed 12 RCC genes described in C. Each point represents mean RNA fold change in IP relative to input fraction. (∗) P <0.05;
(∗∗∗∗) P<0.0001, Mann-Whitney U-test. (I ) RNAs associated with wild-type and R495Efs527X mutant FUS were extracted from soluble
fraction followed by RT-qPCR. IP fold changes of the 12 RCC transcripts are compared with seven control transcripts (IGFBP3, NSUN5,
MST1, ZFAND4, AAMP, ABCA7, and NEFH) that are shown to be depleted in 3′READS analysis (Supplemental Table S2) or previously
shown not to be selectively bound bymutant FUS (Coady andManley 2015). Data are displayed inmean±SD. (∗) P <0.05, Mann-Whitney
U-test.
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in the insoluble fraction, while all mRNAs showed in-
creased binding to mutant as opposed to wild-type FUS,
RCCmRNAs were more enriched compared with control
mRNAs, relative to their abundance in the input fraction
(Fig. 2F; Supplemental Fig. S4B). These findings together
suggest that mutant FUS as well as overexpressed wild-
type FUS preferentially associate with mRNAs encoding
a subset of mitochondrial proteins and drive them into
FUS aggregates.

We next wished to determine whether the above
findings extend toALS patient cells containing FUSmuta-
tions.We performed the same cell fractionation procedure
described above with control, normal fibroblasts and
R495Efs527X mutant FUS ALS patient fibroblasts fol-
lowed by IP using a FUS antibody, and analyzed the asso-
ciated RNAs by RT-qPCR (Fig. 2G). Strikingly, in the
soluble fraction, the amount of mRNAs encoding RCC
proteins bound by R495Efs527X FUSwas ∼10-fold greater
than bound by wild-type FUS (Fig. 2H). In contrast, the in-
soluble fraction contained only very low levels of these
transcripts, and little if any enrichment for them in the
R495Efs527X mutant cells. This likely reflects the lack
of detectable cytoplasmic aggregates, as the mutant pro-
tein showed only diffuse cytoplasmic localization (Sup-

plemental Fig. S4C). We also compared amounts of
seven nonenriched mRNAs and the 12 RCC mRNAs
bound by soluble FUS (Fig. 2I). While we did not observe
significant differences in control fibroblasts, the RCC
mRNAs showed higher enrichment in the R495Efs527X
mutant fibroblasts (Fig. 2I). Our data demonstrate that
mutant FUS displays stronger binding to mRNAs encod-
ing RCC proteins in both FUS transfected cells and pa-
tient fibroblasts.

RCC mRNAs are sequestered in mutant FUS
aggregates

The experiments above demonstrate that RCC mRNAs
associate with insoluble mutant FUS. We next investigat-
ed whether this association also occurs in intact cells. We
expressed GFP-tagged wild-type or FUS-R521C in U87
and 293T cells and performed RNA-FISH targeting
NDUFA5 mRNA (see the Materials and Methods for
FISH procedure). As expected, NDUFA5 mRNA showed
little overlap with the GFP signal in vector control and
wild-type FUS transfected cells (Fig. 3A; Supplemental
Fig. S5A). Notably, NDUFA5 mRNA formed large
and irregularly shaped granules and showed marked

B

A

C

Figure 3. NDUFA5mRNA colocalizes withmutant FUS aggregates. (A) U87 cells were transfectedwith GFP-taggedwild-type or R521C
mutant FUS for 48 h. Immunofluorescence-FISH targeting GFP-FUS protein and NDUFA5 mRNA. Scale bar, 10 µm. (B) Colocalization
analysis of NDUFA5 mRNA and R521C mutant FUS aggregates. Arrows indicate the aggregates for intensity profile analysis. (Green)
GFP-FUS; (red) NDUFA5 FISH. Scale bar in insets, 2 µm (C ) Colocalization analysis of IGFBP3mRNAandR521Cmutant FUS aggregates.
Arrows indicate the aggregates for intensity profile analysis. (Green) GFP-FUS; (red) IGFBP3 FISH. Scale bar in insets, 2 µm.
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colocalization with FUS-R521C cytoplasmic aggregates
in both cell types (Fig. 3A,B; Supplemental Fig. S5A,
B). This data provides direct evidence for RCC mRNA
sequestration by mutant FUS. In contrast, IGFBP3
mRNA, which is not an R521C-enriched transcript and
was previously shown not to be recruited to FUS-R521C
aggregates (Coady and Manley 2015), displayed limited
overlap with FUS-R521C aggregates (Fig. 3C; Supplemen-
tal Fig. S5C), suggesting that NDUFA5mRNAwas prefer-
entially sequestered. Controls with cells incubated solely
with fluorophore-conjugated probes gave no signals
(Supplemental Fig. S5D). Altogether, this experiment
demonstrates that an RCC mRNA can be preferentially
sequestered in mutant FUS aggregates.

Exogenous expression of mutant or wild-type FUS leads
to reduced RCC protein expression

We next tested the possibility that FUS-mediated seques-
tration of the RCC mRNAs resulted in reductions in ex-
pression of the corresponding proteins. For this, we
determined levels of these proteins in GFP-tagged wild-
type FUS and ALS mutant R521C, P525L, and R495X
FUS-expressing 293T cells. Western blots revealed that
levels of all four NADH dehydrogenase subunits were in-
deed significantly reduced, not only in mutant but also
WT FUS transfected cells (Fig. 4A,B). This is consistent
with the data described above (Fig. 2C) showing that over-
expressed wild-type as well as mutant FUS bound to
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Figure 4. Expression of ALS mutant FUS or overexpression of wild-type FUS represses protein levels of target RCC transcripts. (A) GFP-
FUS and indicated mutant derivatives were transiently expressed in HEK293T cells for 48 h. Western blot (WB) of FUS targeted NADH
dehydrogenase subunits. (B) WB quantification of FUS targeted NADH dehydrogenase subunit levels in HEK293T expressing GFP-tagged
wild-type FUS and mutant derivatives. Protein levels are normalized to actin. Data are shown in mean with SE from three independent
experiments. (∗) P< 0.05; (∗∗) P<0.01; (∗∗∗)P <0.001, unpaired t-test. (C ) WB of proteins encoded by transcripts that are not enriched in the
insoluble mutant FUS IP. (D) WB analysis of relative protein levels in C. Data are displayed in mean with SE from three independent
experiments. Protein levels are normalized to GAPDH. Statistics: unpaired t-test. (E) Total RCC mRNA levels were determined by
RT-qPCR. Relative mRNA levels are normalized to GAPDH. Data are displayed in mean with SD from three experiments. Statistics: un-
paired t-test. (F ) WB of NADH dehydrogenase subunit expression levels in HEK293T transfected with siFUS for 72 h. (G) WB quantifica-
tion of NADH dehydrogenase subunits in F. Protein levels are normalized to actin. Data are shown in mean with SD from three
independent experiments. Statistics: unpaired t-test.
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mRNAs encoding these proteins, in both the soluble and
insoluble fractions. In contrast, several proteins encoded
by mRNAs not among the R521C-enriched transcripts
did not show changes in expression (Fig. 4C,D; Supple-
mental Fig. S1C). The observed reduction inmitochondri-
al protein levels in both wild-type and mutant FUS
transfected cells is thus consistent with our hypothesis
that binding of mRNAs, either by high levels of WT FUS
or of ALS mutant derivatives, sequesters them and sup-
presses their translation.

We assume from the above data and our previous study
(Coady andManley 2015) that the translational repression
we observed was specific to sequestered mRNAs. Howev-
er, to rule out the possibility thatwild-type ormutant FUS
expression suppressed protein synthesis more globally
(Kamelgarn et al. 2018), we performed puromycin incorpo-
ration assays with wild-type and ALS mutant FUS trans-
fected 293T cells, using WB with antipuromycin
antibodies tomeasure levels of newly synthesized proteins
(Supplemental Fig. S6A). As expected, this assay revealed
no reductions in global protein synthesis in the FUS ex-
pressing cells (Supplemental Fig. S6B). To extend these re-
sults, we reanalyzed ribosome sequencing GEO data sets
obtained from mouse ESC-derived neurons transduced
with wild-type or ALS mutant FUS-R495X (Nakaya and
Maragkakis 2018). In agreement with our analyses, wild-
type and FUS-R495X transduction resulted in reduced
translation of many of the top 5% FUS CLIP fraction en-
riched mRNAs, with 74 out of 242 (31%) in wild-type
and 207 out of 375 (56%) in the ALSmutant displaying re-
duced translation (Supplemental Fig. S6C). The increased
number of translationally repressed genes in FUS-R495X
transduced neurons supports the idea that cytoplasmic
FUS suppresses expression of the associated transcripts.

We also wished to address the possibility that the lower
complex I protein levels were due to reduced mRNA lev-
els. Therefore, we extracted total RNA fromwild-type and
mutant FUS transfected cells and performed RT-qPCR,
and found no significant reduction in transcript levels
(Fig. 4E). These data suggest that the FUS-sequestered
mRNAs were generally stable, and that the lower protein
levels likely resulted from reduced translation reflecting
their sequestration, as we described previously for
MeCP2 (Coady and Manley 2015).

FUS possesses a strong ability to interactwith other pro-
teins including itself to formRNPgranules (Schwartz et al.
2013; Patel et al. 2015). FUSwithALSmutations or elevat-
ed levels of wild-type FUS can promote irreversible RNP
granule formation and thus impair the protein’s normal
functions (Murakami et al. 2015; Patel et al. 2015). More-
over, cytoplasmic mutant FUS sequesters wild-type FUS
in RNP granules and prevents its nuclear entry (Vance
et al. 2013). We indeed observed strong interactions
between endogenous FUS and exogenously expressed
GFP-tagged wild-type and mutant FUS (Supplemental
Fig. S7A). Mutant FUS ALS patient fibroblasts showed
a reduced nuclear to cytoplasmic FUS protein ratio rela-
tive to control fibroblasts (Fig. 5A), and FUS nuclear clear-
ance was especially notable in early onset mutants
R495Efs527X and P525L (Supplemental Fig. S7B). In light

of the above, we considered the possibility that loss of nu-
clear FUS induced or contributed to the RCC protein ex-
pression we observed. To test directly whether reduced
FUS levels affect RCC protein expression, we depleted
FUS using siRNAs and examined complex I protein ex-
pression. Western blot analysis shows that complex I sub-
unit levels were unaltered in FUS KD cells (Fig. 4F,G).

Expression of mutant or overexpression of wild-type
FUS disrupts mitochondrial networks and inhibits
aerobic respiration

The effects of FUS on nuclear-DNA encoded mitochon-
drial gene expression prompted us to investigate mito-
chondrial network morphology and respiratory functions
in cells expressing GFP-tagged mutant or overexpressing
wild-type FUS. Mitochondrial networks are highly dy-
namic structures regulated by fusion/fission between in-
dividual mitochondrion (Youle and van der Bliek 2012).
To obtain information on mitochondrial network integri-
ty, we used the fluorescent dye mitotracker to stain func-
tional mitochondria and quantify the number of
mitochondrial networks in wild-type and mutant FUS
transfected cells (Supplemental Fig. S8A,B). Mitochondria
were evenly distributed in GFP vector transfected cells. In
contrast, mitochondria became irregularly arranged in
wild-type overexpressing andmutant FUS expressing cells
(Supplemental Fig. S8A). The number of branched mito-
chondrial networks showed >50% decrease in both wild-
type and mutant FUS transfected cells compared with
the GFP vector control (Supplemental Fig. S8B).

Since we detected mitochondrial network disruption in
FUS transfected cells, we next investigated whether this
alteration has ALS pathological relevance. To address
this, we compared mitochondrial network integrity in
the control and FUS-ALS fibroblasts described above.
Strikingly, mitochondrial network morphology in the
ALS fibroblasts was irregularly arranged and shortened
compared with non-ALS fibroblasts (Fig. 5B,C), with the
effects in the R524W fibroblasts somewhat less than in
the other two (quantification in Fig. 5D). Furthermore,
we observed a decrease in mitochondrial mass in all three
ALS patient fibroblasts (Fig. 5D). These data agree with
our hypothesis that mutant FUS-induced mitochondrial
network disruption is linked toALS-associatedmitochon-
drial dysfunction, and are consistent with mitochondrial
fragmentation observed in mutant FUS expressing cells
in previous reports (Deng et al. 2015, 2018; Naumann
et al. 2018).

The observed alterations in mitochondrial morphology
suggest functional changes in cellular respiration. Since
aerobic respiration is the most efficient way to produce
ATP, we examined aerobic respiratory capacity in FUS
transfected cells by using an extracellular oxygen con-
sumption rate assay (OCR assay). Importantly, we ob-
served a significantly lower OCR in both wild-type and
ALS mutant FUS transfected cells compared with GFP
vector controls, consistent with reduced RCC protein ex-
pression and disrupted mitochondrial network
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morphology (Fig. 5E). In contrast to FUS overexpression,
FUS KD did not suppress aerobic respiration (Supplemen-
tal Fig. S8C).
ElevatedmitochondrialROShasbeen reported to trigger

a series of mitochondrial stress responses, includingmito-
chondrial fragmentation (Wu et al. 2011) and mitophagy
(Xiao et al. 2017), and is one of the characteristics of FUS
ALS/FTD-linked mitochondrial defects (Deng et al.
2015). Indeed, FACS analysis revealed that mitochondrial
ROS levels showed 20%–70% increases in both wild-type
overexpressing and ALS mutant FUS-expressing cells
comparedwith theGFPvector control cells (Supplemental
Fig. S8D). The moderate mitochondrial ROS elevation in
wild-typeoverexpressingcells appears to reflect theirmod-
estly repressed RCC protein levels (Fig. 4B).
Together, the above data suggest that FUS granule

formation leads to a dominant gain-of-function pheno-

type in which sequestration of RCC mRNAs leads
to multiple mitochondrial defects we and others have
characterized.

Depletion of RCC proteins recapitulates FUS-induced
mitochondrial dysfunction

We next wanted to provide direct evidence that reduc-
tions in the levels of one or more of the RCC proteins
can cause the same mitochondrial defects we character-
ized above. We used siRNA-mediated knockdown (KD)
of the NADH dehydrogenase complex I components an-
alyzed above and quantified changes in mitochondrial
network integrity, aerobic respiration, and mitochondrial
ROS production. NDUFA5 and NDUFB9 KDs showed
significant reduction in unbranched mitochondria and
branched networks, similar to what was observed in
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Figure 5. Expression of ALS mutant FUS or overexpression of wild-type FUS induces mitochondrial dysfunction. (A) The indicated hu-
man fibroblasts were incubated with 100 nMMitoTracker Red CMXRos for 30 min followed by immunofluorescence to detect FUS pro-
teins. Cytoplasmic to nuclear FUS protein ratio quantitation is shown in mean with error bar SD. N=174. (∗) P< 0.05; (∗∗∗) P <0.001,
Mann-Whitney U-test. Scale bar, 15 µm. (B) Zoom-in images of mitochondrial network morphology of FUS wild-type and mutant fibro-
blasts. (C ) Binary skeletonized images of mitochondrial network shown in B. (D) Mitochondrial network branch lengths and footprint/
mass quantification in wild-type and mutant fibroblasts. N= 170. (∗) P< 0.05; (∗∗) P <0.01; (∗∗∗∗) P<0.0001, one-way ANOVA test. (E) O2

consumption rate of WT and ALS mutant FUS transfected 293T cells were normalized to GFP vector control in percentage. Data are dis-
played in mean with SE from four independent experiments. Statistics: unpaired t-test. (∗) P <0.05; (∗∗) P< 0.01; (∗∗∗) P<0.001. (AMA) An-
timycin A.
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the FUS transfected cells (Fig. 6A,B). We also knocked
down a major mitochondrial fusion regulatory protein,
MFN2, as a positive control for impaired mitochondrial
network formation (Bach et al. 2003; Chen et al. 2003;
Züchner et al. 2004), and recapitulated the reduced num-
ber of unbranched mitochondria and mitochondrial net-
works (Fig. 6A,B). Next, we investigated whether loss of
NADH dehydrogenase subunits represses aerobic respi-
ration. We found that NDUFV2 and NDUFB9 KD cells
indeed displayed lower OCR, whereas OCR in NDUFA5
KD cells was unaltered (Fig. 6C). It has been reported
that inherited NDUFV2 and NDUFB9 mutations are
tightly linked to mitochondrial complex I deficiency,
while NDUFA5 partial ablation in mice showed reduced
mitochondrial complex I activity (Bénit et al. 2003;
Haack et al. 2012; Peralta et al. 2014). We also deter-
mined mitochondrial ROS levels in NDUFV2, NDUFB9,
and NDUFA5 KD cells using MitoSOX. All three NADH
dehydrogenase subunit KD cells showed elevated mito-
chondrial ROS production (Fig. 6D). Together, these ex-
periments confirm the link between FUS-induced

mitochondrial defects and reduced RCC protein
expression.

Mutant FUS shows increased mitochondrial association
and binds to mRNAs encoded by the mitochondrial
genome

Anumber of studies have reported that bothwild-type and
mutant ALS-linked proteins such as SOD1, TDP-43, and
FUS are imported into or associate with mitochondria
via diverse mechanisms and induce mitochondrial dam-
age (Igoudjil et al. 2011; Deng et al. 2015; Wang et al.
2016). Since all protein-coding mitochondrial RNAs (mt
mRNAs) produce respiratory chain components (Ander-
son et al. 1981; Chomyn et al. 1985; Hanna and Nelson
1999) and defectivemtmRNAmetabolism results in neu-
romuscular disorders (Chatfield et al. 2015; Barchiesi and
Vascotto 2019), we next askedwhethermutant FUS, espe-
cially given its association with mitochondria (Deng et al.
2015), might also interact with mt mRNAs. To address
this, we first transfected GFP-tagged wild-type or FUS-
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Figure 6. Depletion of RCC proteins disrupts
mitochondrial networks and inhibits aerobic
respiration. (A) NADH dehydrogenase subunit
siRNA knockdowns in HEK293T cells for 72 h,
followed by Western blot (WB) and MitoTracker
Red CMXRos (100 nM) incubation for 30 min.
(B) Mitochondrial network images of siRNA
transfected cells. Networks are shown in binary
skeletonized images. Dot plots show the quanti-
fication of unbranchedmitochondria (number of
individuals) and branched mitochondrial net-
works (number of networks) of each cell. Mito-
Tracker quantification: >300 cells are analyzed.
Scale bar, 10 µm. (∗∗) P< 0.01; (∗∗∗) P<0.001;
(∗∗∗∗) P <0.0001, Mann-Whitney U-test. (C ) O2

consumption rate of NADH dehydrogenase sub-
unit knockdown cells. (AMA) Antimycin
A. Data are displayed in mean with SD from
four independent experiments. (∗) P<0.05; (∗∗)
P<0.01, unpaired t-test. (D) Mitochondrial
ROS level in NADH dehydrogenase subunit
knockdown cells. MitoSOX signal intensities
were analyzed in 307 cells. (∗∗∗) P<0.001; (∗∗∗∗)
P<0.0001, Mann-Whitney U-test.
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R521C into 293T cells and performed mitochondrial frac-
tionation. Largely consistent with previous studies (Deng
et al. 2015, 2018), we detected ∼0.6% of exogenously ex-
pressed wild-type FUS and 1.8% of FUS-R521C in the mi-
tochondrial fraction (note that these areminimums as the
calculation does not account for possible losses during
fractionation) (Fig. 7A). We next asked whether wild-
type and mutant FUS bound to mt mRNAs using the
cell fractionation/IP protocol illustrated in Figure
1D. Strikingly, mutant FUS-R521C bound the four mt
mRNAs tested, ND1, CYTB, COX1, and ATP6, greater
than fivefold more than did wild-type FUS in the urea-ex-
tracted fraction (Fig. 7B). In contrast, wild type and FUS-
R521C bound only weakly to mt mRNAs in the soluble
fraction (Fig. 7B). Notably, we also detected mt mRNAs
with mutant FUS in our 3′READS data (Supplemental
Fig. S9). However, the 3′READS method captures stable
mRNAs with long poly(A) tails, which is not always the
case with mt mRNAs. To provide additional evidence
that mutant FUS binds to mt mRNAs, we reanalyzed en-
dogenous wild-type and P525Lmutant FUS CLIP-seq data
sets performed in iPSC-differentiated motor neurons (De
Santis et al. 2019). Indeed, both wild-type and mutant
FUS CLIP reads mapped to the mitochondrial genome
(Fig. 7C). Mutant FUS though displayed ∼1.3 times more
clusters compared with wild type, indicating increased
mutant FUS localization to mitochondria and binding to
mt mRNAs.

Wenext investigatedwhether the above findings extend
to ALS patient fibroblasts. We performed immunofluores-
cence using FUS antibody and mitotracker to measure
FUS mitochondrial localization in R495Efs527X mutant
FUS patient fibroblasts. Since mutant FUS displayed dif-
fuse cytoplasmic localization (Supplemental Fig. S4C),
which likely overlaps with extensive mitochondrial net-
works in fibroblasts using conventional confocal micros-
copy, we performed airyscan confocal microscopy to
visualize colocalization of mitochondrial and FUS signals
with improved spatial resolution (Huff 2015). Indeed, mu-
tant FUS and mitochondrial signals showed significant
overlap (Supplemental Fig. S10B,C). As a negative control,
we stained G3BP1, a stress granule marker that is diffuse
in the cytoplasm under unstressed condition and does
not colocalize with mutant FUS (Supplemental Fig.
S10A). As expected, G3BP1 showed little overlap withmi-
tochondria (Supplemental Fig. S10B,C).

FUS-associated RCC mRNAs also associate with
mitochondria

The above results suggest a possiblemechanism bywhich
overexpressed wild-type and mutant FUS proteins associ-
ate with mitochondrial mRNAs. Specifically, nuclear-en-
coded mRNAs encoding respiratory chain components
can localize to the mitochondrial surface to facilitate im-
port of the translated proteins (Matsumoto et al. 2012;
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Figure 7. FUS associates with mitochondria and binds
mitochondrial-encoded mRNAs. (A) HEK293T cells
were transiently transfected with GFP-tagged wild-type
and R521C mutant FUS for 48 h followed by mitochon-
drial fractionation. Western blot of mitochondrial frac-
tionation. Purity of mitochondrial fractions was
demonstrated by enrichment in mitochondrial protein
TOM70 and absence of cytosolic protein beta actin and
nuclear protein histone H3. Quantification of exoge-
nously expressed GFP-tagged wild-type and FUS-
R521C detected in mitochondrial fraction is displayed
in percent of total protein. Data are shown in mean
with SD from four independent experiments. (∗∗) P<
0.01, unpaired t-test. (B) GFP-FUS IP followed by RT-
qPCR analysis of RCCmRNAs encoded inmitochondri-
al genome from soluble fraction and urea-extracted in-
soluble fraction. Relative fold change is displayed in
mean with SD from three independent experiments. (∗)
P <0.05; (∗∗) P <0.01, unpaired t-test. (C ) Realigned
wild-type and P525L mutant FUS CLIP-seq data sets in
iPSC-derived motor neurons (De Santis et al. 2019).
Snapshot of wild-type and mutant FUS binding sites on
mitochondrial-encoded transcripts. Number of read
clusters aligned to mitochondrial genome was counted.
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Lesnik et al. 2015). This localization would then bring
these mRNAs into proximity with wild-type or mutant
FUS that independently associates with mitochondria.
We thus examined whether mRNAs encoding RCC pro-
teins targeted by FUS-R521C were enriched in the mito-
chondrial fraction (Supplemental Fig. S11A), with
GAPDH and ACTB cytoplasmic mRNAs serving as nega-
tive controls (Supplemental Fig. S11B), and ND1 mt
mRNA serving as a positive control (Supplemental Fig.
S11C). We extracted RNA from mitochondrial fractions
of GFP-FUS transfected cells and performed RT-qPCR. In-
deed,multiple FUS-R521C targetedRCCmRNAs, includ-
ing NDUFV2, NDUFB9, NDUFA5, SOD1, and ATP5J,
showed twofold to 20-fold elevation in the mitochondrial
fraction compared with GAPDH and ACTB cytoplasmic
mRNAs (Supplemental Fig. S11A,B), and this localization
was independent of wild-type or mutant FUS overexpres-
sion. Therefore, as we discuss below, mitochondrial local-
ization of nuclear transcribed RCC mRNAs may play an
important role in facilitating their association with mu-
tant FUS.

Discussion

FUS is a nucleocytoplasmic shuttling protein that func-
tions in various physiological processes, largely through
its RNA binding ability (Zinszner et al. 1997; Dormann
and Haass 2011; Ederle et al. 2018). ALS/FTD-linked mu-
tations in the FUS nuclear localization signal disturb its
nuclear import and lead to cytoplasmic accumulation. A
number of mechanisms have been proposed to address
whether FUS nuclear loss of function or cytoplasmic
gain of function underlies ALS/FTD pathology. Growing
evidence in animal models, postmortem ALS/FTD pa-
tient tissues and experiments in human cell lines has ar-
gued in favor of gain of function as a primary source of
toxicitywhile nuclear loss of functionmay exacerbate dis-
ease progression (Deng et al. 2015; Sun et al. 2015; Scekic-
Zahirovic et al. 2016; Sharma et al. 2016; López-Erauskin
et al. 2018; An et al. 2019). However, the mechanisms of
FUS toxic gain of function remain unclear. Our previous
study showed that interaction of mutant FUS proteins
with specific mRNAs leads to aggregation and sequestra-
tion of the transcripts, preventing their translation (Coady
andManley 2015). Here we analyzed transcripts bound by
mutant FUS globally, and found that mRNAs encoding
mitochondrial RCC components are preferentially se-
questered and translationally silenced, leading to mito-
chondrial dysfunction. Our findings were made in
multiple systems, including FUS transfected human cells,
ALS patient-derived mutant FUS fibroblasts, and online
experimental data sets from several independent groups.
These findings, which we discuss in detail below, greatly
extend our previous study and demonstrate howabnormal
RNA binding activity induces ALS/FTD-associated mito-
chondrial defects.

The majority of mitochondrial proteins are encoded in
the nucleus (Eslamieh et al. 2017). These proteins are
translated in the cytoplasm, imported into mitochondria,

and sorted to designated compartments (Schmidt et al.
2010). The mitochondrial respiratory chain consists of
five complexes located at the inner membrane, coupling
with oxidative phosphorylation to produce ATP. Our
data show that mRNAs encoding RCC components are
overrepresented among the top-ranked mutant FUS-se-
questered mRNAs. Many of these proteins are complex I
subunits, which oxidizes NADH to NAD+ and transfers
protons from the mitochondrial matrix to the intermem-
brane space to generate an electrochemical gradient (Hirst
2013). Complex I is the electron entry point of the respira-
tory chain and the rate-limiting site for ATP synthesis
(Sharma et al. 2009). Deficiencies in complex I have
been reported in various inherited neuromuscular disor-
ders and Parkinson Disease due to mutations in 24 genes
encoding mitochondrial complex I subunits (Fassone and
Rahman 2012). More relevant to our work, several studies
have linked complex I deficiency to ALS. For example, fi-
broblasts derived from ALS patients expressing mutant
derivatives of the RBP TDP-43 show complex I disassem-
bly and mitochondrial dysfunction, perhaps reflecting
binding of TDP-43 to transcripts encoding two complex
1 subunits, ND3 and ND6 (Wang et al. 2016). Decreased
complex I activity has also been observed in sporadic
ALS patients and mutant SOD1 ALS rats (Wiedemann
et al. 2002; Li et al. 2010; Ghiasi et al. 2012). Additionally,
disruption of other respiratory chain complexes besides
complex I have also been implicated in ALS and FTD.
Overexpression of wild-type or mutant FUS in human
cells has been shown to disrupt complex V assembly and
inhibit ATP production, perhaps by direct binding to the
complex V subunit ATP5B (Deng et al. 2018). Our results
documenting reductions of complex I protein levels and
aerobic respiration significantly extend these findings,
most notably by providing a clear molecular mechanism.

Our data reveal that mRNAs encoding certain mito-
chondrial proteins are preferentially targeted by mutant
FUS. This suggests that common features might exist in
the top-ranked FUS-sequestered mRNAs. Although vari-
ous techniques have been used to study FUSRNA-binding
specificity, any consensus RNA features remain elusive.
In fact, wild-type and mutant FUS were shown to bind
RNA in a largely sequence-independent manner (Hoell
et al. 2011; Wang et al. 2015b), while our analysis of the
top-ranked mutant FUS-sequestered RNAs did not find
increased density of any published FUS binding sequence
motifs. Secondary structures were proposed to facilitate
FUS RNA-binding specificity, although discrepant results
regarding common secondary or sequence features require
further investigation (Hoell et al. 2011; Loughlin et al.
2019). Additionally, our poly(A+) RNA-specific 3′READS
data together with CLIP-seq exon analysis conducted by
others (Nakaya and Maragkakis 2018) showed that RNA
abundance in the FUS-bound fraction positively correlat-
ed with expression levels, suggesting that mutant FUS in-
deed binds most mature mRNAs in a largely sequence-
independent manner.

One possiblemechanismunderlying FUS binding selec-
tivity is that mRNA 3′UTRs contain signals for mRNA
mitochondrial localization, which would then allow
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association of these transcripts with mitochondrial local-
ized FUS (see below). In yeast, the pumilio protein Puf3
binds to an element located in the 3′UTRs of >100 mito-
chondrial mRNAs (Zhu et al. 2009) and promotes
mRNA mitochondrial localization (Lesnik et al. 2015).
Whether this occurs in humans is unknown, but PUF pro-
teins are highly conserved across eukaryotes (Wang et al.
2018) and 3′UTRs are required for mRNA localization to
mitochondria in both yeast and humans (Sylvestre et al.
2003). In any event, the colocalization of FUS and mito-
chondrial mRNAs at mitochondria might then enhance
their interaction simply due to increased local
concentration.
We demonstrated thatmutant FUS shows increasedmi-

tochondrial association in cultured cells and in human
ALS fibroblasts. This may facilitate its binding tomRNAs
transcribed from the mitochondrial genome and to nucle-
ar-encodedmitochondrial mRNAs associating withmito-
chondria, as suggested above. A mitochondrial targeting
signal search using the published algorithm MitoFate
(Fukasawa et al. 2015) did not reveal N-terminal cleavable
or internal mitochondrial import signals in FUS. Never-
theless, previous studies using immunoEM and mito-
chondrial fractionation have shown that both wild-type
and mutant FUS are recruited to mitochondria (Deng
et al. 2015, 2018). Recruitment appears to be mediated
by the chaperone HSP60, which assists proper folding
and assembly of mitochondrial proteins destined to mito-
chondria (Cheng et al. 1989; Ostermann et al. 1989). It was
suggested that FUS cytoplasmic localization due to path-
ogenic mutations or stress results in increased FUS–
HSP60 interaction and FUS mitochondrial localization
(Deng et al. 2015).Mutant FUS also shows increased inter-
action with the mitochondrial-associated chaperones
HSP70 and HSP90 (Wang et al. 2015a), which deliver mi-
tochondrial preproteins to the mitochondrial surface and
facilitate their import (Faou and Hoogenraad 2012). In ad-
dition, wild-type and mutant TDP-43 have also been
shown to localize to mitochondria in mouse models,
transfected human cells and patient fibroblasts (Wang
et al. 2013a, 2016; Davis et al. 2018). TDP-43 mitochon-
drial localization facilitates binding of the protein to
RCC mRNAs, encoding ND3 and ND6 as noted above,
thereby suppressing their expression. Notably, TDP-43
mitochondrial import is achieved by an import signal,
and blocking it using synthetic peptides rescued mito-
chondrial defects (Wang et al. 2016). Therefore, although
FUS and TDP-43 appear to localize to mitochondria via
distinct mechanisms, the pathways converge at increased
binding tomRNAs encoded in themitochondrial genome.
Our data shows that overexpressed wild-type FUS, un-

like mutant FUS, associates with mRNAs encoding mito-
chondrial proteins mostly in the soluble fraction. In
contrast to mutant FUS-expressing cells, wild-type FUS-
overexpressing cells had fewer large, visible aggregates.
Nonetheless, wild-type FUS-overexpressing cells also
showed moderate decreases in mitochondrial protein ex-
pression as well as mitochondrial defects. We suspect
that the functional consequences of wild-type FUS-RNA
interaction occurred without formation of large, visible

aggregates. In addition, the ribosome profiling data sets
of Nakaya and Maragkakis (2018) revealed reduced trans-
lation of 88mitochondrial genes in wild-type FUS-overex-
pressing neurons. These results together indicate that
translation of RCC subunit-encoding mRNAs is sensitive
to cytoplasmic FUS levels. Thus, the effects of cytoplas-
mic FUS on translation may not require large aggregate
formation. Consistent with this idea, our previous work
analyzing ALS and FTD postmortem brains demonstrated
that the wide-spread RNA splicing defects induced by
RBP loss of function due to insolubility of multiple
RBPs did not necessarily correlate with the near ubiqui-
tous TDP-43 histopathology (Conlon et al. 2018). This
agrees with our data showing that visible aggregates are
rare in wild-type FUS overexpressing cells, but we none-
theless observed a significant portion of wild-type FUS
in the urea-extracted insoluble fraction. It is thus possible
that small cytosolic wild-type FUS granules interferewith
the translation of RCC proteins. Also, wild-type or mu-
tant FUS-induced mitochondrial stress activates mito-
chondrial quality control pathways (Deng et al. 2018),
which could lead to translational repression and increased
degradation of nuclear-encoded mitochondrial proteins
(Fiorese and Haynes 2017). These findings together sup-
port the idea that increased insoluble RBP levels are suffi-
cient to induce functional consequences, such as reduced
translation or splicing defects, that are relevant to disease.
Oxidative stress andmitochondrial damage are risk fac-

tors associated with aging and are prevalent in various
neurodegenerative diseases (Lin and Beal 2006). In re-
sponse to oxidative stress, cells form phase-separated
granules containing translationally repressed RNPs while
up-regulating stress responsive genes (Spriggs et al. 2010;
Molliex et al. 2015; Riback et al. 2017). Under normal con-
ditions, the entire process is reversible when stress is re-
lieved, and granules dissipate. In contrast, stress granule
dynamics becomes aberrant and irreversible in ALS/FTD
patient-derived cells (Ling et al. 2013; Deng et al. 2014).
Comparison between normal and ALS iPS-derived motor
neurons revealed a higher propensity for granule forma-
tion aswell as altered protein composition and subcellular
localization of stress granules in the diseased cells (Mark-
miller et al. 2018). Interestingly, it has been shown that
mRNAs encoding mitochondrial proteins, especially the
complex I respiratory chain components identified here,
are depleted in oxidative stress-induced granules (Khong
et al. 2017), suggesting that these transcripts are less likely
to be sequestered in stress granules under stress condi-
tions. Our data show that mutant FUS binds these tran-
scripts with substantially higher enrichment than does
wild-type FUS in the soluble fraction of ALS patient fibro-
blasts. Given ALS mutations in FUS result in static bind-
ing to RNA targets (Niaki et al. 2020), it is possible that
under stress conditions, these mutant FUS-bound mito-
chondrial mRNAs would be sequestered by mutant FUS
protein aggregation (Shelkovnikova et al. 2014; Patel
et al. 2015).
Mitochondrial dysfunction and RNA metabolism de-

fects are two factors suggested to play significant roles
in ALS/FTD pathogenesis (Liu et al. 2017; Tank et al.
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2018). Our previous studies have provided evidence that
ALS pathological aggregates profoundly affect RNA me-
tabolism including splicing, translation and degradation
(Coady and Manley 2015; Conlon et al. 2016, 2018).
Here, we revealed that mRNAs important for mitochon-
drial respiratory chain functions are sequestered withmu-
tant FUS in insoluble aggregates, which impairs their
translation, leading to reduced levels of the encoded pro-
teins and to multiple defects in mitochondrial function.
Our results highlight a new role for mutant FUS that
connects RNA metabolism defects to mitochondrial dys-
function, and thus provides novel insights into the mech-
anisms underlying FUS toxic gain of function in ALS/
FTD.

Materials and methods

Cell culture

Human skin fibroblasts, U87-MG, and HEK293T cells were cul-
tured in DMEM (Gibco 11965092) supplemented with 10% FBS
(Gemini 100-106) in a 37°C, 5% CO2 incubator.

Cloning of wild-type FUS and mutant derivatives

Flag-tagged FUS-R521C plasmid described previously (Coady and
Manley 2015) was used in this study. The GFP-tagged wild-type
and mutant FUS plasmids were constructed with pEGFP-C3 vec-
tor. ALSmutations were created using site-directedmutagenesis.
All primers used are listed in Table 1.

Plasmids and siRNAs transfection

Lipofectamine 2000 (Thermo 11668019) was used for plasmid
transfections: Lipofectamine ratio of 1:3 in serum- and antibiot-
ic-free OptiMEM medium (Gibco 31985070). The siRNAs were
transfected with Dharmafect 1 (GE Dharmacon) at 20 nM for
48–72 h. Cells were harvested for subsequent assays. All siRNA
sequences are listed in Table 2.

Cell fractionation and RNA immunoprecipitation

The cell fractionation and RNA-IP procedures were as described
previously (Coady and Manley 2015). All lysis buffers were sup-
plemented with 1x protease inhibitor cocktail (Roche
04693159001) and 100 U/mL RNase inhibitor (Promega N2518).
Cells were lysed with ice-cold 1% NP-40 hypotonic buffer
(10 mM Tris-HCl, 10 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% NP-40), added NaCl to final concentration of 150 mM, then
centrifuged 16,000g for 10 min. The supernatant was designated
as detergent soluble fraction. The pellet was then extracted
with 100 mM urea buffer (50 mM Tris-HCl, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% NP-40, 100 mM urea) for 1 h at
37°C in Autoblot rotator incubator (Thomas Scientific). The ex-
tracted urea supernatantwas designated as the insoluble fraction.
Antibody (2–4 µg) was incubated and rotated with soluble and in-
soluble fractions overnight at 4°C, and complexes were precipi-
tated with Pierce Protein A/G magnetic beads (Thermo 88802).
Proteins were eluted with 2% SDS sample buffer for subsequent
Western blot analysis. RNAs were stored in TRIzol (Thermo
15596018) and extracted following the manufacturer’s instruc-
tions. All antibodies used are listed in Table 3.

RT-qPCR

RNA samples were pretreated with DNase I to remove potential
DNA contamination. One-hundred nanograms of RNA was
used for reverse transcription with 0.3 µL Maxima RT enzyme
(Thermo EP0742), 1 µM of oligo-dT, and 1 µM of random hex-
amers per reaction. Transcript levels were measured using
SYBR Green qPCR (Applied Biosystems 4367659). Relative
RNA levels in whole-cell lysates were determined by normaliz-
ing expression levels of the target genes to expression levels of
GAPDH. Relative enrichment of RNAs in IP samples was deter-
mined by normalizing amount of target RNA in IP samples to
amount in the input samples. Mitochondrial fractionation sam-
ples were also analyzed by normalizing target gene levels in the
mitochondrial fraction to input fractions. All primer sequences
used are listed in Table 1.

3′READS and gene ontology analysis

Total and FUS-R521C immunoprecipitated RNAs were purified
as described above. RNA integrity was assessed using Agilent
Bioanalyzer. The 3′READS procedure and reads alignment
were done as described in (Hoque et al. 2013). In summary,
the RNAs were fragmented by sonication and were captured us-
ing CU5T45 chimeric magnetic beads. The captured RNAs were
then eluted from the beads and poly(A) tails removal by RNase
H treatment. Eluted RNAs were then subjected to 5′ and 3′

adaptor ligation, RT-PCR, and sequencing (Illumina TruSeq
LT library preparation kit). To obtain total poly(A+) RNA level
expressed by a gene, all reads mapped to polyadenylation sites
of a gene were counted and summed. Read counts derived
from whole-cell (WC) and FUS-R521C immunoprecipitation
(IP) were averaged as reads per million (rpm). All genes ≤1
rpm were discarded. Enrichment of each poly(A+) RNA was
then determined by the fold change of read counts in the IP rel-
ative to read counts in the WC. Transcripts with top 5% great-
est fold change above the standard curve are R521C-enriched.
Transcripts with fold changes below the standard curve are non-
enriched. The remainders are neither enriched nor nonenriched.
The shared top 5% enriched targets from both replicates were
subsequently used for gene ontology analysis. Gene ontology en-
richment analysis was performed in Panther gene list analysis
database (http://www.pantherdb.org) and DAVID bioinformatics
resources (https://david.ncifcrf.gov).

CLIP-seq analysis

FUS CLIP-seq data sets of human iPSC-differentiated motor neu-
rons (De Santis et al. 2019) were remapped to human mitochon-
drial genome NC012920 and hg38 reference genome using
PARA suite PAR-CLIP analysis tool (Kloetgen et al. 2016).

Puromycin incorporation assay

The assay was performed as described (Ogami et al. 2017). Plas-
mid transfected HEK293T cells were treated with 1 µg/mL puro-
mycin for 30 min to label nascent peptides. Control cells were
incubated with 10 µg/mL cycloheximide for 10 min before puro-
mycin treatment. The puromycin-labeled proteins were then re-
solved by SDS-PAGE and detected by Western blotting using
antipuromycin antibody (Kerafast EQ 0001).

Immunofluorescence and FISH

Cells were fixed with 2% formaldehyde for 10 min at room tem-
perature. After fixation, cells were permeabilized with 3%Triton
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X-100 for 20 min at 4°C. Blocking was done with 3% BSA dis-
solved in PBS for 30 min at room temperature before incubating
primary antibodies overnight at 4°C. All primary antibodies
were diluted 1:200 in 3% BSA. Cells were washed with 0.2%
PBST at least three times to remove nonspecific background.
For samples not used for FISH, secondary antibodies were directly
applied for 1 h at room temperature, washed with 0.2% PBST and
mounted onto frosted microscope slides (Fisher Scientific12-544-
3; Fluoroshield mounting medium with DAPI [ab104139]). For
poly(A) FISH, cells were preincubated with 10% formamide for
10min at room temperature. Biotinylated oligo(dT)30 was diluted
in 10% dextran sulfate FISH hybridization solution to final con-
centration of 0.1 µM oligo(dT)30. The cells were then incubated

with oligo(dT)30 solution for 1 h at 37°C. Cells after FISH hybrid-
ization were washed twice with 10% formamide and incubated
with fluorophore-conjugated streptavidin and secondary antibod-
ies. Subsequentwashing andmounting procedures were as above.
Transcript-specific FISH procedure was adapted from smiFISH
(Tsanov et al. 2016). We used unlabeled target-specific primary
probes for first hybridization (100 ng/µL) for 3 h at 37°C. Each pri-
mary probe contains a 20-nt overhang at the 3’ end that does not
hybridize with the targets. After two washes with 10% formam-
ide containing buffer, we incubated the samples with fluoro-
phore-conjugated secondary probes (10 ng/µL), which are the
reverse complements of the 3’ overhangs at 37°C. After 2 h, sam-
ples were washed with 10% formamide containing buffers

Table 1. Primer sequences

Primers/targets Forward Reverse Reference

FUS cloning
primers
Gene targets
WT TGCACTCGAGGCCTCAAACGATTA

TACCCAAC
TGCACTGCAGTTAATACGGCCTCT
CCCTGCG

R521C TGCACTCGAGGCCTCAAACGATTA
TACCCAAC

TGCACTGCAGTTAATACGGCCTCT
CCCTGCA

P525L TGCACTCGAGGCCTCAAACGATTA
TACCCAAC

TGCACTGCAGTTAATACAGCCTCT
CCCTGCG

R495X TGCACTCGAGGCCTCAAACGATTA
TACCCAAC

TGCACTGCAGTTAGAAGCCTCCAC
GGTCCC

qPCR primers
Gene targets
NDUFS6 GAGACTCGGGTGATAGCGTG GTGGTGCTGTCTGAACTGGA
NDUFB9 TGCGTCCAGAGAGACAAATACC CCAGAATTCTTCCTCGGCCT
NDUFV2 CCTGTGTGAACGCACCAATG CCAGCTGGCTCACAAGAGAA
NDUFA5 GGTGTGCTGAAGAAGACCACTG ACCATAGCCAGCTTCTCATTTG
NDUFS5 TCGGGTAGCCATGCCTTTCT GCATCGACCAGCCATCTTGT
NDUFA2 CTGAAGAAGGCGAATCCCGA CTCTTGGCCAAATGCGTAGC
COX5B GGACAATACCAGCGTCGTCT CTGGGGCACCAGCTTGTAAT
COX7A2L TAGCCCGCAGGGATTAAAGC TTTCAGGTAGACGGGCACAC
UQCRH CCGCATTCTGCCATTTCTGG CTCCCGGGCCTTTACACATT
ATP5L CCAAGGTTGAGCTGGTTCCT GCCCCGCTTGCCTATAATCT
ATP5J TTGCGGAGGAACATTGGTGT AAGCTCCCTCTCCAGCTCTT
SOD1 ACAAAGATGGTGTGGCCGAT AACGACTTCCAGCGTTTCCT
ACTB TCGTGCGTGACATTAAGGAG TTGCCAATGGTGATGACCTG
GAPDH CGACCACTTTGTCAAGCTCA AGGGGAGATTCAGTGTGGTG
ND1 ATGGCCAACCTCCTACTCCT GCGGTGATGTAGAGGGTGAT Matsumoto et al. 2012
CYTB TATCCGCCATCCCATACATT GGTGATTCCTAGGGGGTTGT Matsumoto et al. 2012
ATP6 TATTGATCCCCACCTCCAAA GATGGCCATGGCTAGGTTTA Matsumoto et al. 2012
COX1 GGCCTGACTGGCATTGTATT TGGCGTAGGTTTGGTCTAGG Matsumoto et al. 2012
PPP2CA TGGTGGTCTCTCGCCATCTA TGACCACAGCAAGTCACACA
RPL12 GCGATTTCCGGCCTCTCG GATCTCGTTGGGGTCGAACT
UPF1 TGGTTAAGAGACATGCGGCT CTCATCGCCATAATTATCAGGGACC
SMG1 ACAAACGATGGCAACAACGG ACATCCAGGCTAAGCCCAAC
UPF2 AACCCGGGGCTAATGTTGAC TCACTGTCCGCCTTTCACTG
INTS4 CACAGCTGAACCAGACATG GGCATAGTGCCTGAAGGTG
18S rRNA TACCTGGTTGATCCTGCCAGTAGC AACTGATTTAATGAGCCATTCGC
AAMP GTGTCAGCACCAGTCGGG TTTGCTGAGGGCAAAGTCCA
ABCA7 CTCACCATGGCCTTCTGGAC GCAGTGGCTTGTTTGGGAAG
MST1 CGTCTCTCCACAGCACCTTT ACTCTGAGTTAAAAGTCGCCCA
NSUN5 ATGAAGACGTGGTGCGAGAT GAGGCTGAGCTTGGCACCT
ZFAND4 GGACAAGACTGCGGGTGAG GGCGGGGACAGGACTCTAC
IGFBP3 GCGCCAGGAAATGCTAGTGA GGGGTGGAACTTGGGATCAG
NEFH CACTGAATTATGCCAGGGCG CTGATGCTTGCTCAGTCCCA
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followed by 2xSSC andmounted for confocal imaging. FISH probe
sequences are listed in Table 4.

Mitochondrial network and ROS staining

MitoTracker Red CMXRos (ThermoM7512) was diluted 1:10000
in prewarmed DMEMwith 10% FBS cell culture medium and in-
cubated with live cells in cell culture incubator for 30 min. Cells
were then washed with PBS and fixed with 2% formaldehyde.
The subsequent procedures are the same as immunofluorescence
described above. To stain mitochondrial ROS, live cells were in-
cubated with 5 µM MitoSOX Red (Thermo M36008) for 10 min
at 37°C and washed with PBS. The stained samples were either
subjected to flow cytometry for ROS quantification or fixed and
mounted on microscope slides for confocal imaging.

Extracellular oxygen consumption rate assay

TheOCR assaywas performed by using extracellular oxygen con-
sumption assay kit (Abcam ab197243), which contains fluores-
cent reagent that can be quenched by oxygen at the excited
state. As the cells respire, intensity of the fluorescence would
be inversely correlated with the oxygen concentration in the en-
vironment, thus positively correlated with the OCR of the cells.
Approximately 7 × 104 cells were seeded into each well of a 96-
well plate for 24 h. The extracellular oxygen consumption reagent
was mixed with cell culture media and sealed with high-sensitiv-
ity mineral oil to prevent diffusion of ambient oxygen. The min-
eral oil-sealed 96-well plate was then subjected to fluorescence

measurement using microplate reader (BioTek Synergy Neo2).
The OCR was calculated based on linear portion of the changes
in signal profile of a given time interval.

Mitochondrial fractionation

Cellswere swelled on icewith hypotonic buffer (10mMNaCl, 1.5
mMMgCl2, 10 mM Tris-HCl at pH 7.5) for 30 min and break the
cells with Potter-Elvehjem homogenizer for 10–20 strokes. The
lysates were supplemented with mannitol and sucrose (2.5× MS
solution: 525 mM mannitol, 175 mM sucrose, 12.5 mM Tris-
HCl at pH 7.5, 2.5 mM EDTA at pH 7.5) to reach final concentra-
tion of 210 mM and 70 mM respectively. Lysates were then cen-
trifuged 1300g for 5 min to remove nuclei, cell debris, and
unbroken cells. This step was performed three times to ensure
that nuclei and other organelle contaminants were effectively re-
moved. Final centrifugation was 17,000g for 15min to precipitate
mitochondria. Themitochondrial pelletwaswashedwithmanni-
tol-sucrose solution and dissolve in 2% SDS protein sample buff-
er or TRIzol for RNA analysis.

Confocal microscopy and imaging analysis

Immunofluorescence images were taken using Zeiss LSM800
confocal microscope with constant gain and laser excitation
across experimental replicates. The images were analyzed with
FIJI ImageJ software. Cytoplasmic aggregates were quantified
based on number of localmaximal pixel intensity of GFP channel
per cell. Mitochondrial network parameters were obtained and

Table 2. siRNA sequences

siRNA Sense 5′ → 3′ Antisense 5′ →3′ Overhangs Manufacturers Reference

siFUS CGGACAUGGCCUCAAACGA UCGUUUGAGGCCAUGUCCG dTdT Shanghai
Genepharma

Schwartz
et al. 2012

siNDUFV2 GGGAAGACAUGUAAGGAAU AUUCCUUACAUGUCUUCCC dTdT Sigma
siNDUFA5 ACAAGUGGCUGGUGAUAAAA UUUUAUCACCAGCCACUUGU dTdT Sigma
siNDUFB9 CCAUGUAGAAAGAGAGAGAC GUCUCUCUCUUUCUACAUGG dTdT Sigma
siMFN2 GGAGUUAAGUUGAGGCUUUU AAAAGCCUCAACUUAACUCC dTdT Sigma

Table 3. Antibodies

Antibody Catalog number Manufacturer

Anti-GFP Y123067 abm
Anti-Flag F3165 Sigma
Anti-FUS sc373698 Santa Cruz Biotechnology
Anti-NDUFV2 sc271620 Santa Cruz Biotechnology
Anti-NDUFA5 sc393273 Santa Cruz Biotechnology
Anti-NDUFB9 sc398869 Santa Cruz Biotechnology
Anti-NDUFS5 15224-1-AP Proteintech
Anti-NDUFS6 14417-1-AP Proteintech
Anti-HSP60 A302-846A Bethyl
Anti-hnRNPH1 A300-511A Bethyl
Anti-MFN2 sc100560 Santa Cruz Biotechnology
Anti-TOM70 14528-1-AP Proteintech
Anti-puromycin EQ0001 Kerafast
Anti-H3 ab12079 Abcam
Anti-GAPDH G9545 Sigma
Anti-ACTB AV40173 Sigma
Anti-G3BP1 13057-2-AP Proteintech
Anti-ATP5B Generously provided by Dr. Alexander Tzagoloff
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analyzed using MiNA ImageJ macro tool (Valente et al. 2017). In
brief, mitochondrial network signals are transformed into binary,
skeletonized images. Unbranched mitochondria (individuals) are
defined as rods, and branched networks (networks) are defined as
rods joined by at least one junction node. The methods for quan-
tifying individuals and networks are the number of objects in the
image that fit the above definitions. Mitochondrial lengths were
calculated asmean number of pixels consisted in each branch of a
continuous network or an unbranched mitochondrion per cell.

Mitochondrial footprint was defined as proportion of cell area oc-
cupied by mitochondrial signals.

Data and code availability

RNA sequencing data reported here were submitted to Gene Ex-
pression Omnibus (GEO) database under accession number
GSE148550.

Table 4. FISH probes

NDUFA5 probe number Sequence

1 CCAATCCCACAAGGCCAGTGGTCTTCCTGCAGGTCGACTCTAGAAA
2 TAGCCTCTCGTGAGGAGTATTGCACACCTGCAGGTCGACTCTAGAAA
3 ACATCTGGTTCCGCTTTAACCATAGCCCTGCAGGTCGACTCTAGAAA
4 AGAATCACCTCTTCTAATTGACCGCCTCTGCAGGTCGACTCTAGAAA
5 TCCATTCCCTCATTTTTCTTGCCAGATCTGCAGGTCGACTCTAGAAA
6 AGGCTCTTCCACTAATGGCTCCCACTGCAGGTCGACTCTAGAAA
7 TATATTGGCCATTTCCACTGATCGGCACTGCAGGTCGACTCTAGAAA
8 ATTTTCAAATCTTCCCATGGCCTCTCTCTGCAGGTCGACTCTAGAAA
9 AACCTTAAGCTTGCCAACTTCTTTCCCCTGCAGGTCGACTCTAGAAA
10 TCTCATTCTGAGCAAATGTGCGCATGCCTGCAGGTCGACTCTAGAAA
11 AATCGTCTGCACTAAGTCCCAGTGTGGCTGCAGGTCGACTCTAGAAA
12 TTGCCCAGGACAGTCATGGTGTACATCCTGCAGGTCGACTCTAGAAA
13 ACTGCTGGCATCAATTCATTCTATTCCCTGCAGGTCGACTCTAGAAA
14 ACTTGAGGCCTGATTGCACATGATGACCTGCAGGTCGACTCTAGAAA
15 ATTGGCTTAATTAGCTTCGCTCCTCTGCTGCAGGTCGACTCTAGAAA
16 TGGGATTATAGGTGTGAGCCACCACGCCTGCAGGTCGACTCTAGAAA
17 ACTTTTGACCTCAAGTGATCCACCCACCTGCAGGTCGACTCTAGAAA
18 AGACGGGGTTTCACCATATTGGCCAGGCTGCAGGTCGACTCTAGAAA
19 GCCAACCCTCCTTAGACATGCAGTATCTGCAGGTCGACTCTAGAAA
20 GATTCCTTGTGGGTCTATGAGCACTCCCTGCAGGTCGACTCTAGAAA
21 TATATGTTGATGGTGCCACACTCAGCCCTGCAGGTCGACTCTAGAAA

IGFBP3 probe number Sequence

1 CGGTCTTCCTCCGACTCACTAGCATTCTGCAGGTCGACTCTAGAAA
2 ATTATCTTTGAATGGAGGGGGTGGAACTTGGGCTGCAGGTCGACTCTAGAAA
3 GCTGGCTGTCTTTAGCATGCCCTTTCCTGCAGGTCGACTCTAGAAA
4 CTGTGCTCTGAGACTCGTAGTCAACTTTGTACTGCAGGTCGACTCTAGAAA
5 CGCTTGGACTCGGAGGAGAAGTTCTGGGTCTGCAGGTCGACTCTAGAAA
6 CTCTACGGCAGGGACCATATTCTGTCTCTGCAGGTCGACTCTAGAAA
7 GGAACTTCAGGTGATTCAGTGTGTCTTCCATCTGCAGGTCGACTCTAGAAA
8 TGGGAGAGGCTGCCCATACTTATCCACTGCAGGTCGACTCTAGAAA
9 GGCGTCTACTTGCTCTGCATGCTGTACTGCAGGTCGACTCTAGAAA
10 TGGTCATGTCCTTGGCAGTCTTTTGTGCCTGCAGGTCGACTCTAGAAA
11 CCGCTTCGACCAACATGTGGTGAGCATCTGCAGGTCGACTCTAGAAA
12 CAGCCGCCTAAGTCACAAAGTCAGTGGTCCTGCAGGTCGACTCTAGAAA
13 GGGGTGAAGCGTGTTCTCTACATAGGCAACTGCAGGTCGACTCTAGAAA
14 TAAAGCCTGTGCGCACTGTACGGGGAGCTGCAGGTCGACTCTAGAAA
15 GATGACCGGGGTTTAAAGGTTTTCCTATTCTCCTGCAGGTCGACTCTAGAAA
16 CATAAACATTCTTCTTGGTTGAGGGATCCACGCTGCAGGTCGACTCTAGAAA
17 GAGGGCCCGAAATACCTGCCTTTATAGGCTGCAGGTCGACTCTAGAAA
18 GGGCCATGTCTTCAGGAAGATTCCTGAAGCTGCAGGTCGACTCTAGAAA
19 AGAATTGTGCCATTACTTGTGATGCCTCTCTGCAGGTCGACTCTAGAAA
20 CAGCAAGCCATTCCTCCTTCCTGTTCCTGCAGGTCGACTCTAGAAA
21 TGGGCGTGAGCTCCTTTCCTCAGTCACTGCAGGTCGACTCTAGAAA
22 CTGAGCCTGACTTTGCCAGACCTTCTCTGCAGGTCGACTCTAGAAA
23 TCTGTTTTCAAGGAGAGCTCTATGCAGCGTCTGCAGGTCGACTCTAGAAA

Second probe Sequence

Alexa647 TTTCTAGAGTCGACCTGCAG
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