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Introduction

RNA-binding proteins with low-complexity domains (LCDs) 
are central in compartmentalizing the nuclear and cytoplasmic 
environments. LCD-containing proteins drive the formation of 
membraneless inclusions, such as stress granules and P-bodies, 
through a process of liquid–liquid phase separation (Weber and 
Brangwynne, 2012; Courchaine et al., 2016; Protter and Parker, 
2016). The LCD-containing protein FUS (fused in sarcoma; 
also known as translocated in liposarcoma [TLS]) is mutated 
in amyotrophic lateral sclerosis (ALS), and a hallmark of ALS-
FUS patients is the formation of FUS inclusions (Blokhuis et al., 
2013; Li et al., 2013; Ling et al., 2013; Shelkovnikova, 2013).

Evidence from model systems suggests that inclusion 
formation is causatively related to disease. In yeast, FUS ag-
gregation in the cytoplasm induces toxicity (Sun et al., 2011). 
In Caenorhabditis elegans, the abundance of insoluble FUS di-
rectly correlates with neurotoxicity, and promoting or reducing 
FUS aggregation enhances or ameliorates disease phenotypes, 
respectively (Murakami et al., 2015). Furthermore, aggregate 
dissolution can have beneficial effects. Hsp104, a hexameric 
AAA+ ATPase that deconstructs amyloid fibrils, preamyloid 
oligomers, and disordered aggregates, has been engineered 
to target pathological aggregates for dissolution. Engineered 

Hsp104 variants dissolve FUS aggregates in yeast and suppress 
FUS toxicity (Jackrel and Shorter, 2014; Jackrel et al., 2014).

ALS mutations in FUS have been mapped to both cod-
ing and noncoding regions. Most coding mutations cluster at a 
C-terminal NLS and disrupt its activity (Dormann et al., 2010; 
Lagier-Tourenne et al., 2010; Renton et al., 2014). Mutant FUS 
proteins accumulate at higher levels in the cytoplasm and pro-
mote the formation of inclusions that also contain marker pro-
teins commonly associated with stress granules (Li et al., 2013; 
Ramaswami et al., 2013). Disease mutations have additionally 
been found in the FUS 3′UTR and have been shown to increase 
its abundance and disrupt its regulation by miRNAs (Sabatelli 
et al., 2013; Dini Modigliani et al., 2014). Consistently, FUS 
inclusions can form either preferentially upon stress or spon-
taneously upon overexpression. Moreover, wild-type FUS is 
frequently found to be aggregated in the cytoplasm of degener-
ating neurons in a significant fraction of cases of frontotemporal 
dementia, termed FTD-FUS (Ling et al., 2013).

FUS inclusions have been proposed to exert pathogenic 
effects either through preventing normal FUS functions in the 
nucleus or cytoplasm or through exerting a toxic gain of func-
tion (for example, through sequestering other protein factors; 
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Blokhuis et al., 2013; Ling et al., 2013; Ramaswami et al., 
2013; Murakami et al., 2015). FUS binds to thousands of RNA 
targets through loosely defined consensus sequences (Hoell et 
al., 2011; Ishigaki et al., 2012; Rogelj et al., 2012; Nakaya et al., 
2013) and has been assigned several roles, including transcrip-
tion regulation, miRNA processing, mRNA splicing, mRNA 
stability, and transport (Tan and Manley, 2009; Lagier-Tourenne 
et al., 2010; Ling et al., 2013). However, whether these or other 
effects are relevant to the pathogenic process is not known.

We had previously shown that wild-type FUS associates 
with and regulates the translation of RNAs localized at protru-
sive areas of cells (Yasuda et al., 2013). These RNAs require the 
adenomatous polyposis coli (APC) tumor-suppressor protein 
for their localization (thus they are hereafter termed APC-de-
pendent RNAs) and are anchored at the plus ends of Glu-mi-
crotubules (MTs [Glu-MTs]; Mili et al., 2008). Glu-MTs are 
generated by an unknown tubulin carboxypeptidase (TCP), 
which removes the C-terminal tyrosine of α-tubulin to expose a 
Glu residue (Hammond et al., 2008; Janke, 2014). Glu-MTs can 
be preferentially recognized by MT motors and are required for 
specific functions during interphase and mitosis (Dunn et al., 
2008; Cai et al., 2009; Konishi and Setou, 2009; Barisic et al., 
2015; Herms et al., 2015).

In this study, we reveal a new mechanism affected by the 
formation of FUS inclusions. We investigated how the forma-
tion of cytoplasmic inclusions by ALS-associated FUS mutants 
affects APC-dependent RNA localization. We found that the 
formation of cytoplasmic FUS inclusions is required for the 
mislocalization of RNAs from cell protrusions. The underlying 
mechanism involves the recruitment of kinesin-1 mRNA and 
protein within inclusions, leading to a loss of Glu-MTs and an 
inability to support transport and/or anchoring of APC-depen-
dent RNAs. We further investigated the mechanism through 
which kinesin-1 affects MT detyrosination, and we offer evi-
dence that it does not involve changes in MT stability but rather 
relies on the ability of kinesin-1 to target the TCP enzyme onto 
specific MTs. Interestingly, loss of Glu-MTs and RNA mislo-
calization are also observed in the presence of other disease-as-
sociated inclusions, such as those formed by mutant TDP-43. 
However, in this case, the underlying mechanisms appear to 
be distinct. Overall, these results reveal a novel kinesin-de-
pendent mechanism controlling the MT cytoskeleton, which is 
disrupted by ALS pathogenic mutations and leads to the disrup-
tion of RNA localization.

Results

Cytoplasmic FUS inclusions do not affect 
overall cellular architecture or induce 
stress response markers
We set out to investigate how ALS-associated FUS mutants 
impact the localization of APC-dependent RNAs. As described 
previously (Kwiatkowski et al., 2009; Bosco et al., 2010; Vance 
et al., 2013), exogenously expressed FUS mutants carrying NLS 
mutations form inclusions in the cytoplasm of a fraction of fi-
broblast cells (we refer to these interchangeably as inclusions or 
granules throughout the text). At equivalent expression levels, 
the frequency of inclusion formation correlates with the sever-
ity of disease outcome associated with each particular mutation 
(10–15% of inclusion-containing cells for GFP-FUS(R521C) 
and 40–50% for GFP-FUS(R495X) and GFP-FUS(P525L)). 

The coding ALS mutations provide only one way of promoting 
FUS inclusion formation. Consistent with the fact that patho-
genic mutations are also found in noncoding regions of the FUS 
gene and increase FUS protein abundance (see Introduction), 
overexpression of the wild-type protein can similarly induce 
the formation of inclusions (albeit in fewer cells compared 
with cells expressing equivalent amounts of mutant FUS pro-
teins; Yasuda et al., 2013).

Cytoplasmic FUS-induced inclusions recruit markers of 
stress granules, such as the proteins TIA-1 and FMRP, as we 
have described previously (Yasuda et al., 2013). Furthermore, 
these structures likely correspond to liquid droplet–like struc-
tures (Baron et al., 2013; Patel et al., 2015) because FRAP ex-
periments indicate that, to a significant extent, there is a dynamic 
exchange of mutant GFP-FUS found within inclusions with the 
free cytoplasmic pool (Fig. S1 A). However, despite the simi-
larity to stress granules, formation of FUS inclusions was not 
accompanied by the induction of a stress response, indicated by 
the lack of an increase in phopsho-eIF2α levels both in Western 
blot (WB) and immunofluorescence (IF) experiments (Fig. S1, 
B and C). Nevertheless, phospho-eIF2α was induced to similar 
levels in both control and FUS inclusion–containing cells upon 
treatment with sodium arsenite (Fig. S1 C). Furthermore, the 
presence of FUS inclusions did not induce the unfolded protein 
response, as indicated by the lack of accumulation of the spliced 
form of XBP1 mRNA (Fig. S1, D and E), and also did not de-
tectably affect the overall cellular architecture, as assessed by 
the distribution of mitochondria, Golgi, and ER (Fig. S1 F).

Formation of cytoplasmic FUS inclusions 
leads to a specific mislocalization of RNAs 
from cell protrusions
To quantitatively assess any effects on RNA localization at 
cell protrusions, we imaged cells plated on Y-shaped micro-
patterned substrates to limit any effects caused by differences 
in cell shape (Fig.  1 A). A peripheral RNA localization met-
ric, termed the “edge ratio,” was calculated as the fraction of 
RNA found within a specified distance from the outside cell 
boundary normalized to the corresponding area (Fig. 1 A). This 
metric clearly distinguishes diffusely distributed RNAs from 
peripherally enriched RNAs and provides an overview of pe-
ripheral RNA accumulation within a population of cells. The 
Ddr2 RNA, encoding a discoidin domain collagen receptor, was 
used as a representative APC-dependent localized RNA (Mili et 
al., 2008; Yasuda et al., 2013). We have observed similar results 
with other APC-dependent RNAs, such as Pkp4 and Kank2.

In cells expressing FUS mutants that do not form inclusions 
(i.e., the protein is localized either in the nucleus or diffusely 
in the cytoplasm), the Ddr2 RNA was peripherally distributed 
similarly to the control GFP-expressing cells (Fig. 1 B). Inter-
estingly, though, in cells containing cytoplasmic FUS granules, 
the Ddr2 RNA was mislocalized, indicated by a significant re-
duction in its edge ratio (Fig. 1 B). Formation of FUS granules 
similarly affected localization of another APC-dependent RNA 
(Kank2; Fig. S2 A) but did not reduce the edge ratio of a diffuse 
control RNA (Arpc3; Fig. S2 B). A similar effect was observed 
in the presence of inclusions formed by overexpression of the 
wild-type protein (Fig. S2 E), suggesting that it is mediated by 
inclusion formation and does not require the presence of spe-
cific mutations. Furthermore, the effect on RNA localization 
did not simply correlate with differences in the expression level 
of the mutant protein (Fig. S2 F). It was also not caused by 
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FUS inclusions cause RNA mislocalization • Yasuda et al. 3

Figure 1.  ALS-associated FUS mutants mislocalize RNAs from cell protrusions in an inclusion-dependent manner. (A) FISH of NIH/3T3 fibroblast cells to 
detect the indicated RNAs. The cells adopt a triangular shape on Y-shaped micropatterned substrates. The cell outline was used to derive the cell mask as 
well as a peripheral mask extending 2 µm from the outer cell perimeter. Edge ratios from a cell population were calculated as the fraction of RNA intensity 
in the peripheral mask normalized to the fraction of area in the peripheral mask. The APC-dependent localized RNA Ddr2 exhibits a higher edge ratio 
than the nonlocalized control RNA Arpc3. (B) Representative images of Ddr2 RNA FISH of cells expressing GFP, GFP-FUS(R521C), or GFP-FUS(R495X), 
without or with cytoplasmic granules (arrowheads), and edge ratio quantitations. Numbers within each bar indicate the total number of cells observed in 
independent experiments (five for GFP and GFP-FUS(R521C), one for GFP-FUS(R495X), and two for GFP-FUS(P525L)). (C) Schematic of experimental strat-
egy for Hsp104-induced disaggregation. (D) WBs detecting the indicated proteins from induced or uninduced cells expressing Hsp104 variants. GFP-FUS 
levels, normalized to GAP​DH, were expressed relative to doxycycline (Dox)-negative samples. There were no statistical differences between Dox– and Dox+ 
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changes in the amount of total FUS protein in the nucleus be-
cause similar amounts of FUS were found in the nucleus in the 
presence or absence of inclusions (Fig. S2 G). Overall, these 
data indicate that cytoplasmic inclusions of FUS specifically af-
fect the distribution of peripherally localized RNAs.

To directly test this idea and the role of FUS inclusions, 
we used engineered variants of the yeast Hsp104 protein dis-
aggregase (Jackrel and Shorter, 2014; Jackrel et al., 2014). 
Potentiated Hsp104 variants (A503V and A503V-DPLF) can 
efficiently dissolve FUS aggregates in yeast and pure protein 
models, whereas the wild-type protein or a variant carrying mu-
tations in the substrate-binding residues and the ATPase domain 
(DPLA-DWB) do not exhibit significant disaggregase activity 
(Jackrel and Shorter, 2014; Jackrel et al., 2014). We wanted to 
test whether dissolving FUS granules would restore RNA lo-
calization. For this, the different Hsp104 variants were placed 
under a doxycycline-inducible promoter and expressed together 
with GFP-FUS(P525L) (expression of this mutant results in 
a high proportion of inclusion-containing cells, thus facilitat-
ing the analysis). Cells with cytoplasmic FUS granules were 
marked on micropatterned substrates. Subsequently, expres-
sion of Hsp104 was induced for 24 h, and the same cells were 
scored for FUS disaggregation and Ddr2 RNA localization 
(Fig. 1 C). All Hsp104 variants were expressed at similar levels 
and their expression did not significantly affect FUS expression 
(Fig. 1 D). Remarkably, expression of the two potentiated vari-
ants (A503V and A503V-DPLF) dissolved the cytoplasmic FUS 
granules in a large proportion of cells (Fig. 1 E). This finding es-
tablishes for the first time that potentiated Hsp104 variants can 
promote the dissolution of preformed inclusions of ALS-linked 
FUS in mammalian cells. Importantly, in these disaggregated 
cells, peripheral Ddr2 RNA localization was restored (Fig. 1 F), 
confirming that the formation of cytoplasmic FUS inclusions 
disrupts RNA localization at cell protrusions. We note that be-
cause of resolution limits, we cannot exclude that some of the 
cells classified as “disaggregated” might still contain some un-
detectable inclusions. However, this would only lead to an un-
derestimation of the rescuing effects we observed. We note also 
that ∼20% of the cells exhibit spontaneous disaggregation even 
in the absence of doxycycline and, supporting our conclusion, 
RNA localization is rescued in these cells (not depicted).

Cytoplasmic FUS inclusions disrupt the 
Glu-MT network
APC-dependent RNAs, localized at cell protrusions, are an-
chored at the plus ends of Glu-MTs (Mili et al., 2008). There-
fore, to understand how formation of FUS inclusions leads to 
RNA mislocalization, we examined the Glu-MT network. Cells 
that did not exhibit visible FUS cytoplasmic granules showed 
no obvious effect on the overall MT cytoskeleton or the Glu-MT 
network (Fig. 2, A and B; and Fig. S2, C and D). In contrast, 
cells containing cytoplasmic FUS granules, induced by the ex-
pression of FUS mutants or overexpression of the wild-type 
FUS, showed a pronounced absence of Glu-MTs (Fig. 2, A and 

B; and Fig. S2, C and D). This effect was specifically directed 
toward Glu-MTs because no effect was observed on the levels 
of acetylated tubulin, another posttranslationally modified form 
of stable MTs (Fig.  2  C). Furthermore, the overall MT cyto-
skeleton and the distribution of dynamic MTs marked by EB1 
appeared unperturbed (Fig. 2, B and C; and not depicted).

To test directly the role of FUS inclusions on MT sta-
bility, we again used the engineered Hsp104 variants. Indeed, 
dissolution of cytoplasmic FUS granules by the two potenti-
ated Hsp104 variants (A503V and A503V-DPLF) increased the 
proportion of cells containing Glu-MTs (Fig. 2 D). Thus, we 
conclude that formation of cytoplasmic FUS granules disrupts 
the Glu-MT network and additionally leads to RNA mislocal-
ization from protrusions.

Additional types of RNA-binding protein 
inclusions affect Glu-MTs and peripheral 
RNA localization
To test whether the Glu-MT network and peripheral RNAs are 
specifically affected by FUS inclusions, we induced formation 
of other types of RNA granules. Specifically, we examined 
cells exhibiting (a) inclusions formed upon overexpression of 
another ALS-related RNA-binding protein, TDP-43, carrying 
the patient-associated A315T mutation (Fig.  3, A and B), (b) 
stress granules induced by oxidative stress upon short expo-
sure to sodium arsenite (Fig. 3, C and D), and (c) Dcp1 bod-
ies formed through the exogenous expression of GFP-Dcp1α 
(Fig. 3 E). Cells containing TDP-43(A315T) inclusions showed 
a significant loss of the Glu-MT network and a reduction in pe-
ripheral RNA localization. These effects were not observed in 
cells without visible TDP-43 cytoplasmic inclusions (Fig. 3, A 
and B), similar to what was observed in the case of FUS. Com-
parable effects were also seen in the presence of stress gran-
ules (Fig. 3, C and D). However, importantly, no effect on the 
Glu-MT network was observed in the presence of Dcp1 bodies 
(Fig. 3 E). Therefore, loss of Glu-MTs and RNA mislocaliza-
tion can be induced by some, but not all, types of RNA granules. 
It is interesting also that, as described in Figs. 8 and S4, FUS 
and TDP-43 granules likely bring about these similar pheno-
typic outcomes through distinct underlying mechanisms.

Glu-MTs are required for, and can promote, 
RNA localization at cell protrusions
Given the association of APC-dependent RNAs with Glu-MTs 
(Mili et al., 2008), it is likely that disruption of the Glu-MT 
network is responsible for the RNA localization defect upon 
formation of FUS inclusions. To test this, we modulated 
Glu-MT levels by manipulating the enzymes regulating their 
formation (Fig. 4 A). Glu-MTs are generated through the ac-
tion of an unidentified TCP, which removes the C-terminal 
tyrosine of α-tubulin to expose a Glu residue (Hammond et 
al., 2008; Janke, 2014). TCP acts on polymerized MTs and, 
as a result, Glu-tubulin accumulates on stable MTs that are 
resistant to depolymerization (Glu-MTs; Kumar and Flavin, 

groups by paired t test. n = 3–6. The asterisk indicates a nonspecific band. (E) Percentages of GFP-FUS(P525L)–disaggregated cells 24 h after induction of 
the indicated Hsp104 variants. Numbers within each bar indicate the total number of cells observed in four to five independent experiments apart from the 
Hsp104-uninduced wild-type (wt) sample, which was performed once. (F) Representative pre- and postinduction images of GFP-FUS(P525L) cells showing 
aggregation or disaggregation as well as Ddr2 RNA FISH from same cells. Graphs are edge ratios of Ddr2 or Arpc3 RNAs. The total numbers of cells 
observed in two independent experiments are indicated within each bar. Similar results were obtained in two additional experiments in which Hsp104 
expression was induced for shorter periods (12 or 18 h). (B, E, and F) *, P < 0.002; **, P < 0.0001; Mann–Whitney U test (B and F); and *, P < 0.001; 
compared with wt+; Student’s t test (E). Error bars show SEM. Bars, 10 µm. Arrows indicate RNA signals in protrusive areas.
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FUS inclusions cause RNA mislocalization • Yasuda et al. 5

1981; Arce and Barra, 1985; Wehland and Weber, 1987). The 
chemical compound parthenolide inhibits TCP activity and 
prevents Glu-MT formation in cells (Fig. S3 A; Fonrose et 
al., 2007). Tubulin detyrosination can be reversed by tubulin- 
tyrosine ligase (TTL). TTL efficiently and exclusively retyros-
inates soluble α/β-tubulin dimers such that newly assembled 
and dynamic MTs are predominantly tyrosinated (Tyr-MTs; 
Prota et al., 2013; Szyk et al., 2013; Janke, 2014). Therefore,  

reducing TTL function through TTL knockdown increases 
Glu-tubulin levels (Fig. S3 A).

Edge ratio quantitation was then used to assess how 
changes in Glu-tubulin levels affect APC-dependent RNA lo-
calization. Parthenolide treatment led to a significant decrease 
in the peripheral accumulation of Ddr2 and Kank2 RNAs but not 
of the control Arpc3 RNA (Figs. 4 B and S3 B). In contrast, TTL 
knockdown increased peripheral Ddr2 RNA amounts (Fig. 4 C). 

Figure 2.  Cytoplasmic FUS inclusions disrupt the detyrosinated MT network. (A) Percentages of NIH/3T3 cells with Glu-MTs in the presence or absence 
of cytoplasmic FUS granules. Cells containing any visible Glu-MT fibers were considered Glu-MT–positive. The numbers above each bar indicate the total 
numbers of cells observed in independent experiments (three for RFP-FUS(R521C), one for RFP-FUS(495X), and four for RFP-FUS(P525L); each against a 
corresponding RFP control). *, P < 0.0001; Student’s t test. (B) Representative IF images of total α-tubulin or Glu-tubulin in RFP and RFP-FUS(R521C) cells 
with or without cytoplasmic granules (arrowheads). (C) IF images of total α-tubulin and acetylated-tubulin in GFP and GFP-FUS(P525L) cells with cytoplasmic 
granules and quantification of relative intensities. The nonsignificant p-value was obtained by Mann–Whitney U test. (D) Representative images of Glu- 
tubulin staining in disaggregated and aggregated cells after Hsp104 induction, and quantitations of Glu-MT–positive cells from cells expressing the indi-
cated Hsp104 variants. P-values between indicated pairs were P = 0.0599 (A503V) and P = 0.0934 (A503V-DPLF). (C and D) The total number of cells 
observed in two (C) or three (D) independent experiments is indicated within each bar. Error bars show SEM. Bars, 10 µm. Dox, doxycycline; Wt, wild type.
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Figure 3.  TDP-43 inclusions and stress granules, but not Dcp1 bodies, disrupt Glu-MTs and RNA localization at protrusions. (A) Representative IF images 
of total α-tubulin and Glu-tubulin of cells expressing RFP or RFP–TDP-43(A315T) and quantification of percentages of cells with Glu-MTs. (B) Ddr2 or Arpc3 
RNA edge ratios of cells expressing GFP or GFP–TDP-43(A315T) with or without cytoplasmic granules. Numbers within each bar indicate the total number 
of cells observed in more than four independent experiments. (C and D) Cells treated or not treated with sodium arsenite were immunostained to detect 
Glu-tubulin and TIA-1–containing stress granules (arrows; C) or analyzed by FISH (D). (E) Representative IF images of total α-tubulin and Glu-tubulin of cells 
expressing GFP or GFP-Dcp1α and percentages of cells with Glu-MTs. (A and C–E) Numbers within each bar indicate the total number of cells observed in 
three independent experiments. (A–E) *, P = 0.0005; Student’s t test (A); and *, P < 0.0001; Mann–Whitney U test (B and D) or Student’s t test (C). There 
was no statistical difference by Student’s t test in E. Error bars show SEM. Bars, 10 µm.
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FUS inclusions cause RNA mislocalization • Yasuda et al. 7

These results indicate that Glu-MTs are required for and can, to 
a certain extent, promote RNA localization at cell protrusions. 
We note that the increase in Ddr2 RNA edge ratio upon TTL 
knockdown does not appear proportional to the increase in 
Glu-tubulin (Fig. S3 A), potentially suggesting that an additional 
limiting factor or factors are required together with Glu-MTs to 
support RNA transport and/or anchoring to the periphery.

Kinesin-1 mRNA and protein are recruited 
in FUS granules
To identify additional factors involved in Ddr2 RNA localiza-
tion, we focused on the plus end MT motor kinesin-1 (KIF5) for 
the following reasons. The kinesin-1 family member, KIF5C, 
exhibits a preference for Glu-MTs (Dunn et al., 2008; Cai et 
al., 2009; Konishi and Setou, 2009), it is implicated in RNA 
transport events in neurons (Kanai et al., 2004), and it colo-
calizes with peripheral APC clusters (Dunn et al., 2008). In 
cells expressing mutant FUS, overall levels of KIF5B, which is 
the more abundant kinesin-1 isoform in fibroblast cells, do not 
change significantly (Fig. 5 A). However, IF staining of KIF5B 
or KIF5C using multiple antibodies revealed that both kine-
sin-1 isoforms were concentrated in cytoplasmic FUS granules 
(Fig. 5 B). Staining of siRNA-treated cells to knock down each 

isoform confirmed the specificity of the signals detected within 
inclusions (Fig. S3, C–E).

Given that FUS granules are thought to contain RNA and 
to affect RNA metabolism, we further investigated whether they 
also have an effect on the distribution of the kinesin-1 mRNA. 
Indeed, we find that cytoplasmic FUS granules are bona fide 
RNA granules, indicated by the accumulation of polyadenylated 
RNA visualized by in situ hybridization with oligo(dT) probes 
(Fig. 5 C). In situ hybridization to detect the Kif5b mRNA re-
vealed that it was also enriched either within or in close prox-
imity to FUS granules (Fig. 5 C). Interestingly, quantification 
of RNA levels found within FUS granules revealed that Kif5b 
mRNA preferentially partitioned within granules relative to the 
overall polyadenylated RNA population (Fig.  5  D). Further-
more, this was not accompanied by overall changes in Kif5b 
RNA levels (Fig.  5  E), indicating that partitioning of Kif5b 
mRNA within FUS granules is an active process and not a re-
sult of changes in RNA stability. Overall, these data indicate 
that formation of FUS granules leads to the recruitment of both 
Kif5b RNA and KIF5B protein within inclusions.

We cannot accurately assess the extent of KIF5B protein 
sequestration within inclusions because, to a large extent, the 
diffuse cytoplasmic signal detected through IF is nonspecific 
(Fig. S3 C). Nevertheless, it is interesting that various kine-
sins, including kinesin-1, are predicted to contain significant 
regions of intrinsically disordered regions (IDRs; Seeger and 
Rice, 2013). IDR interactions have been proposed to mediate 
the recruitment of proteins into phase-separated granules (Kato 
et al., 2012; Lin et al., 2015), suggesting the possibility that 
IDR interactions might mediate sequestration of kinesin in cy-
toplasmic FUS granules. Indeed, although we can observe accu-
mulation of the full-length YFP-KIF5B into RFP-FUS(P525L) 
granules, deletion of the C-terminal IDR domain prevents ac-
cumulation of the truncated kinesin within FUS cytoplasmic 
inclusions (Fig. S3 F).

Kinesin-1 is required for the formation 
of Glu-MTs and RNA localization at cell 
protrusions
We hypothesized that sequestration of kinesin-1 into cytoplas-
mic FUS granules could disrupt its normal functions. To assess 
the functional contribution of kinesin-1, we knocked down 
KIF5B expression using two different siRNAs (Fig. S3 G). 
Knockdown of KIF5B, but not of the kinesin KIF3A, resulted 
in a significant reduction in the proportion of cells exhibiting a 
well-defined Glu-MT network (Fig. 6, A and B). We observed 
a similar reduction in Glu-MTs when expressing a domi-
nant-negative kinesin-1 construct (KIF5B(ΔMD)), which lacks 
the N-terminal motor domain (Rivera et al., 2007). Therefore, 
KIF5B plays a necessary role in the formation of Glu-MTs. Fur-
thermore, consistent with the requirement of Glu-MTs for Ddr2 
RNA localization described in Fig.  4  B, both KIF5B knock-
down and dominant-negative expression reduced the peripheral 
localization of Ddr2 RNA to levels similar to those exhibited 
upon FUS inclusion formation (Fig. 6, C and D).

FUS inclusions disrupt Glu-MTs and axonal 
RNA localization in primary neuronal cells
To determine whether FUS inclusions affect RNA localization 
through similar mechanisms in other cell types, we used pri-
mary hippocampal neurons. Mutant GFP-FUS expression was 
induced at day in vitro (DIV) 3, and cells were analyzed at DIV6. 

Figure 4.  Glu-MTs are required for and can promote RNA localization 
at cell protrusions. (A) Schematic of the detyrosination cycle of α-tubulin. 
E, glutamate; Y, tyrosine. (B) Edge ratios of Ddr2 RNA (left) and Arpc3 
RNA (right) from control and parthenolide-treated cells. (C) Edge ratios of 
Ddr2 RNA (left) and Arpc3 RNA (right) from control and TTL-knockdown 
cells. Note that, in this case, edge ratio is calculated using a 0.5-µm pe-
ripheral area to better allow the detection of enhanced RNA localization 
beyond the control baseline distribution, which is already quite periph-
eral. (B and C) *, P < 0.0001; Mann–Whitney U test. Numbers within 
each bar indicate the total number of cells observed in four independent 
trials for Ddr2 RNA, two for ArpC3 RNA (B), and two independent trials 
(C). Error bars show SEM.
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As observed in fibroblasts, mutant GFP-FUS was detected in 
neuronal somas either diffusely in the cytoplasm or in inclu-
sions (Fig. 7 A). At this stage, kinesin-1 was detected within 
somas and throughout the axonal compartment and growth 
cones. Expression of GFP-FUS(R495X) did not change total 
Kif5C expression levels (the predominant neuronal kinesin-1 
isoform; Fig. 7 B) but led to a decrease in Kif5C levels at axon 
terminals, detected using two different antibodies (Fig.  7  C). 
Furthermore, IF staining showed a decrease in Glu-tubulin lev-
els in axon terminals, similar to that observed after parthenolide 

treatment (Fig. 7 D). Interestingly, both of these effects are in-
clusion dependent, as they were not observed in cells exhibit-
ing diffuse cytoplasmic GFP-FUS(R495X). To test for effects 
on RNA localization, we focused on the APC-dependent RNA 
Dynll2 because it is more abundant in neurons. In control cells, 
the Dynll2 RNA was distributed in somas and throughout 
axons. In the presence of mutant FUS inclusions, Dynll2 axo-
nal localization was significantly reduced (Fig. 7 E). Again, this 
was an effect induced by inclusions because Dynll2 RNA pres-
ence in axons was not affected when mutant FUS(R495X) was 

Figure 5.  Kinesin-1 RNA and protein are recruited in FUS granules. (A) WBs of KIF5B expression in NIH/3T3 cells expressing GFP or GFP-FUS mutants. 
The asterisk indicates a nonspecific band. (B) Immunostaining of KIF5B or KIF5C in NIH/3T3 cells exhibiting mutant FUS cytoplasmic granules and 
corresponding quantitations. The number of cells observed from more than two independent trials is indicated within each bar. (C) Kif5b or polyA RNA 
FISH in cells with FUS granules. Yellow lines indicate cell outlines. (D) Signal intensity of Kif5b or polyA RNA within FUS granules normalized to total 
RNA signal intensity in the cytoplasm. (E) GFP- or GFP-FUS(P525L)–expressing cells were sorted based on GFP to increase the proportion of transfected 
cells. The Kif5b RNA amount was detected using the NanoString nCounter platform and normalized against the Ldha, Rsp12, and Rpl35 RNA amounts.  
(D and E) *, P < 0.0001 (D); and no statistical difference (E); Student’s t test. n = 3. Error bars show SEM. Bars, 10 µm.
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FUS inclusions cause RNA mislocalization • Yasuda et al. 9

diffusely distributed in the cytoplasm. We therefore conclude 
that, similar to fibroblasts, in neurons, cytoplasmic inclusions 
of FUS also trigger the same cascade of events, including mis-
distribution of kinesin-1 and loss of Glu-MTs, leading to the 
mislocalization of RNAs from the axonal compartment.

Overexpression of kinesin-1 is  
sufficient to rescue Glu-MTs and RNA 
localization in the presence of FUS,  
but not TDP-43, granules
Collectively, the aforementioned data indicate that, in different 
cell types, recruitment of kinesin-1 in cytoplasmic FUS gran-
ules is responsible for the observed loss of Glu-MTs and the 
subsequent mislocalization of RNAs from protrusive regions. 
To test this idea, we asked whether kinesin-1 overexpression 
could rescue Glu-MT formation and Ddr2 RNA localization in 
cells exhibiting cytoplasmic FUS granules. For this, we over-
expressed YFP-tagged KIF5B together with RFP-FUS(P525L) 
(Fig. 8 A). Consistent with the data shown in Fig. 5 (B–D), we 
observed that YFP-KIF5B can be detected within cytoplasmic 
FUS granules (Fig. S4 A). We note that this was only observed 
in some cells. We consider it likely that, depending on the level 
of overexpression, the increased amount of cytoplasmic YFP-
KIF5B masks any YFP-KIF5B protein within FUS granules. 
As described in Figs. 1 B and 2 (A and B), in control cells, 
the presence of RFP-FUS(P525L) granules was accompanied 
by a significant reduction in the amount of cells with a visible 
Glu-MT network (Fig.  8, B and C) as well as a reduction in 
the peripheral accumulation of Ddr2 RNA (Fig. 8, D and E). 

Importantly, however, overexpression of YFP-KIF5B led to sig-
nificant rescue of both Glu-MTs and of peripheral RNA local-
ization (Fig. 8, B–E). We additionally overexpressed untagged 
kinesin-1 and identified kinesin-1–overexpressing cells through 
detecting the amount of Kif5b RNA by in situ hybridization 
(Fig. S4 B). We observed a similar rescue of Ddr2 RNA local-
ization in the presence of FUS granules. These results strongly 
indicate that kinesin-1 recruitment within FUS granules is, to a 
large extent, responsible for the observed loss of Glu-MTs and 
RNA mislocalization phenotypes.

As shown in Fig.  3 (A and B), inclusions formed upon 
TDP-43(A315T) expression also disrupt Glu-MTs and Ddr2 
RNA localization. However, IF analysis showed that kinesin-1 
was not appreciably recruited within TDP-43 inclusions (Fig. 
S4 C). Furthermore, overexpression of YFP-KIF5B did not res-
cue the loss of Glu-MTs or Ddr2 RNA mislocalization in the 
presence of TDP-43 inclusions (Fig. S4, D and E). We cannot 
exclude that TDP-43 inclusions might affect kinesin-1 function 
in some other way, but these data suggest that kinesin-1 is not 
sufficient to restore their effects. Therefore, whereas FUS and 
TDP-43 inclusions lead to the same eventual outcomes, they 
likely do so through distinct underlying mechanisms.

Kinesin-1 promotes Glu-MT formation 
through directing TCP activity
We further sought to understand in more detail how FUS in-
clusions and kinesin-1 recruitment impact on the formation of 
Glu-MTs and whether independently modulating Glu-MT lev-
els might be sufficient to overcome kinesin-1 sequestration. As 

Figure 6.  Kinesin-1 is required for the formation of Glu-MTs and RNA localization at cell protrusions. (A) Representative images of Glu-tubulin and α-tu-
bulin staining of cells transfected with the indicated siRNAs. (B) Percentage of cells with Glu-MTs upon transfection with the indicated siRNAs or with a 
dominant-negative kinesin-1 construct. (C) Representative images of Ddr2 RNA FISH of cells transfected with the indicated siRNAs or expressing GFP or 
GFP-KIF5B(ΔMD). (D) Ddr2 RNA edge ratio of cells expressing the indicated siRNAs or GFP-tagged constructs. (B and D) Numbers of cells observed in two 
or more independent trials is indicated within each bar. *, P < 0.05; Student’s t test compared with siControl (B); and *, P = 0.0082; **, P < 0.0001; 
Mann–Whitney U test or one-way analysis of variance using Dunnett’s multiple comparisons test, respectively (D). Error bars show SEM. Bars, 10 µm.
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Figure 7.  FUS mutants disrupt KIF5C distribution, Glu-MTs, and axonal RNA localization in primary neuronal cells. (A) Representative whole-cell images 
and enlarged soma views of DIV6 primary hippocampal neurons expressing GFP or GFP-FUS(R495X). Arrows indicate cytoplasmic FUS inclusions in soma; 
yellow lines indicate cell outlines. (B) Representative WBs and quantification of KIF5C levels in cells expressing GFP or GFP-FUS(R495X). The asterisk indi-
cates a nonspecific band. (C) KIF5C immunostaining of DIV6 primary hippocampal neurons expressing GFP or GFP-FUS(R495X). KIF5C intensity in growth 
cones (yellow outlines) was normalized to growth cone area and expressed relative to the GFP sample. (D) DIV6 primary hippocampal neurons expressing 
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FUS inclusions cause RNA mislocalization • Yasuda et al. 11

mentioned in Fig. 4 A, the levels of Glu-MTs result from the 
balance of the enzymatic activities involved in the tubulin de-
tyrosination cycle. Knockdown of TTL shifts that balance and 
increases Glu-tubulin levels. We therefore tested whether TTL 
knockdown could offer an alternative way of restoring Glu-MT 
levels in cells with FUS inclusions and thus rescue Ddr2 RNA 
localization. Interestingly, we found that in the presence of FUS 
inclusions, TTL knockdown was not sufficient to rescue Ddr2 
RNA localization at protrusions (Fig. 9 A).

To obtain a quantitative assessment of the effect of TTL 
knockdown on Glu-MTs, we measured Glu-tubulin levels by 
WB normalized in each case to total tubulin. We set the increase 
in Glu-tubulin levels upon TTL knockdown in control cells as 
1.0 and compared the corresponding increase in Glu-tubulin 
upon different treatments (Fig. 9 B). In all cases, the extent of 
TTL knockdown was similar (Fig. S5 A). Interestingly, though, 
we found that in cells transfected with GFP-FUS(P525L), TTL 
knockdown led to a much smaller increase in Glu-tubulin lev-
els (Fig. 9 B), considering also that ∼50% of the cells are ex-
pressing the transfected mutant FUS. This result is consistent 
with, and likely underlies, the lack of rescue in RNA localiza-
tion upon TTL knockdown.

When TTL is knocked down, the level of increase of 
Glu-tubulin reflects the rate of Glu-tubulin generation or, in 
other words, the activity of the TCP (Fig. 4 A). Therefore, the 
reduced accumulation of Glu-tubulin upon TTL knockdown 
suggests that mutant FUS impacts tubulin modification likely 
by preventing the function of TCP. Additionally, similar to 
the effect of mutant FUS, KIF5B knockdown (but not KIF3A 
knockdown) also dampens the increase in Glu-tubulin induced 
upon TTL knockdown (Figs. 9 B and S5 A). This suggests that 
FUS inclusions and loss of kinesin-1 function are part of the 
same mechanism, which perturbs Glu-MT formation through 
affecting the action of TCP but not the activity of TTL.

A decrease in TCP action could be achieved by directly 
affecting TCP levels or activity or by preventing MT stabiliza-
tion because TCP preferentially acts on stabilized MTs (Kumar 
and Flavin, 1981; Arce and Barra, 1985; Wehland and Weber, 
1987). To distinguish between these possibilities, we first as-
sessed MT stability by evaluating the decay of α-tubulin stain-
ing upon exposure to the MT-depolymerizing drug, nocodazole. 
As shown in Fig.  9  C, α-tubulin levels decayed with similar 
rates in control or FUS inclusion–containing cells, indicating 
that the presence of FUS inclusions does not overtly affect the 
levels of stable MTs. As an alternative way of assessing the role 
of MT stability, we tested whether in the presence of FUS inclu-
sions, Glu-MT formation could be rescued by the stabilization 
of MTs upon taxol treatment. As expected, in control GFP-ex-
pressing cells, taxol treatment led to a significant increase in the 
total amount of detectable Glu-MTs. However, in the presence 
of GFP-FUS(P525L) granules, taxol treatment was not able to 
increase Glu-MT levels to the same extent (Fig. 9 D). In both 
cases, taxol had an equally stabilizing effect because acetyl-
ated tubulin levels exhibited a similar increase in the absence 
or presence of FUS inclusions (Fig. S5 B). Therefore, FUS in-

clusions and kinesin-1 sequestration appeared to mainly impact 
Glu-MT formation through a mechanism that does not involve 
MT stabilization but rather the function of TCP.

Given that the molecular entity of TCP is unknown, un-
derstanding this effect in more detail is difficult. However, a 
serendipitous observation provided a clue about a potential 
mechanism through which kinesin-1 affects TCP activity. A 
dominant-negative kinesin-1 construct, GFP-KIF5C(T93N), 
carries a point mutation that inhibits ATP hydrolysis and conse-
quently binds but cannot move along MTs (Dunn et al., 2008). 
In agreement with a prior study (Dunn et al., 2008), we saw that 
GFP-KIF5C(T93N) decorated MTs at the perinuclear region 
and did not extend significantly to the periphery (Fig. 10 A). 
Interestingly, this kinesin mutant had a different effect on Glu-
MTs. Although the GFP-KIF5B(ΔMD) dominant-negative 
kinesin mutant prevented Glu-MT formation (Fig.  6  B), the 
GFP-KIF5C(T93N) did not reduce Glu-MT levels but caused 
their perinuclear redistribution (Fig. 10, A and B). Importantly, 
GFP-KIF5C(T93N)–decorated MTs coincided with Glu-MTs 
(Fig. 10 A), indicating that KIF5 acts to either directly recruit or 
provide a signal for guiding TCP activity toward specific MTs.

To further test whether TCP targeting, rather than activity, 
is affected by the formation of FUS inclusions, we examined the 
effect of kinesin mutants in cells containing cytoplasmic FUS 
granules. Interestingly, even in the presence of FUS granules, 
expression of GFP-KIF5C(T93N) can rescue and direct the de-
tyrosination of MTs on which it resides (Fig. 10 C), indicated 
by the appearance of Glu-tubulin staining which colocalized 
with GFP-KIF5C(T93N)–decorated MTs. The motor domain is 
required for this activity because GFP-KIF5B(ΔMD) did not 
rescue Glu-MTs (Fig. 10 C). These results suggest that FUS in-
clusions likely do not compromise the intrinsic activity of TCP, 
but rather prevent TCP targeting by recruiting kinesin-1 and in-
hibiting its ability to direct TCP activity on specific MTs. This in 
turn perturbs the transport and/or anchoring of APC-dependent  
RNAs, which rely on the Glu-MT network (Fig. 10 D).

Discussion

We describe in this study that APC-dependent RNA localiza-
tion at cell protrusions was disrupted upon the formation of 
cytoplasmic FUS inclusions. This effect was observed in both 
fibroblasts and neuronal cells, and our data indicate that it is 
caused by the disruption of the MT motor kinesin-1 through 
the recruitment of both the kinesin-1 mRNA as well as of the 
kinesin-1 protein within FUS inclusions. Further delineating 
the underlying mechanism has led to the identification of a 
novel role of kinesin-1 in regulating the generation of Glu-MTs 
through targeting TCP activity. FUS inclusions thus lead to a 
loss of Glu-MTs and a subsequent mislocalization of APC- 
dependent RNAs, which require Glu-MTs for their localization 
(Fig.  10  D). The loss of Glu-MTs and RNA mislocalization 
were also observed in the presence of other types of inclusions 
(stress granules and TDP-43 inclusions); however, specificity 

GFP or GFP-FUS(R495X) or treated with parthenolide were immunostained for Glu-tubulin and Tyr-tubulin. Glu-tubulin intensity in growth cones was nor-
malized to Tyr-tubulin intensity and expressed relative to GFP samples. (E) FISH of Dynll2 RNA and polyA RNA on DIV6 primary hippocampal neurons 
expressing GFP or GFP-FUS(R495X) or treated with parthenolide. Axonal intensity of Dynll2 RNA was normalized to the axonal area and expressed relative 
to GFP samples. (C–E) *, P < 0.0026; **, P < 0.0001 (C); and *, P < 0.0001 (D and E); Mann–Whitney U test. (C and E) Numbers of cells observed in 
one (antibody #1), three (antibody #2; C), or two (E) independent trials are indicated within each bar. Error bars show SEM. Bars, 10 µm. Ab, antibody.
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can be observed because Dcp1 bodies do not produce the same 
effects. Interestingly, TDP-43 inclusions did not recruit kine-
sin-1, and their effects were not suppressed by kinesin-1 over-
expression, indicating that distinct types of inclusions lead to 
common outcomes through distinct mechanisms.

FUS belongs to an increasingly expanding group of pro-
teins that contain disordered LCDs (King et al., 2012). These 
domains mediate a liquid–liquid phase separation that leads to 
the formation of membraneless compartments, which are revers-
ible and dynamically controlled (Weber and Brangwynne, 2012; 

Courchaine et al., 2016; Protter and Parker, 2016). The dynamic 
properties of the granules in this study indicate that they have a 
significant dynamic component (Fig. S1 A). However, we cannot 
exclude that there was an immobile stable fraction akin to the 
stable core substructure reported for yeast and mammalian stress 
granules (Jain et al., 2016). Indeed, pathogenic ALS mutations in 
FUS or other RNA-binding proteins promote the conversion of 
dynamic liquid phases into stable, fibrillar, hydrogel structures 
that can retain other intrinsically disordered proteins (Kato et al., 
2012; Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015).

Figure 8.  Overexpression of KIF5B rescues Glu-MTs and RNA localization in the presence of FUS granules. (A) NIH/3T3 cells transfected with RFP and 
GFP (first lane), RFP-FUS(P525L) and GFP (second lane), or RFP-FUS(P525L) and YFP-KIF5B (third lane) were analyzed by WB to detect the indicated 
proteins. The asterisk indicates a nonspecific band. (B) Representative images of cells transfected as in A and immunostained to detect Glu-tubulin. For RFP-
FUS(P525L)–expressing cells, only cells exhibiting cytoplasmic FUS granules were imaged. (C) Percentages of cells with Glu-MTs from B were calculated. 
(D) Representative images of cells transfected as in A and analyzed by FISH to detect the Ddr2 RNA. Cells exhibiting cytoplasmic RFP-FUS(P525L) granules 
were imaged. White lines indicate cell outlines. (E) Edge ratio values of cells from D. (C and E) Total numbers of cells observed in three independent trials is 
indicated within each bar. *, P = 0.003; **, P < 0.05; Student’s t test (C); and *, P < 0.0001; Mann–Whitney U test. Error bars show SEM. Bars, 10 µm.
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FUS inclusions cause RNA mislocalization • Yasuda et al. 13

Figure 9.  FUS inclusions do not affect TTL activity or MT stabilization but rather impact the function of TCP. (A) Edge ratio of Ddr2 RNA from cells express-
ing GFP-FUS(R521C) and additionally transfected with control siRNAs or siRNAs against TTL. Only cells exhibiting cytoplasmic GFP-FUS(R521C) granules 
were analyzed. (B) Glu-tubulin levels were detected by WB and normalized to α-tubulin levels. The graph shows the increase in Glu-tubulin levels upon TTL 
knockdown (siTTL/siControl) from cells additionally expressing the indicated constructs or siRNAs. Results were expressed relative to the control sample 
of each trial. (C) Cells expressing GFP or GFP-FUS(P525L) were stained for α-tubulin after being exposed to nocodazole for the indicated minutes. Graph 
shows total tubulin intensity measured in >35 cells for each time point. Similar results were observed in two independent trials. Yellow lines indicate cell 
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FUS inclusions exhibit many common characteristics 
with stress granules, demonstrating retention of common pro-
teins (e.g., TIA-1 and FMRP) as well as of polyadenylated 
mRNA. Nevertheless, as we show in this study, formation of 
FUS inclusions does not appear to be accompanied by the in-
duction of a stress or unfolded protein response. This observa-
tion is consistent with studies showing that the neurotoxicity of 
FUS aggregates in C. elegans is not attributable to induction of 
unfolded protein response through PKR-like ER kinase (PERK) 
activation or to phosphorylation of eIF2α through other means 
(Murakami et al., 2015), as well as that phosphorylated PERK 
or IRE1 are not observed in FTLD-FUS cases, which exhibit 
FUS-positive inclusions (Nijholt et al., 2012).

Furthermore, whereas stress granules contain translation-
ally stalled RNAs, FUS granules contain at least some transla-
tionally active mRNAs (Yasuda et al., 2013). Consistent with 
this, we observed that the recruitment of kinesin-1 mRNA within 
FUS inclusions did not lead to changes in kinesin-1 protein lev-
els, indicating that the presence of kinesin-1 RNA within cyto-
plasmic inclusions is not accompanied by changes in its ability to 
be translated. The kinesin-1 protein is additionally concentrated 
within FUS inclusions, and our data suggest that its C-terminal 
intrinsically disordered region (Seeger and Rice, 2013) contrib-
utes to its retention. Kinesin-1 can additionally interact with APC 
(Ruane et al., 2016), which is also found within FUS inclusions. 
This interaction could provide an additional mechanism for re-
taining kinesin-1 within FUS granules or could act as a secondary 
way of perturbing APC-dependent RNA localization.

We show that kinesin-1 retention within FUS inclusions 
can be overcome upon its overexpression, leading to substantial 
rescue of Glu-MT formation and RNA localization. Although 
we cannot exclude that additional factors might be required, we 
believe that complete rescue was not observed because of the 
transient and thus variable expression range of both FUS and 
kinesin-1 in our system. An additional interesting observation 
is that KIF5B overexpression appears to affect the morphology 
of FUS inclusions (Fig. 8, B and D), causing them to appear less 
condensed. This might be related to the suggested role for kine-
sin-1 in the dissolution of stress granules (Loschi et al., 2009). It 
is possible that this effect is observed only when KIF5B reaches 
a certain expression threshold because endogenous KIF5B 
was found in condensed FUS granules (Fig. 5 B). We can only 
speculate about the nature of this effect. Assuming that FUS 
inclusions exhibit similar structural features to those of stress 
granules (Jain et al., 2016; Wheeler et al., 2016), it might be 
that KIF5B action affects the formation of a stable core or the 
interactions of the surrounding shell material with the core.

Members of the kinesin superfamily, in addition to their 
role in cargo transport, are known to also control MT dynamics, 
promoting either MT stabilization or destabilization (Jaulin and 
Kreitzer, 2010; Morris et al., 2014). The mechanism underlying 
kinesin-driven MT stabilization is not known, but an interaction 
with plus end tracking proteins has been implicated. We suggest 
here that kinesin-1 has a role in promoting MT detyrosination, 
but our data indicate that kinesin-1 does not promote detyros-

ination indirectly through promoting MT stabilization, but that 
it rather functions to recruit and/or target TCP on MTs. Testing 
this model more directly is challenging, given that the exact 
molecular entity of TCP has remained elusive, even though 
the biochemical activity of TCP has been identified several 
years ago (Janke, 2014).

The mechanism described here additionally provides 
new insights into molecular consequences that could be rele-
vant for ALS pathology. Loss of Glu-MTs upon formation of 
FUS or TDP-43 inclusions results in the disruption of periph-
eral localization of APC-dependent RNAs. Indeed, APC sup-
ports the localization of RNAs in neuronal axons (Preitner et 
al., 2014), and reduced RNA transport and/or translation in 
axon terminals has been observed in response to ALS mutations 
in FUS and TDP-43 (Alami et al., 2014; Coyne et al., 2014, 
2015; Murakami et al., 2015). Defects in axonal RNA transla-
tion could affect the transmission of survival signals to the cell 
soma and axonal regeneration and could also contribute to ALS 
pathogenesis (Liu-Yesucevitz et al., 2011; Jung et al., 2012; 
Yasuda and Mili, 2016).

Although the exact functional roles of APC-depen-
dent RNAs are not known, the Rab13 protein, encoded by an 
APC-dependent RNA, is up-regulated in axonal sprouts and is 
important for nerve regeneration upon injury (Di Giovanni et 
al., 2006). Furthermore, RNA targets of APC, identified from 
mouse brain tissue by high-throughput sequencing of RNA 
isolated by cross-linking immunoprecipitation, include RNAs 
encoding tubulin isotypes and MT regulators, and their mis-
localization affects MT dynamics (Preitner et al., 2014). This 
might suggest the interesting possibility that an initial disrup-
tion of Glu-MTs could be amplified or reinforced through dis-
rupting the local translation of MT regulators. Similar feedback 
effects could occur in the case of other ALS mutations in the 
TDP-43 gene. In Drosophila melanogaster motor neurons, 
TDP-43 mutations affect the transport and translation of futsch 
RNA, which encodes a protein homologous to mammalian 
MAP1B and which regulates MT organization (Coyne et al., 
2014; Yasuda and Mili, 2016).

Loss of Glu-MTs and their downstream effects could be 
widespread features of ALS initiated by other genetic causes. 
ALS-associated mutations in the SOD1 gene as well as in the 
gene encoding the tubulin isoform TUBA4A have also been as-
sociated with the presence of hyperdynamic destabilized MTs 
(Fanara et al., 2007; Smith et al., 2014). Thus, changes in MT dy-
namics and their ensuing effects might be a broader common de-
nominator in ALS pathogenesis. Reduced stability and changes 
in the dynamic properties of MTs have also been associated 
with additional neurodegenerative diseases, and supporting their 
pathogenic relevance, approaches to restore MT stability have 
exhibited therapeutic potential (Yoshiyama et al., 2003; Zhang et 
al., 2005; Barten et al., 2012; Brunden et al., 2014). Our data sup-
port the therapeutic prospect of Hsp104-based disaggregases and 
additionally offer the restoration or manipulation of kinesin-1 ac-
tivity as an alternative approach to reestablishing functional lev-
els of stable modified MTs and reversing pathogenic phenotypes.

outlines. (D) Immunostaining of Glu-tubulin and α-tubulin in GFP- or GFP-FUS(P525L)–expressing cells treated or not treated with taxol. Glu-tubulin intensity 
was normalized to α-tubulin and expressed relative to the GFP sample. (C and D) Arrows indicate cytoplasmic FUS inclusions. (A, B, and D) Numbers in 
bars indicate the amounts of cells observed in two (A and D) or two to five (B) independent experiments. (A–D) *, P < 0.0001; Mann–Whitney U test (A 
and D); *, P < 0.04; paired Student’s t test compared with GFP (B); and no statistical difference between GFP and GFP-FUS(P525L) by two-way analysis 
of variance using Bonferroni’s multiple comparisons test (C). Error bars show SEM. Bars, 10 µm.
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Figure 10.  Kinesin-1 promotes Glu-MT formation through directing TCP activity. (A) Immunostaining of Glu-tubulin and α-tubulin in GFP-,  
GFP-KIF5C(T93N)–, or GFP-KIF5B(ΔMD)–expressing cells. (B) Glu-tubulin intensity of cells from A was normalized to α-tubulin intensity and expressed 
relative to the GFP sample. Numbers of cells observed in more than three independent trials are indicated. *, P < 0.0001; Mann–Whitney U test com-
pared with GFP. Error bars show SEM. (C) Immunostaining of Glu-tubulin in GFP-KIF5C(T93N)– or GFP-KIF5B(ΔMD)–expressing cells cotransfected with 
RFP-FUS(P525L). Cells exhibiting cytoplasmic RFP-FUS(P525L) granules were imaged. Bars, 10 µm. (D) Proposed model of effects initiated by formation of 
FUS inclusions. Formation of cytoplasmic FUS inclusions leads to the recruitment of kinesin-1 RNA and protein. Our results indicate that kinesin-1 promotes 
Glu-MT formation by targeting the TCP activity. Sequestration within FUS inclusions disrupts this function of kinesin-1, resulting in a loss of Glu-MTs, which 
are in turn required to support localization of APC-dependent RNAs at cell protrusions and neuronal axons.
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Materials and methods

Plasmid constructs
For transient expression, the FUS coding sequence, with or with-
out the indicated mutations and tagged with GFP or RFP, was 
cloned into the pEGFP-C1 vector backbone. Constructs were 
described previously (Yasuda et al., 2013). For lentiviral trans-
duction, the coding sequences of codon-optimized constructs 
of Hsp104 variants (sequence provided in the next section) 
or GFP-FUS mutants were cloned into pENTR1A vector and 
then transferred into pIND​UCER20 lentivector using the Gate-
way LR clonase II Enzyme mix (11791-020; Thermo Fisher 
Scientific) according to the manufacturer’s instructions. GFP-
TDP-43(A315T) was provided by B. Wolozin (Liu-Yesucevitz 
et al., 2010). The coding sequence was digested with BamHI 
and XbaI and ligated into pEGFP-C1 vector, in which the GFP 
sequence was replaced with that of mRFP to generate an RFP-
tagged TDP-43 mutant. GFP-Dcp1α was provided by J. Lykke- 
Andersen (University of California, San Diego, La Jolla, CA). 
pKin1b plasmid (31604; Addgene) was used to express un-
tagged KIF5B protein. KIF5B(ΔMD) lacking amino acids 
2–366 was generated by PCR from the pKin1b plasmid, and the 
PCR product was cloned into EGFP-C1 vector. KIF5B(ΔIDR) 
lacking amino acids 822–963 was generated by PCR from YFP-
KIF5B and cloned into EGFP-C1. GFP-KIF5B(T93N) was 
provided by M. Peckham (Dunn et al., 2008). YFP-KIF5B was 
provided by D.B. Arnold (Rivera et al., 2007).

Nucleotide sequence of codon-optimized HSP104 for expression in 
mammalian cells
5′-ATG​AAT​GAC​CAG​ACC​CAG​TTT​ACA​GAA​AGA​GCC​CT 
G​ACC​ATC​CTG​ACC​CTG​GCA​CAG​AAG​CTG​GCA​TCC​GA 
C​CAC​CAG​CAC​CCA​CAG​CTG​CAG​CCC​ATC​CAC​ATT​CTG​ 
GCC​GCT​TTC​ATT​GAA​ACT​CCC​GAG​GAC​GGG​AGC​GTG​ 
CCT​TAC​CTG​CAG​AAC​CTG​ATC​GAG​AAG​GGC​AGG​TAC​ 
GAC​TAC​GAC​CTG​TTT​AAG​AAA​GTG​GTC​AAC​CGA​AAT​ 
CTG​GTG​AGG​ATT​CCT​CAG​CAG​CAG​CCA​GCA​CCT​GCA​ 
GAG​ATC​ACC​CCA​AGC​TAC​GCC​CTG​GGC​AAG​GTG​CTG​ 
CAG​GAC​GCA​GCC​AAA​ATC​CAG​AAG​CAG​CAG​AAA​GAC​ 
AGC​TTC​ATT​GCA​CAG​GAT​CAT​ATC​CTG​TTC​GCC​CTG​TT 
T​AAT​GAT​AGC​TCC​ATC​CAG​CAG​ATT​TTC​AAG​GAA​GCC​ 
CAG​GTG​GAC​ATC​GAG​GCT​ATT​AAG​CAG​CAG​GCA​CTG​ 
GAG​CTG​CGG​GGG​AAC​ACC​AGA​ATC​GAC​TCC​CGC​GGC​ 
GCT​GAT​ACC​AAT​ACA​CCC​CTG​GAG​TAC​CTG​TCT​AAA​ 
TAT​GCT​ATT​GAT​ATG​ACC​GAA​CAG​GCA​CGG​CAG​GGC​ 
AAG​CTG​GAC​CCT​GTC​ATC​GGA​AGA​GAG​GAA​GAG​ATT​ 
CGA​TCA​ACA​ATC​AGG​GTG​CTG​GCC​AGG​CGG​ATC​AAA​ 
AGC​AAC​CCA​TGC​CTG​ATT​GGA​GAG​CCC​GGG​ATC​GGC​ 
AAG​ACA​GCT​ATC​ATT​GAA​GGG​GTG​GCA​CAG​CGC​ATC​ 
ATT​GAC​GAT​GAC​GTG​CCA​ACT​ATC​CTG​CAG​GGC​GCC​ 
AAG​CTG​TTC​AGC​CTG​GAT​CTG​GCT​GCA​CTG​ACC​GCT​ 
GGC​GCA​AAA​TAC​AAG​GGA​GAC​TTC​GAA​GAG​AGG​TTT​ 
AAG​GGA​GTC​CTG​AAA​GAG​ATT​GAA​GAG​TCC​AAG​ACT​ 
CTG​ATC​GTG​CTG​TTT​ATC​GAT​GAG​ATT​CAC​ATG​CTG​A 
TG​GGA​AAC​GGG​AAA​GAT​GAC​GCC​GCT​AAT​ATC​CTG​A 
AG​CCT​GCC​CTG​AGC​CGG​GGG​CAG​CTG​AAG​GTC​ATT​G 
GC​GCT​ACC​ACA​AAC​AAT​GAA​TAC​AGA​TCC​ATC​GTC​GA 
G​AAA​GAC​GGC​GCC​TTC​GAA​AGA​CGC​TTT​CAG​AAG​ATT​ 
GAA​GTG​GCT​GAG​CCA​TCC​GTG​AGA​CAG​ACA​GTC​GCA​ 
ATC​CTG​CGC​GGC​CTG​CAG​CCC​AAG​TAT​GAG​ATT​CAC​ 
CAC​GGC​GTG​AGA​ATC​CTG​GAC​TCT​GCA​CTG​GTC​ACT​ 
GCA​GCC​CAG​CTG​GCC​AAG​AGA​TAC​CTG​CCT​TAT​CGA​ 

AGG​CTG​CCA​GAC​AGC​GCC​CTG​GAC​CTG​GTG​GAT​ATC​ 
TCC​TGT​GCT​GGA​GTG​GCA​GTG​GCC​AGG​GAC​AGT​AAA​
CCT​GAA​GAG​CTG​GAC​TCA​AAG​GAG​CGA​CAG​CTG​CAG​ 
CTG​ATT​CAG​GTG​GAA​ATC​AAG​GCC​CTG​GAA​CGG​GAT​
GAG​GAC​GCT​GAT​AGT​ACT​ACC​AAG​GAT​AGG​CTG​AAA 
​CTG​GCC​CGG​CAG​AAA​GAG​GCT​TCA​CTG​CAG​GAA​GAG​
CTG​GAA​CCA​CTG​AGG​CAG​CGG​TAC​AAC​GAA​GAG​AAG​
CAC​GGA​CAT​GAA​GAG​CTG​ACA​CAG​GCC​AAG​AAA​AAG​
CTG​GAC​GAG​CTG​GAA​AAC​AAG​GCC​CTG​GAC​GCA​GAG​
CGG​AGA​TAC​GAT​ACT​GCA​ACC​GCT​GCA​GAC​CTG​AGA 
​TAT​TTC​GCC​ATC​CCA​GAT​ATC​AAG​AAG​CAG​ATC​GAA​ 
AAG​CTG​GAG​GAC​CAG​GTG​GCA​GAA​GAG​GAA​CGA​CGA​ 
GCA​GGA​GCC​AAC​TCT​ATG​ATT​CAG​AAT​GTG​GTG​GAC​
TCA​GAT​ACA​ATC​AGC​GAG​ACT​GCC​GCT​CGG​CTGACC​
GGC​ATT​CCC​GTG​AAA​AAG​CTG​TCC​GAG​TCT​GAAAAC​
GAG​AAG​CTG​ATC​CAC​ATG​GAG​AGG​GAC​CTG​AGC​AGC​
GAA​GTG​GTC​GGC​CAG​ATG​GAC​GCC​ATC​AAA​GCC​GTG​
AGC​AAC​GCC​GTC​AGA​CTG​AGT​CGC​TCA​GGC​CTG​GCC​
AAT​CCA​CGA​CAG​CCA​GCT​AGT​TTC​CTG​TTT​CTG​GGA​
CTG​AGC​GGC​TCC​GGA​AAG​ACA​GAG​CTG​GCA​AAA​AAG​
GTG​GCC​GGG​TTC​CTG​TTT​AAC​GAC​GAG​GAT​ATG​ATG​
ATC​AGA​GTG​GAT​TGC​TCT​GAA​CTG​AGT​GAG​AAA​TAC​
GCT​GTC​AGT​AAG​CTG​CTG​GGC​ACA​ACT​GCA​GGA​TAC​
GTG​GGG​TAT​GAC​GAG​GGC​GGA​TTC​CTG​ACT​AAT​CAG​
CTG​CAG​TAC​AAA​CCT​TAT​AGC​GTG​CTG​CTG​TTT​GAT​
GAA​GTC​GAG​AAG​GCC​CAC​CCA​GAC​GTG​CTG​ACC​GTC​
ATG​CTG​CAG​ATG​CTG​GAT​GAC​GGA​AGG​ATT​ACC​AGC​
GGG​CAG​GGC​AAG​ACA​ATC​GAC​TGC​TCT​AAC​TGT​ATC​
GTG​ATT​ATG​ACA​AGT​AAC​CTG​GGA​GCC​GAG​TTC​ATT​
AAT​TCC​CAG​CAG​GGG​TCT​AAA​ATC​CAG​GAA​TCT​ACT​
AAG​AAC​CTG​GTC​ATG​GGG​GCT​GTC​CGG​CAG​CAT​TTC​
AGA​CCC​GAG​TTT​CTG​AAC​CGC​ATC​TCA​AGC​ATC​GTG​
ATT​TTC​AAT​AAG​CTG​AGC​AGG​AAA​GCC​ATC​CAC​AAG​
ATT​GTG​GAC​ATC​CGA​CTG​AAG​GAG​ATC​GAG​GAA​AGG​
TTC​GAA​CAG​AAC​GAT​AAG​CAT​TAT​AAA​CTG​AAT​CTG​
ACC​CAG​GAG​GCA​AAA​GAC​TTT​CTG​GCC​AAG​TAC​GGA​
TAT​AGC​GAT​GAC​ATG​GGG​GCC​CGC​CCT​CTG​AAC​CGA​
CTG​ATT​CAG​AAC​GAG​ATC​CTG​AAC​AAG​CTG​GCC​CTG​
CGC​ATT​CTG​AAG​AAC​GAA​ATC​AAA​GAT​AAG​GAG​ACC​
GTG​AAT​GTG​GTC​CTG​AAA​AAG​GGA​AAG​TCC​AGG​GAC​
GAG​AAC​GTG​CCC​GAG​GAA​GCA​GAG​GAA​TGT​CTG​GAG​
GTC​CTG​CCT​AAT​CAC​GAA​GCT​ACA​ATC​GGG​GCT​GAC​
ACT​CTG​GGA​GAC​GAC​GAT​AAC​GAG​GAT​​AGT​ATG​GAG​
ATT​GAC​GAT​GAC​CTG​GAC​TAA​TAA-3′.

Cell culture and transfection
NIH/3T3 cells were cultured in DMEM containing 10% calf 
serum, sodium pyruvate, and penicillin/streptomycin. Plas-
mid constructs were transfected using Lipofectamine 2000 
(11668027) or Lipofectamine 3000 (L3000008; Thermo Fisher 
Scientific) according to the manufacturer’s instructions, and 
cells were analyzed 24–48 h after transfection.

siRNAs used were as follows: siKif5B #3 (target sequence 
5′-CAG​CAA​GAA​GTA​GAC​CGG​ATA-3′; SI02687412), 
siKif5B #4 (target sequence 5′-CAC​GAG​CTC​ACG​GTT​ATG​
CAA-3′; SI02733437), siKif3a #2 (target sequence 5′-ACG​
AAC​CTC​CAA​AGA​CAT​TTA-3′; SI00175994), siTTL #3 
(target sequence 5′-CAC​CGC​AAG​TTT​GAC​ATT​CGA-3′; 
SI01458331), siKif5C #2 (target sequence 5′-CGA​AGT​CAG​
TTT​CCA​AGA​TAA-3′; S100176071), and AllStars negative 
control siRNA (1027281; QIA​GEN). siRNAs, 40 pmol at 
final concentration, were transfected into NIH/3T3 cells with 
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Lipofectamine RNAiMAX (13778-150; Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Cells were 
incubated for 3 d and retransfected with the same siRNA to 
enhance the knockdown efficiency. Cells were analyzed 6 d 
after initial transfection.

For generation of stable cell lines expressing Hsp104 
variants, NIH/3T3 cells were transduced with the correspond-
ing pIND​UCER20 lentivectors, and infected cells were selected 
with 0.5 mg/ml Geneticin (Thermo Fisher Scientific). Protein 
expression was induced by the addition of 1 µg/ml doxycycline 
(Thermo Fisher Scientific).

For isolation of primary hippocampal neurons, brains were 
surgically dissected from E18 rat embryos. Hippocampi were 
isolated in dissection buffer (HBSS containing 10 mM Hepes, 
pH 7.3, penicillin, and streptomycin) and trypsinized with dis-
section buffer containing 0.25% trypsin and 0.025% DNase I 
for 15 min at 37°C. Cell suspension was triturated, and single 
cells were isolated after passing through a cell strainer (352350; 
Falcon). Dissociated neurons were plated onto coverslips coated 
with 1 mg/ml poly-l-lysine and cultured in NB27 media (neu-
robasal media [21103-049] with B27 supplements [17504-044], 
10% FBS, penicillin/streptomycin, and GlutaMAX [35050-061; 
Thermo Fisher Scientific]). Media were changed within 12  h 
after plating and every third day after that. Exogenous proteins 
were expressed through lentiviral transduction. For infection with 
pIND​UCER20 lentivectors, cells were centrifuged with virus at 
an MOI of 20 at 800 g for 10 min. At DIV3, 5 µM AraC (251010-
1G; EMD Millipore) was added to reduce the glial cell popula-
tion and doxycycline was added to induce transgene expression.

Parthenolide (P0667-5MG; Sigma-Aldrich) was added to 
5 µM for 2–4 h for NIH/3T3 cells and 10 µM for 8 h for hip-
pocampal neurons. Taxol (580555-5MG; EMD Millipore) was 
added to 10 µM for 2–4 h. Sodium arsenite (35000-1L-R; Fluka 
Analytica) was added to 500 µM for 1 h. Thapsigargin (T9033; 
Sigma-Aldrich) was added to 5 µM for 3 h.

Virus production and titration
Lentivirus was produced in HEK293T cells cultured in DMEM 
containing 10% FBS and penicillin/streptomycin. Cells were 
transfected with pIND​UCER20 lentivectors together with pack-
aging plasmids pMD2.G and psPAX2 using the PolyJet In Vitro 
DNA Transfection Reagent (SignaGen) for 48 h. Harvested virus 
was precipitated with polyethylene glycol at 4°C overnight. The 
viral pellet was resuspended in cell culture media and stored at 
−70°C. Virus was tittered by counting Hsp104-positive staining 
units or GFP-positive units after infection of HEK293T cells.

RNA FISH
For FISH, NIH/3T3 cells were plated onto fibronectin-coated 
micropatterned substrates called CYT​OOchips (C15-1964; 
CYT​OO). Neurons were plated at 20,000 cells per 18-mm 
coverslip coated with poly-l-lysine. Cells were fixed with 
4% PFA in PBS (4% sucrose was also added for neuron fix-
ation) for 15 min at RT.

FISH was performed with the QuantiGene ViewRNA 
ISH Cell Assay kit (QVCM0001; Affymetrix) according to the 
manufacturer’s instructions. The following Affymetrix probe 
sets were used: Ddr2 (VB1-14375-01), Kank2 (VB1-14376-
01), Arpc3 (VB1-14507-01), and Kif5b (VB1-19715). To de-
tect PolyA RNAs, locked nucleic acid–modified oligo(dT) 
probes (30 nucleotides) labeled with ATTO 655 were added 
during the hybridization, preamplification, amplification, and 

last hybridization steps of the QuantiGene ViewRNA ISH Cell 
Assay. For edge ratio analysis, cells were stained with Cell-
Mask Blue Stain (H32720; Thermo Fisher Scientific) instead 
of DAPI. Samples were mounted on slide glass with ProLong 
Gold antifade reagent (P36930; Thermo Fisher Scientific).

RNA isolation and analysis
For Kif5b RNA detection, NIH/3T3 cells were transfected with 
EGFP-C3 or GFP-FUS(P525L) plasmids using Lipofectamine 
2000. 1 d after transfection, GFP-expressing cells were iso-
lated though fluorescence-activated cell sorting, and RNA was 
extracted with TRIzol LS reagent (10296010; Thermo Fisher  
Scientific) according to the manufacture’s instructions. 
Isolated RNA was treated with RQ1 RNase-free DNase 
(M6101; Promega) and analyzed using a custom-made 
codeset for the nCounter system (NanoString Technolo-
gies). Data were processed using nSolver analysis software 
(NanoString Technologies).

For Kif5c RNA detection, NIH/3T3 cells were transfected 
with control siRNAs or siRNAs against Kif5c using Lipofect-
amine RNAiMAX. 3 d later, RNA was extracted with TRIzol re-
agent. Isolated RNA was treated with RQ1 RNase-free DNase. 
cDNA was synthesized using the iScript cDNA Synthesis kit 
(1708891; Bio-Rad Laboratories) according to the manufactur-
er’s instructions. cDNAs were used for PCR with Power SYBR 
Green PCR master mix (4367659; Applied Biosystems), and 
amplification was detected by the 7900HT Fast Real Time PCR 
System (Thermo Fisher Scientific). The detected RNA amount 
was normalized to the GAP​DH RNA amount via ΔΔCt calcu-
lation. cDNAs were also used to amplify the spliced and un-
spliced versions of XBP1 RNA using Taq DNA Polymerase 2× 
Master Mix Red (180301; Amplicon). PCR products were run 
on Tapestation with D1000 Screen Tape (5067-55582; Agilent 
Technologies). Primers used were as follows: Kif5c forward, 
5′-AGA​TTT​GCG​CTG​TGA​AAC​TCC-3′, and reverse, 5′-GCA​
TTC​TCC​TTG​GCC​TCT​TT-3′; mXBP1 forward, 5′-AAA​CAG​
AGT​AGC​AGC​GCA​GAC​TGC-3′, and reverse, 5′-TCC​TTC​
TGG​GTA​GAC​CTC​TGG​GAG-3′; and GAP​DH forward, 5′-
CCA​CCC​AGA​AGA​CTG​TGG​AT-3′, and reverse, 5′-CAC​ATT​
GGG​GGT​AGG​AAC​AC-3′. For quantitative PCR quantita-
tion of spliced XBP1 RNA, primers that specifically amplify 
the spliced form were used according to van Schadewijk et al. 
(2012); XBP1–quantitative PCR forward, 5′-TGC​TGA​GTC​
CGC​AGCAGGTG-3′ [the underlined sequence has mismatch 
to unspliced XBP1 mRNA so that it specifically amplifies 
the spliced form]; and XBP1–quantitative PCR reverse, 5′-
GCT​GGC​AGG​CTC​TGG​GGA​AG-3′).

WB and IF
Antibodies used were as follows: rabbit anti-GAP​DH (1:1,000 
dilution for WB; 2118; Cell Signaling Technology), rabbit anti– 
β-actin (1:1,000 dilution for WB; 612656; BD), rabbit anti-FUS 
(1:100 for IF and 1:1,000 dilution for WB; 11570-1-AP; Protein 
Tech), rabbit anti-Hsp104 (1:1,000 for WB; ADI-SPA-1040-F; 
Enzo Life Science), mouse anti–α-tubulin (1:1,000 for IF and 
1:4,000 dilution for WB; T6199; Sigma-Aldrich), rabbit anti–
Glu-tubulin (1:250 for IF and 1:2,000 dilution for WB; ab48389; 
Abcam), mouse anti–Tyr-tubulin (1:1,000 for IF and 1:2,000 
dilution for WB; T-9028; Sigma-Aldrich), rabbit anti-KIF3A 
(1:1,000 dilution for WB; ab11259; Abcam), goat anti-KIF5B 
#1 (1:100 for IF and 1:1,000 dilution for WB; EB05492; Ever-
est Biotech), rabbit anti-KIF5B #2 (1:1,000 dilution for WB; 
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ab42492; Abcam), rabbit anti-KIF5C #1 (1:100 dilution for 
IF; GWB-MT519F; Genway Biotech Inc.), goat anti-KIF5C 
#2 (1:50 dilution for IF; sc-48607; Santa Cruz Biotechnology, 
Inc.), mouse anti–acetylated tubulin (1:5,000 for IF; T7451; 
Sigma-Aldrich), rabbit anti–phospho-eIF2α (1:100 for IF and 
1:500 for WB; 9721S; Cell Signaling Technology), rabbit anti- 
eIF2α (1:1,000 for WB; 9722; Cell Signaling Technology), rab-
bit anti-GFP (1:1,000 for WB; A11122; Invitrogen), and mouse 
anti-GM130 (1:100 for IF; 610822; BD).

For WB, the following secondary antibodies were used: 
anti–rabbit (conjugated with IRDye 800CW; 1:15,000 dilution; 
926-32213; LI-COR Biosciences; or conjugated with HRP; 
1:1,000 dilution; R21459; Thermo Fisher Scientific), anti–
mouse (conjugated with IRDye 680RD; 1:15,000 dilution; 926-
68072; LI-COR Biosciences), and anti–goat (conjugated with 
IRDye 680RD; 1:15,000 dilution; 926-68074; LI-COR Bio-
sciences). Membranes were scanned with Odyssey (LI-COR 
Biosciences) or were developed on film using the SuperSignal 
West Pico Chemiluminescent substrate (for total eIF2α; 34080; 
Thermo Fisher Scientific) or SuperSignal West Femto Maxi-
mum Sensitivity substrate (for phosphorylated eIF2α; 1:10 di-
lution; 34095, Thermo Fisher Scientific). Signal intensity was 
measured using Image Studio Lite software (LI-COR Biosci-
ences) or Fiji (ImageJ; National Institutes of Health).

For IF, NIH/3T3 cells were plated onto micropatterned 
substrates or glass coverslips coated with fibronectin. Neurons 
were plated at 20,000 cells per 18-mm coverslip coated with 
poly-l-lysine. Cells were fixed with 4% PFA in PBS for 15 min 
at RT (or for 90 min at 4°C for Glu-tubulin staining), permea-
bilized with 0.2% Triton X-100 in PBS for 5 min (or with pre-
chilled methanol for 5 min at −20°C for Glu-tubulin staining), 
blocked with 5% FBS for 1 h, and incubated with primary anti-
bodies overnight at 4°C. Secondary antibodies were conjugated 
with Alexa Fluor 488, 546, or 647 (1:400 dilutions for each; 
Thermo Fisher Scientific). Nuclei were stained with DAPI. 
Samples were mounted on slide glass with Fluoromount-G 
(0100-01; SouthernBiotech). For nocodazole treatments de-
picted in Fig. 9 C, 5 µM nocodazole was added for the indicated 
times, and cells were permeabilized with digitonin (0.15 mg/ml 
for 4 min) before fixation and IF staining.

ER and mitochondria were fluorescently labeled by using 
ER Tracker Red (E34250) and MitoTracker Red (M7513; 
Thermo Fisher Scientific), respectively.

Image acquisition and analysis
IF images were obtained using either an LSM 510 or LSM 710 
confocal microscope with ZEN software (ZEI​SS), a Leica SP8 
confocal microscope with LASX software (equipped with ei-
ther a high-contrast Plan-Apochromat 63× oil CS2 objective 
at 1.40 NA or a high-contrast Plan-Apochromat 40× oil CS2 
objective at 1.30 NA; Leica Microsystems), or an EVOS FL 
microscope (equipped with a 40× Plan Coverslip Corrected FL 
Air objective at 0.75 NA; Thermo Fisher Scientific). For signal 
intensity measurements, all images were taken under the same 
settings, and signal intensity was measured on Fiji software 
after background subtraction.

FISH images were obtained using an LSM 510, LSM 
710, or Leica SP8 confocal microscope. Edge ratio analysis 
was performed using Fiji. The channel detecting the cell mask 
stain was used to obtain a binary mask of the whole cell area. A 
filter was then applied to erode the mask by a specified number 
of pixels corresponding to 2 µm (or 0.5 µm where indicated), 

thus obtaining an inner cell mask. The two masks were used 
to measure signal intensity and area from background-sub-
tracted FISH images. Values within the peripheral edge were 
obtained by subtracting the inner mask values from the whole-
cell values. Using a semiautomated ImageJ macro, edge ratio 
was calculated as (Ip/Iw)/(Ap/Aw), where Ip = FISH signal in-
tensity in the peripheral edge, Iw = FISH signal intensity in the 
whole-cell mask, Ap = area of the peripheral edge, and Aw = area 
of the whole-cell mask.

Photobleaching was performed on an LSM 510 Meta con-
focal microscope. Temperature was maintained at 37°C.  Me-
dium pH was controlled by the addition of 25 mM Hepes buffer. 
Regions of interest were selected and bleached with the 488-nm 
argon laser line at 100% power and 100% transmission for two 
iterations. Fluorescence recovery within the region of interest 
was monitored for ∼60 s using the 488-nm laser line at 30% 
power and 5% transmission. For each experiment, three im-
ages were recorded prebleach. Mean intensities in the bleached 
area were measured, and background signal was subtracted. 
Background-subtracted intensities were further corrected for 
bleaching during imaging using measurements of an adja-
cent unbleached region and were expressed as a percentage of 
the prebleach intensity.

Online supplemental material
Fig. S1 shows FRAP experiments of GFP-FUS(R521C) inclu-
sions and the effect of mutant FUS inclusions on stress response 
markers and on general cellular architecture. Fig. S2 shows the 
effect of mutant FUS inclusions on the distributions of Kank2 
and Arpc3 RNAs and the effect of inclusions formed by the 
wild-type FUS protein. Fig. S3 shows changes in Glu-tubu-
lin levels upon different treatments, validation of KIF5B and 
KIF5C antibody specificity, and the requirement of the IDR 
domain of KIF5B for accumulation in FUS inclusions. Fig. 
S4 shows the accumulation of YFP-KIF5B in FUS inclusions 
and the rescue of Ddr2 RNA localization upon overexpression 
of untagged KIF5B. It also shows a lack of accumulation of 
KIF5B in TDP-43(A315T) inclusions and a lack of rescue of 
RNA localization and Glu-MT structure upon YFP-KIF5B 
overexpression. Fig. S5 shows WB detection of TTL levels in 
knockdown experiments and IF quantitations of acetyl-tubulin 
levels in the presence or absence of FUS inclusions combined 
or uncombined with taxol treatment.
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