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The RNA-binding protein Fus directs translation of
localized mRNAs in APC-RNP granules
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NA localization pathways direct numerous mRNAs

to distinct subcellular regions and affect many

physiological processes. In one such pathway the
tumor-suppressor protein adenomatous polyposis coli
(APC) targets RNAs to cell protrusions, forming APC-
containing ribonucleoprotein complexes (APC-RNPs).
Here, we show that APC-RNPs associate with the RNA-
binding protein Fus/TLS (fused in sarcoma/translocated
in liposarcoma). Fus is not required for APC-RNP local-
ization but is required for efficient franslation of associated
transcripts. Labeling of newly synthesized proteins re-
vealed that Fus promotes translation preferentially within

Introduction

Numerous mRNAs are regulated through subcellular targeting
and local control of their translation (Holt and Bullock, 2009).
RNA localization impacts many processes including cell polar-
ity (Li et al., 2008; Nagaoka et al., 2012), migration (Shestakova
et al., 2001), neuronal axon growth and pathfinding (Leung
et al., 2006; Hengst et al., 2009), and mitotic spindle assembly
(Blower et al., 2007). Defects in localization have been impli-
cated in diseases such as mental retardation and cancer me-
tastasis (Bassell and Warren, 2008; Vainer et al., 2008).

We previously described a pathway that targets many
RNAs to cellular protrusions (Mili et al., 2008). A central com-
ponent of this pathway is the tumor suppressor protein adeno-
matous polyposis coli (APC; Nithke, 2004). At protrusive
areas, and specifically at the plus-ends of detyrosinated micro-
tubules, APC associates with multiple RNAs (such as Pkp4,
Rab13, Kank2, and Ddr2) and proteins (such as FMRP and
PABP1) to form APC-containing ribonucleoprotein complexes

Correspondence to Stavroula Mili: voula.mili@nih.gov

Abbreviations used in this paper: AHA, azidohomoalanine; ALS, amyotrophic
lateral sclerosis; APC, adenomatous polyposis coli; APC-RNP, APC-containing
ribonucleoprotein complex; FISH, fluorescence in situ hybridization; FTLD, fron-
totemporal lobar degeneration; Fus, fused in sarcoma; HPG, homopropargylg-
lycine; KD, knockdown; TLS, translated in liposarcoma.
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protrusions. Mutations in Fus cause amyotrophic lateral
sclerosis (ALS) and the mutant protein forms inclusions
that appear to correspond to stress granules. We show
that overexpression or mutation of Fus results in formation
of granules, which preferentially recruit APC-RNPs. Re-
markably, these granules are not translationally silent.
Instead, APC-RNP transcripts are translated within cyto-
plasmic Fus granules. These results unexpectedly show
that translation can occur within stress-like granules.
Importantly, they identify a new local function for cyto-
plasmic Fus with implications for ALS pathology.

(APC-RNPs; Mili et al., 2008). This APC function might mediate
effects on cell migration (Sansom et al., 2004; Kroboth et al.,
2007; Harris and Nelson, 2010), and is distinct from its canoni-
cal function in the Wnt pathway where it regulates [3-catenin
degradation (Kennell and Cadigan, 2009).

APC-RNPs are concentrated in granules that likely
contain many different transcripts (Mili et al., 2008). Several
RNA granule types exist that share common components and
are either constitutively present (such as neuronal transport
granules and P-bodies) or form in response to stress (stress gran-
ules). They are sites where RNAs are silenced through transla-
tional repression or decay (Anderson and Kedersha, 2008;
Buchan and Parker, 2009). Other types of higher order RNA-
protein assemblies are also formed by aggregation-prone RNA-
binding proteins such as Fus (fused in sarcoma) and TDP43
in neurodegenerative diseases (Lagier-Tourenne et al., 2010;
Liu-Yesucevitz et al., 2011).

This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No
Mirror Sites license for the first six months after the publication date (see http://www.rupress
.org/terms). After six months it is available under a Creative Commons License (Attribution—
Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons
.org/licenses/by-nc-sa/3.0/).
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Dominant mutations in Fus are found in amyotrophic lat-
eral sclerosis (ALS) cases, and Fus is also the pathological pro-
tein in types of frontotemporal lobar degeneration (FTLD;
Lagier-Tourenne et al., 2010; Mackenzie et al., 2010). The dis-
ease hallmark is Fus-containing inclusions, which share compo-
nents with stress granules, suggesting that alterations in RNA
metabolism might underlie disease pathogenesis (Andersson
et al., 2008; Bosco et al., 2010; Dormann et al., 2010).

We show here that Fus is a component of APC-RNPs at
cell protrusions and is required for their efficient translation.
Using a metabolic labeling approach to mark newly synthesized
proteins, we show that Fus preferentially affects translation
within protrusions. Cytoplasmic granules formed by either
overexpression of wild-type Fus or by expression of ALS mu-
tants of Fus preferentially recruit APC-RNPs. Strikingly, these
granules are not translationally silent. Instead, we show that
translation occurs within cytoplasmic Fus granules leading to
local protein production from APC-RNPs.

To find additional APC-RNP components, we identified by
mass spectrometry proteins that coimmunoprecipitate with
APC from mouse fibroblasts. One candidate was the RNA-
binding protein Fus (Fig. S1 a). Indeed, endogenous Fus, but
not hnRNPA2, associates with immunoprecipitated APC
(Fig. 1 a). Additionally, immunoprecipitated GFP-Fus associ-
ates specifically with APC, but not with B-catenin (Fig. 1 b),
indicating that Fus is not part of the destruction complex in the
Whnt pathway. Furthermore, Fus associates with RNAs that are

overlay

present in APC-RNPs (Pkp4, Rab13, Kank2; Fig. 1 c; Mili
et al., 2008). Consistent with the limited sequence specificity and
large number of RNA targets described for Fus (Lagier-Tourenne
et al., 2012; Rogelj et al., 2012), we find little specificity for Fus
with regards to RNA binding. Interestingly, however, quantita-
tion of the efficiency of binding revealed that Fus associates
preferentially with RNAs enriched in protrusions (Pkp4, Rab13,
Kank2) compared with RNAs not enriched in protrusions (Actb,
Arpc3; Fig. S1 b; Mili et al., 2008).

To test whether Fus is present in protrusions, we isolated
protrusions and cell bodies from cells induced to migrate on
microporous filters (Fig. 1 d). Indeed, Fus was present within
protrusions, whereas Ddx5, a nuclear shuttling RNA-binding
protein analogous to Fus, was not (Fig. 1 d). Phosphorylated
Y397-FAK marks the isolated protrusions (Mili et al., 2008).
We additionally immunostained actively spreading cells using
different Fus antibodies (Fig. 1 e and Fig. S1 c¢). To enhance our
ability to detect cytoplasmic Fus, the cells were permeabilized
with digitonin to prevent antibody access into the nucleus,
where most of Fus resides at steady state (Fig. 1 f; Dormann
et al., 2010). Fus was detected in the cytoplasm concentrated
in peripheral granules that colocalized with APC (Fig. 1 e and
Fig. S1, ¢ and d). Similar results were obtained with exogenous
GFP-Fus (Fig. 1 f). Taken together, these data strongly indicate
that cytoplasmic Fus is mostly present at cell protrusions asso-
ciated with APC-RNPs.

To determine the function of Fus in APC-RNPs, we silenced
Fus expression (Fig. 2 a) and tested for effects on APC-RNP
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localization. We used either RT-PCR of isolated protrusions
or fluorescence in situ hybridization (FISH). All RNAs
examined (Rabl3, Pkp4, Kank2, Ddr2, and TAT-SF1) re-
mained enriched in protrusions of Fus knockdown (Fus KD)
cells similarly to the control Luc KD cells (expressing short

hairpin RNAs against luciferase; Fig. S1 e). Furthermore, by
FISH, the peripheral concentration of the Rab13 and Ddr2
RNAs remained unchanged upon Fus depletion (Fig. S1 f).
Therefore, Fus is not required for localization of RNAs at
cell protrusions.

Regulation of localized RNAs by Fus ¢ Yasuda et al.
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Figure 3. Fus is required for efficient trans- @
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We next examined whether Fus affects APC-RNP trans-
lation. We focused on the protein produced from the Kank2-
localized RNA, for which high affinity antibodies are available.
Strikingly, Fus depletion significantly reduced whole-cell Kank2
protein levels without affecting the corresponding mRNA levels
(Fig. 2, b and c). Re-expression of shRNA-resistant GFP-Fus into
Fus KD cells partially rescued this effect, to a level corresponding
to the cell transfection efficiency (40-50%), suggesting that Fus
is required for efficient translation of Kank2 mRNA (Fig. 2 b).

To test directly a role of Fus in Kank2 RNA translation,
we metabolically labeled cells with noncanonical amino acids
(Dieterich et al., 2007). Cells were grown briefly (30 min) in the
presence of azidohomoalanine (AHA; a methionine analogue) to
label newly synthesized proteins. AHA-containing proteins were
tagged with biotin by click-chemistry and purified. No biotinyl-
ated proteins were detected upon labeling with methionine or in
the presence of the translation inhibitor cycloheximide (Fig. 2 d).
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protrusions

+ cycloheximide

Qg) d n.s.
% * *
Q
¥ .
g c

jel 31

©
Fus gg

(@]

©® *

4—-32_

T =

8s |+ |

= QO

I 1

E® 1

(@]

Z + T

I

0
Luc KD Fus KD Fus KD
+Fus

Quantification of newly synthesized Kank?2 or a control protein,
from whole-cell extracts, normalized to their corresponding
mRNA levels (detected through RT-PCR; Fig. 2 e), revealed that
Fus silencing caused a significant decrease in the amount of pro-
tein produced from the Kank2 mRNA (Fig. 2 e). Therefore, Fus
is required for efficient translation of the Kank2 mRNA.

Given that cytoplasmic Fus is present at cell protrusions
(Fig. 1, d and e; and Fig. S1 c) and is able to regulate RNA
translation (Fig. 2), we hypothesized that Fus might regulate
translation preferentially within this cellular region. To test this
idea, we devised the approach depicted schematically in Fig. 3 a.
Cells were plated on microporous filters and sequentially la-
beled with homopropargylglycine (HPG) and AHA. Together
with AHA, LPA was added to induce cell protrusion for 30 min.
After fixation, Alexa Fluor 647 and Alexa Fluor 488 were cou-
pled to HPG- and AHA-containing proteins, respectively, and
protrusions and cell bodies were visualized. This approach allows



detection of two different protein pools, a preexisting, steady-
state pool (red), and one newly synthesized as the cells extend
protrusions (green). Both signals were specific, being signifi-
cantly reduced in the presence of cycloheximide (Fig. 3 b). The
preexisting protein pool served as an internal control for nor-
malization of the newly synthesized protein signal. To deter-
mine preferential effects on translation within protrusions, we
normalized the translation values within protrusions to those
within the cell bodies (Fig. 3 d; see also Materials and methods).
Interestingly, Fus KD cells showed a significant shift toward lower
values of translation at protrusions. Importantly, this effect could
be reversed by re-expression of shRNA-resistant wild-type
Fus (Fig. 3, c and d).

Given that the above assay detects a ratio of new proteins,
it was conceivable that lower ratios might result not from a de-
crease in translation at protrusions, but through an increase in
translation of mRNAs in the cell bodies. In our hands the extent
of AHA labeling showed significant variability among different
experiments and thus was not optimal for directly comparing
translation between different cell types. Therefore, we used pu-
romycylation (Schmidt et al., 2009; David et al., 2012) to detect
newly synthesized proteins and compared whole-cell trans-
lation between control and Fus KD cells (Fig. S2 a; whole-cell
translation adequately reflects translation in cell bodies given
that in our fractionations cell bodies contain ~20-fold more cel-
lular material compared with protrusions). Cells were exposed
to puromycin for 5 min and nascent puromycylated proteins
were detected with an anti-puromycin antibody. No puromycy-
lated proteins were detected if puromycin was omitted or if the
cells were pretreated with pactamycin (a translation initiation
inhibitor) or anisomycin (a competitive inhibitor of puromycin).
Significantly, no increase in the amount of puromycylated pro-
teins (and thus translation efficiency) was observed in Fus KD
cells. We do not rule out the possibility that some mRNAs in
cell bodies also require Fus for efficient translation. However,
taken together the above data strongly indicate that Fus is pref-
erentially required for efficient translation within cell protru-
sions, consistent with its physical enrichment there (Fig. 1 e).

ALS-associated mutants of Fus
preferentially recruit APC-RNPs

in cytoplasmic granules

Dominant mutations in Fus cause ALS. These mutant proteins
lead to formation of inclusions in neuronal cells, but their effect
on cellular physiology is unknown (Lagier-Tourenne et al.,
2010; Mackenzie et al., 2010). We sought to determine how
ALS-associated mutations in Fus affect APC-RNPs. Upon tran-
sient expression, such mutants form cytoplasmic granules,
which recapitulate to a certain extent the cytoplasmic inclusions
found in patients. We expressed GFP- (or mRFP-) Fus carrying
different ALS-associated mutations (R521C, R495X, or P525L)
and immunostained for APC, as an APC-RNP marker. Remark-
ably, endogenous APC, detected using two different antibodies,
as well as GFP-APC (not depicted), are efficiently recruited into
mutant Fus granules (Fig. 4 a; and Fig. S2 b). FMRP, another
APC-RNP component, was also present in mutant Fus granules,
as was the stress granule marker TIA-1. The Wnt pathway

components 3-catenin and Axin and the P-body marker Dcpla
were absent (Fig. 4 a). These data suggest that the APC popula-
tion recruited to cytoplasmic Fus granules is from APC-RNP
complexes, and is distinct from the (3-catenin destruction com-
plex of the Wnt pathway.

Similarly, APC was recruited into mutant Fus granules in
primary neuronal cells (Fig. 4 b). Additionally, we obtained tis-
sue from patients with FTLD-Fus, a disease characterized by
Fus cytoplasmic inclusions. These inclusions are absent from
healthy donors and, significantly, are also immunoreactive for
APC (Fig. 4 c¢). Thus, accumulation of APC in cytoplasmic
granules is a bona fide characteristic of disease pathology.

To determine if RNAs present in APC-RNPs were also
recruited into Fus granules we used an MS2-tagged reporter
RNA that carries the Pkp4 3'UTR (B24bs/Pkp4), which is tar-
geted to APC-RNPs (Mili et al., 2008). Indeed, the reporter
RNA accumulates in mutant Fus granules. Interestingly, by
FISH, the endogenous Ddr2 mRNA (an RNA associated with
APC-RNPs [Mili et al., 2008]; Fig. S1, e and f) was robustly
recruited into mutant Fus granules, whereas the control RhoA
mRNA was recruited to a much lesser extent (Fig. 4 d), indi-
cating that APC-RNPs are preferentially affected by ALS-
associated Fus mutants.

APC-RNP transcripts are translated within
cytoplasmic granules caused by either Fus
overexpression or ALS mutants of Fus

Our initial expectation was that APC-RNPs recruited in mutant
Fus granules would be translationally silenced, given that mu-
tant Fus granules appear to correspond to stress granules, sites
of translational repression (Andersson et al., 2008; Bosco et al.,
2010; Dormann et al., 2010). Contrary to our expectation, how-
ever, expression of mutant Fus did not significantly affect the
level of proteins encoded by several RNAs present in APC-
RNPs (Kank?2, Pkp4, and Ddr2; Fig. S3 a). Furthermore, immuno-
staining revealed that all these proteins were enriched within
mutant Fus granules (Fig. 5 a). We thus entertained the opposite
hypothesis, that RNAs recruited to mutant Fus granules are
translationally active, leading to a local enrichment of the cor-
responding proteins. To test this, we briefly blocked translation
with cycloheximide and assessed Kank2, Ddr2, and Pkp4 pro-
tein enrichment within mutant Fus granules (Fig. 5 a). Strik-
ingly, this brief translation block caused a significant decrease
in the amount of all three proteins within granules (Fig. 5 a).

As shown in Fig. 5 a, mutant Fus granules are not dis-
rupted by cycloheximide treatment, and this is a characteristic
of granules formed by several ALS-associated Fus mutants
(Fig. S3 b). By contrast, cycloheximide rapidly leads to stress
granule disassembly (Kedersha et al., 2000), further suggest-
ing that Fus granules and stress granules possess different
translational states.

To more directly test whether translation occurs within
mutant Fus granules, we asked if newly synthesized, AHA-
labeled proteins are concentrated there. Indeed, AHA labeling
was concentrated within mutant Fus granules (Fig. 5 b). The
observed signal was significantly reduced in the presence of cy-
cloheximide, or if AHA was omitted, confirming its specificity

Regulation of localized RNAs by Fus ¢ Yasuda et al.
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(Fig. 5 b). As an independent method, we used the ribopuromy-
cylation (RPM) approach to visualize translating ribosomes
(David et al., 2012). Consistent with our previous findings,
mutant Fus granules coincided with sites of puromycin incorpo-
ration (i.e., translation sites) (Fig. 5 c). Pre-treatment of cells
with pactamycin or anisomycin (which prevent puromycin in-
corporation into nascent proteins) significantly reduced the
RPM signal (Fig. S3 ¢). No reduction was observed upon cyclo-
heximide treatment, consistent with the ability of puromycin to
be incorporated in stalled elongating ribosomes (Fig. S3 c;
David et al., 2012). We conclude that, unexpectedly, Fus gran-
ules are sites of active RNA translation.

Apart from Fus mutations, overexpression of wild-type
Fus has also been associated with disease in humans and in ani-
mal models (Huang et al., 2011; Mitchell et al., 2013; Sabatelli
et al., 2013), suggesting that the increased presence and aggre-
gation of the wild-type protein in the cytoplasm is sufficient to
cause toxicity. Overexpression of wild-type Fus in fibroblast
cells leads to formation of cytoplasmic granules, albeit in
fewer cells compared with mutant Fus. Interestingly, wild-type
Fus granules are similar to the mutant ones in terms of the re-
cruitment of APC, FMRP, and Kank?2 (Fig. S3 d) as well as the
presence of translation sites (Fig. S3 e). Therefore, mislocaliza-
tion of APC-RNPs appears to be a common consequence of
Fus deregulation, caused by either mutation or overexpression.

Overall, we show here that under normal conditions cyto-
plasmic Fus is a component of APC-RNPs in cell protrusions
and functions to promote their translation. Furthermore, cyto-
plasmic Fus granules, caused by ALS-linked mutations or by
overexpression and which have similarities to stress granules,
preferentially recruit APC-RNPs. This extends the notion that
stress granules differ in their protein and RNA composition
depending on the type of stress that induces their formation
(Buchan et al., 2011; Damgaard and Lykke-Andersen, 2011).
However, the striking distinction of cytoplasmic Fus granules
concerns their translation status. Stress granules and higher
order RNP particles have commonly been linked to translational
repression (Anderson and Kedersha, 2008; Besse et al., 2009;
Buchan and Parker, 2009). We show, quite unexpectedly, that
RNAs within cytoplasmic Fus granules are translationally ac-
tive, leading to local protein production from APC-RNPs. Our
results indicate that active translation might be an unappreciated
feature of RNA granules (Weil et al., 2012). Consistent with this
idea, ribosomes have been observed in association with stress
granules, and factors required for yeast stress granule assembly
can positively influence mRNA translation (Gilks et al., 2004,
Buchan et al., 2008). This study further suggests that misdirec-
tion of translation of specific RNA groups should be investigated
as a potential toxic agent in Fus-mediated neurodegeneration.

Materials and methods

Plasmid constructs

To generate GFP-Fus, the coding sequence of mouse Fus was amplified by
PCR and inserted into the Sacl and BamHl sites of pEGFP-C1 (Takara Bio
Inc.). To generate RFP-Fus, the Nhel-Sacl fragment, encoding GFP, was
replaced with a Nhel-Sacl PCR-amplified fragment of mRFP. Point muta-
tions were introduced using the QuikChange site-directed mutagenesis kit

JCB « VOLUME 203 « NUMBER 5 « 2013

(Agilent Technologies). To generate Axin-OFP, PCR-amplified fragments of
Axin and orange fluorescent proteins were introduced into the Hindlll and
Notl sites of pcDNA3. GFP-APC and RFP-Dcp1a have been described pre-
viously (Mili et al., 2008). GFP-APC contains human APC c¢DNA inserted
into the Sacl-BamH| sites of pEGFP-C1 (Takara Bio Inc.). For RFP-Dcpla, a
BamHI (blunted with T4 DNA polymerase)-Notl fragment of human DCP1a
was ligated with a Hindlll-Ndel (blunted with T4 DNA polymerase) frag-
ment of mRFP into Hindlll and Notl sites of pcDNA3 vector.

For knockdown experiments, control oligos targeting firefly lucifer-
ase or oligos fargeting the mouse Fus MRNA were synthesized. The sequences
are as follows: luciferase sense oligo: 5-GATCCCCCGTACGCGGAATA-
CTTCGATTCAAGAGATCGAAGTATTCCGCGTACGTTTTTGGAAA-3';
luciferase antisense oligo: 5-AGCTTTTCCAAAAACGTACGCGGAATACTT-
CGATCTCTTGAATCGAAGTATTCCGCGTACGGGG-3'; Fus sense oligo:
5'-GATCCCCGCAACAAAGCTACGGACAATTCAAGAGATIGTCCGTAGCT-
TIGTTIGCTTTTTGGAAA-3’; Fus antisense oligo: 5-AGCTTTTCCAAAAAGCAA-
CAAAGCTACGGACAATCTCTTGAATTIGTCCGTAGCTTTGTTGCGGG-3'. Bold
characters indicate the targeting sequence; underlined characters indicate
the 9-bp hairpin loop. The sense and antisense oligos were annealed and
ligated into the Bglll and Hindlll sites of pSuper-retro-puro vector (Oligoen-
gine). For re-expression of wild-type Fus into Fus KD cells, silent point muta-
tions were introduced in the Fus cDNA, within the sequence targeted by the
short hairpin RNA (GCAACAGTCATATGGGCAG; silent mutations in bold),
using site-directed mutagenesis. The mutated Fus coding sequence was
cloned into Pmel and Spel sites of a modified gateway pENTR vector (Invit-
rogen) and was shuttled (using LR clonase; Life Technologies) into the lenti-
viral pINDUCER20 vector (Meerbrey et al., 2011). Expression of Fus in this
vector is controlled under a doxycycline-inducible promoter.

Cell culture and transfection

NIH/3T3 cells were grown in DMEM supplemented with 10% calf serum,
sodium pyruvate, penicillin, and streptomycin (Invitrogen). Plasmid con-
structs were transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions and cells were analyzed 24 h after trans-
fection. For generation of knockdown cell lines, NIH/3T3 cells were trans-
fected with pSuper-retro-puro plasmids, selected with 15 pg/ml puromycin
(Sigma-Aldrich) for several days, and single cell clones were isolated
and propagated.

For re-expression of Fus, Fus KD cells were transduced with
pINDUCER20-Fus lentivirus and selected with 0.5 mg/ml Geneticin (Invitro-
gen). Before the experiment, expression of Fus was induced with addition
of 500 ng/ml doxycycline.

For imaging of newly synthesized proteins within protrusions and
cell bodies, or for isolation of these compartments, cells were plated on mi-
croporous filters and processed as described previously (Mili et al.,2008).
Specifically, serum-starved cells were plated for 2 h on Transwell inserts
(Costar) equipped with a 3-pm porous polycarbonate membrane, coated
on both sides with 5 pg/ml fibronectin. For protein and RNA analysis, LPA
was added in the bottom chamber for 1 h and the cells were fixed with
0.3% methanolfree formaldehyde (Polysciences, Inc.). Pseudopodia and
cell bodies were scraped into cross-link reversal buffer (100 mM Tris,
pH 6.8, 5 mM EDTA, 10 mM dithiothreitol, and 1% SDS), and the extracts
were incubated at 70°C for 45 min and used for protein and RNA isola-
tion. For labeling and visualization of newly synthesized proteins, cells on
filters were processed as described below.

Hippocampi were dissected from embryonic day (E)19 rat em-
bryos, trypsinized, and triturated through a glass Pasteur pipette. Dissoci-
ated neurons were plated on glass coverslips coated with 1 mg/ml
poly-t-lysine. After initial aftachment, the coverslips were transferred to
dishes containing a monolayer of glia cells. Cultures were grown in neu-
robasal medium (Invitrogen) supplemented with B27 (Invitrogen) and 2 mM
i-glutamine. Neurons were transfected at DIV4 using the calcium phos-
phate method.

Protein digestion and mass spectrometry

Visible bands were excised from the gel and cut into T-mm x 1-mm pieces.
These were washed 3x with water, 2x with 1:1 acetonitrile/100 mM am-
monium bicarbonate, and dehydrated in 100% acetonitrile. After removing
all acetonitrile, 30 pl of porcine trypsin (Promega) at a concentration of
20 pg/ml was added. After incubation on ice for 1 h the gel pieces were in-
cubated at 37°C for 12-16 h. The supernatant was transferred to a second
tube, and peptides were further extracted from the gel with acefonitrile. The
two supernatants were mixed, then frozen and lyophilized. The peptides
were redissolved in 5 pl of 1:1 acetonitrile/0.25% trifluoroacetic acid imme-
diately before spotting on the MALDI target.



The matrix solution consisted of a-cyano-4-hydroxycinnamic acid
(Sigma-Aldrich) saturating a solution of 1:1:0.02 acetonitrile/25 mM am-
monium citrate in water/trifluoroacetic acid. Peptide (0.15 pl) was spotted
on the MALDI target immediately followed by 0.15 pl matrix solution and
allowed to dry. MALDI MS and MS/MS data were then acquired using a
mass spectrometer (AB 4700 TOF/TOF; Applied Biosystems). Resultant
peptide mass fingerprint and peptide sequence data were submitted to the
NCBI database using the Mascot search engine.

Western blot and immunofluorescence

Antibodies used were as follows: anti-APC (C-20; Santa Cruz Biotechnol-
ogy, Inc.), anti-APC (Ab-7; EMD Millipore), rabbit anti-Fus/TLS (Abcam), mouse
anti-Fus/TLS (Proteintech), anti-FMRP (clone 1C3; EMD Millipore), rabbit-
anti-B-catenin (Sigma-Aldrich), goat anti-Ddx5 (Abcam), rabbit anti-Kank2
(Proteintech), guinea pig anti-Pkp4 (also known as p0071; Progen), rabbit
anti-Ddr2 (Abcam), rabbit anti-pY397-FAK (Biosource International), mono-
clonal anti-FAK (BD), and antfi—a-tubulin (clone DM1A; Sigma-Aldrich). For
immunofluorescence, NIH/3T3 cells were fixed for 15 min in 4% formal-
dehyde in PBS, permeabilized for 4 min in 0.2% Triton X-100 (or with
0.15 mg/ml digitonin as indicated), and blocked for 20-30 min in 3%
BSA in PBS. Secondary antibodies were conjugated to Alexa Fluor 488 or
Alexa Fluor 546 (Invitrogen).

Immunohistochemistry

Immunohistochemistry on human post-mortem material was performed on
sections of formalinfixed, paraffin-embedded tissue from hippocampus of
FTLD-Fus patients or control individuals. Sections were de-paraffinized, re-
hydrated, boiled in Tris-EDTA buffer for antigen retrieval, blocked in 5%
goat serum in PBS, and incubated with rabbit anti-Fus (Sigma-Aldrich) and
anti-APC (CC-1; Abcam) antibodies. Drag5 (Cell Signaling Technology)
was included in the last wash to stain the nuclei. Identical staining results
were obtained when a wash of 1% Sudan Black B in 70% ethanol was in-
cluded to quench tissue autofluorescence.

In situ hybridization
Cells were plated on fibronectin-coated glass slides for 2 h, fixed for 10 min
with 4% formaldehyde in PBS, and dehydrated with ice-cold 70% ethanol
at least overnight. Cells were rehydrated with 2x SSC in 50% formamide,
prehybridized for 30 min at 50°C with hybridization buffer (50% for-
mamide, 2x SSC, 10% dextran sulfate, 2 mM vanadyl ribonucleosides,
0.02% RNase-free BSA, 0.5 mg/ml Escherichia coli iRNA, and 0.2 mg/ml
herring sperm DNA), and hybridized overnight at 50°C with 600 ng/ml
digoxigenin-labeled riboprobes in hybridization buffer. Hybridized cells
were washed at 50°C with 0.1x SSC in 50% formamide, incubated with
HRP-conjugated anti-digoxigenin antibody (Roche), and the signal was am-
plified using the TSA-plus system (PerkinElmer). Slides were subsequently
processed for immunofluorescence.

Antisense riboprobes were generated by in vitro transcription from
PCR templates using the DIG RNA labeling kit (Roche). Riboprobes spanned
the 3’UTR of the mouse RhoA mRNA, the whole coding sequence and
3'UTR of the mouse Rab13 mRNA, or the last coding exon and 1 kb of the
3'UTR of the mouse Ddr2 mRNA.

Immunoprecipitation and RT-PCR analysis

For immunoprecipitation, anti-APC (C-20; Santa Cruz Biotechnology, Inc.),
anti-GFP (Molecular Probes), or control antibody (rabbit anti-HA tag; Santa
Cruz Biotechnology, Inc.) were prebound on protein A beads together with
200 pg/ml E. coli tRNA, 200 pg/ml herring sperm DNA, 200 pg/ml
RNase-free BSA, and 50 pg/ml glycogen for at least 1 h. Cells spreading
on fibronectin-coated plates for ~2 h were lysed in lysis buffer (10 mM
Tris, pH 7.5, 100 mM NaCl, 2.5 mM MgCl,, and 0.5% Triton X-100)
supplemented with protease inhibitors (leupeptin, pepstatin, aprotinin)
and RNase inhibitor (0.5 U/pl). Lysates were centrifuged at 10,000 g for
10 min and incubated with antibody-bound beads at 4°C for 3 h. Beads
were washed 5x with lysis buffer and the immunoprecipitated material
was released by incubation in lysis buffer containing 1% SDS. A fraction
of the released material was analyzed by Western blot. Where indicated,
the remainder was used for total RNA isolation (Trizol; Invitrogen) and
RT-PCR analysis. RT-PCR conditions and primers have been described
previously (Mili et al., 2008).

Labeling and analysis of newly synthesized proteins

For metabolic labeling and click chemistry, Click-T reagents and buffers
(Invitrogen) were used. For purification and Western blot analysis of newly
synthesized proteins, cells were plated on fibronectin-coated plates and
were grown for 40 min in methionine-free media. AHA was added to

200 pM for 30 min. Where indicated, cycloheximide was also included
to 100 pg/ml, or AHA was substituted by methionine. Cells were lysed
and sonicated in 100 mM Tris-Cl, pH 6.8, 5 mM EDTA, and 1% SDS. Part
of the lysate was used for total RNA isolation (Trizol; Invitrogen) and RT-PCR
analysis. The remainder was precipitated and processed for click-chemistry
with biotin-alkyne (Invitrogen) according to the manufacturer’s instructions.
Biotinylated proteins were isolated on M280 streptavidin dynabeads (Invit-
rogen) and analyzed by Western blot. Band intensity was quantified using
Image) software (National Institutes of Health). Normalized translation was
calculated as the ratio of Kank2 protein/Kank2 RNA (each normalized to
their corresponding loading controls).

For visualization of newly synthesized proteins, cells were grown
in methionine-free media for 30 min and labeled with 200 pM AHA for
5-30 min, fixed, and processed for click-chemistry with Alexa Fluor 488
alkyne. Alternatively, serum-starved cells were plated on fibronectin-coated
microporous filters and labeled with 300 yM HPG. HPG was washed off
and 200 pM AHA was added. At the same time, 150 ng/ml LPA was
added at the bottom chamber. Cells were allowed to extend protrusions for
30 min and were fixed and permeabilized. Click-chemistry reactions with
Alexa Fluor 647 azide and Alexa Fluor 488 alkyne (Invitrogen) were se-
quentially performed according to the manufacturer’s instructions. Cells on
filters were subsequently processed for immunofluorescence and visualized
by confocal microscopy. For image analysis, background values (from par-
allel experiments in the presence of cycloheximide) were subtracted and
the ratio of AHA-Alexa488 to HPG-Alexa647 from multiple ROIs (>50 in
each case) within protrusions or cell bodies was measured. To calculate the
relative translation at protrusions the AHA/HPG ratio at protrusions was
normalized to the median AHA/HPG value within cell bodies. Similar re-
sults were obtained in three independent experiments.

For Western blot analysis of puromycylated proteins, cells were in-
cubated with 100 pg/ml puromycin for 5 min at 37°C. Where indicated,
cells were pretreated for 15 min with 9.4 yM anisomycin or 0.5 pM pacta-
mycin. Cells were immediately lysed on ice and analyzed by Western blot
with the anti-puromycin 3RH11 monoclonal antibody (Kerafast).

For imaging translation sites with ribopuromycylation, cells were
pretreated with 100 pg/ml cycloheximide for 15 min and 100 pg/ml pu-
romycin was added for 5 min at 37°C. Cells were placed on ice, incu-
bated for 2 min with permeabilization buffer (50 mM Tris-Cl, pH 7.5,
5 mM MgCly, 25 mM KClI, 100 pg/ml cycloheximide, 0.5 U/ml RNasin,
and 0.015% digitonin), washed twice with permeabilization buffer, and
fixed with 4% formaldehyde in PBS. Blocking and antibody-staining steps
(3RH11 antibody; Kerafast) were performed in saponin-containing buffer
(0.05% saponin, 10 mM glycine, and 5% FBS in PBS).

Image acquisition and analysis

Imaging was performed with a confocal microscope (LSM510 Meta; Carl
Zeiss) operated by LSM-FCS software (Carl Zeiss) and equipped with a
40x Plan-Neofluar 1.3 NA oil objective. Samples were mounted with Fluo-
romount G medium (SouthernBiotech). EGFP or Alexa Fluor 488 were ex-
cited with the 488-nm line of an argon laser at 40% power, 5% transmission,
and were detected using a bandpass 505-530-nm emission filter. RFP,
OFP, and Alexa Fluor 546 were excited with the 543-nm line of a HeNe
laser at 80% transmission and were detected using either a longpass
585-nm or a bandpass 560-615-nm emission filter. Alexa Fluor 647
was excited with the 633-nm line of a HeNe laser at 90% transmission
and was detected using the Meta detector at a 649-724-nm window.
Image analysis, ROI selection, and quantification were performed using
Image] software.

Online supplemental material

Fig. S1 shows (a) Fus peptides identified through mass spectrum analysis
(related to Fig. 1 a), (b) quantifications of Fus-RNA coimmunoprecipitations
(related to Fig. 1 ¢), (c and d) additional examples of Fus-APC colocaliza-
tion at protrusions (related to Fig. 1 e), and (e and f) effects of Fus knock-
down on RNA localization at protrusions (related fo Fig. 2). Fig. S2 shows
(a) ribopuromycylation assay to assess total protein synthesis in control and
Fus KD cells (related to Fig. 3) and (b) recruitment of APC in granules
formed by the P525L and R495X Fus mutants (related to Fig. 4). Fig. S3
(related to Fig. 5) shows (a) effects on protein expression levels upon ex-
pression of mutant Fus, (b) lack of sensitivity of mutant Fus granules to cy-
cloheximide treatment, (c) quantification of ribopuromycylation assay of
Fig. 5 ¢, and (d and e) ribopuromycylation assay and proteins recruited in
granules formed by overexpression of wild-type Fus. Online supplemen-
tal material is available at http://www.jcb.org/cgi/content/full/jcb
.201306058/DC1. Additional data are available in the JCB DataViewer
at http://dx.doi.org/10.1083/jcb.201306058.dv.
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