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Intronic expansion of a hexanucleotideGGGGCC repeat in the chromosome9 open reading frame 72 (C9ORF72)

gene isthemajorcauseof familialamyotrophic lateralsclerosis (ALS)andfrontotemporaldementia.However, the

cellular functionof theC9ORF72protein remainsunknown.Here,wedemonstrate thatC9ORF72 regulates endo-

somal trafficking. C9ORF72 colocalized with Rab proteins implicated in autophagy and endocytic transport:

Rab1, Rab5, Rab7 and Rab11 in neuronal cell lines, primary cortical neurons and human spinal cordmotor neu-

rons, consistentwithpreviouspredictions thatC9ORF72bearsRabguanineexchange factoractivity.Consistent

with this notion, C9ORF72 was present in the extracellular space and as cytoplasmic vesicles. Depletion of

C9ORF72 using siRNA inhibited transport of Shiga toxin from the plasmamembrane to Golgi apparatus, intern-

alizationofTrkBreceptorandalteredtheratioofautophagosomemarker lightchain3 (LC3) II:LC3I, indicating that

C9ORF72 regulates endocytosis and autophagy. C9ORF72 also colocalized with ubiquilin-2 and LC3-positive

vesicles, and co-migrated with lysosome-stained vesicles in neuronal cell lines, providing further evidence

thatC9ORF72regulatesautophagy. Investigationofproteins interactingwithC9ORF72usingmassspectrometry

identified other proteins implicated in ALS; ubiquilin-2 and heterogeneous nuclear ribonucleoproteins,

hnRNPA2/B1 and hnRNPA1, and actin. Treatment of cells overexpressing C9ORF72 with proteasome inhibitors

induced the formation of stress granules positive for hnRNPA1 and hnRNPA2/B1. Immunohistochemistry of

C9ORF72 ALS patient motor neurons revealed increased colocalization between C9ORF72 and Rab7 and

Rab11 compared with controls, suggesting possible dysregulation of trafficking in patients bearing the

C9ORF72 repeat expansion. Hence, this study identifies a role for C9ORF72 in Rab-mediated cellular trafficking.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is characterized by degen-
eration of upper and lowermotor neurons in the brain, brainstem
and spinal cord, leading to progressive paralysis. Frontotem-
poral dementia (FTD) is the second most common cause of pre-
senile dementia (1) and increasing evidence suggests that ALS

and FTD overlap, occupying two opposite poles of disease con-
tinuum (2–4).Hexanucleotide (GGGGCC) repeat expansions in
a non-coding region of chromosome 9 open reading frame 72
(C9ORF72) are the major cause of familial ALS (≏33%) and
FTD (≏25%) worldwide and are present in 8% of sporadic
ALS cases, highlighting a major role for C9ORF72 in neurode-
generation (5–7). The normal cellular function of C9ORF72
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remains unknown but it is highly conserved and expressed in
many tissues, including the cerebellum, cortex and spinal cord.
Similarly, it remains unclear how C9ORF72 repeat expansions
trigger ALS pathology, although haploinsufficiency due to
impaired transcription/splicing, leading to reduced C9ORF72
protein expression (up to 50%) (8), RNAdysfunction, and uncon-
ventional translation of the repeat to generate insoluble polypep-
tides, are possible mechanisms (9,10).
Rab GTPases regulate membrane trafficking events and effi-

cient intracellular trafficking is essential for cellular viability
(11). Rab GTPases are master regulators of nearly all membrane
traffic through their interactions with vesicular coat components,
motor proteins and SNARE proteins. In humans, there are .60
members of theRab family that are localized to distinct intracellu-
larmembranes.Rabsalternatebetween twoconformational states:
the activated guanosine tri-phosphate (GTP)-bound form and the
guanosine di-phosphate (GDP)-bound inactive form.Exchangeof
GDP with GTP is catalyzed by Rab guanine nucleotide exchange
factors (GEFs) that act at specific membranes and facilitate GDP
release, thus locally activating their targets. DENN (differentially
expressed in normal and neoplastic cells) domain-containing pro-
teins are RabGEFs that activate mostly endocytotic Rabs (12).
Two recent bioinformatics studies predicted that C9ORF72 pos-
sesses DENNdomains (13,14), raising the possibility that it regu-
lates Rab-dependent intracellular trafficking (12). The endosomal
system is necessary for regulating, sorting and degrading proteins
via autophagy or the ubiquitin–proteasome system (UPS) (15).
Multiple Rabs have been implicated in autophagy including
Rab1, Rab5, Rab7 and Rab11 (16–18).
Defects in protein degradation are increasingly implicated in

ALS pathogenesis (19) andmutations in ubiquilin-2 (20), which
regulates autophagy and theUPS by binding/transport of protein
cargo (21), also cause ALS/FTD. Inhibition of the proteasome
induces the formation of stress granules (SGs) (22), a cellular
hallmark of ALS (23). Recently, mutations in heterogeneous
nuclear ribonucleoproteins hnRNPA2/B1 and hnRNPA1 were
identified inALSpatients (24). hnRNPs granules aremajor com-
ponents of SGs that mediate nucleocytoplasmic trafficking of
mRNA and RNAmetabolism (25). Inhibition of the proteasome
triggers alternative splicing of hnRNPs and mRNA-bound
hnRNPA1 is recruited to cytoplasmic SGs (26).
Elucidation of the function of C9ORF72 is essential to under-

stand its role in ALS/FTD. Here, we demonstrate a role for
C9ORF72 in endosomal trafficking. C9ORF72 colocalized with
ubiquilin-2 andRab proteins implicated in autophagy, and co-mi-
grated with lysosome-positive vesicles. Depletion of C9ORF72
using siRNA dsyregulated autophagy and inhibited endocytosis.
Mass spectrometry identified other proteins linked to ALS as
interacting partners of C9ORF72: hnRNPA1, hnRNPA2/B1,
ubiquilin-2 and actin. Proteasome inhibition and C9ORF72 over-
expression led to the formation of nuclear C9ORF72 aggregates
and cytoplasmic SGs positive for hnRNPA1 and hnRNPA2/B1.
Hence, this study defines novel functions forC9ORF72 in cellular
trafficking and protein degradation.

RESULTS

C9ORF72 colocalizes and interact with Rabs
in neuronal cell lines

TocharacterizeC9ORF72,weexamined expressionof endogen-
ous C9ORF72 in neuronal cell lines; murine neuro2a and human

SH-SY5Y. Immunofluorescence was present diffuse in the
nucleus and as cytoplasmic vesicles (Fig. 1A and B). Similarly,
in cells transfected with a construct-encoding GFP-tagged
C9ORF72 (Fig. 1C), both nuclear protein and cytoplasmic vesi-
cles were observed (Fig. 1C). The cellular distribution of en-
dogenous C9ORF72 was investigated further using subcellular
fractionation of SH-SY5Y cell lysates. Using immunoblotting,
we detected that significantly more C9ORF72 was present in
the nucleus compared with the cytoplasm (Fig. 1D and E);
64%, P , 0.05). C9ORF72 in the nuclear fraction was present
as the 50 kDa isoform; however, in the cytoplasmic fraction,
lower molecular weight bands were present in addition to the
50 kDa band, possibly representing the 25 kDa isoform
(Fig. 1D). We also detected C9ORF72 in conditioned medium,
suggesting active secretion (Fig. 1F), presumably via non-
classical means because bioinformatics analysis predicted that
a signal leader peptide was not present in C9ORF72 (Secretome
P) (27). This was confirmed by immunoblotting of human CSF
(Fig. 1G).
C9ORF72 expression in vesicles suggests a possible role in

cellular trafficking, consistent with RabGEF function. This
was investigated using immunocytochemistry for Rab pro-
teins. C9ORF72 colocalized strongly with Rabs implicated in
autophagy and endosomal transport: Rab1, Rab7, Rab5 and
Rab11 (Fig. 2A). Similarly, C9ORF72 co-immunoprecipitated
with Rab1, Rab7 and Rab11 (Fig. 2B); control immunoprecipi-
tations using isotype-matched antibodies were negative. This
was confirmed by precipitations using GFP-Trap in the
reverse direction, with cell lysates transfected with Rab-GFP
constructs (Supplementary Material, Fig. S1). Similarly,
C9ORF72 was precipitated using GFP-Trap from cells trans-
fected with Rab5-GFP, although we could not determine if
Rab5 precipitated with C9ORF72 antibodies due to species
cross-reactivity with the available antibodies. However, these
findings suggest a physical interaction between C9ORF72
and Rab proteins, consistent with predictions that C9ORF72
is a RabGEF.
We examined the expression of C9ORF72 further in pri-

mary cortical neurons obtained from C57Bl/6 mice. C9ORF72
was present both in the nucleus and in vesicles, similar to its
expression in neuronal cell lines (Fig. 3A). Immunocytochem-
istry using Rab5, Rab7 and Rab11 antibodies revealed that
C9ORF72-positive vesicles frequently colocalized with Rab5,
Rab7andRab11 (Fig. 3B). Interestingly,wedetected colocaliza-
tion of C9ORF72with Rab7 in the axon and the cell body. These
data provide further evidence that C9ORF72 has a role in protein
traffickingwithmultipleRabproteins (Fig. 3AandB).To further
validate the interaction between Rab proteins and C9ORF72,
C9ORF72-GFP was expressed in neuro2a cells and immunos-
taining with Rab5 was performed. Rab5 and GFP-tagged fluor-
escent C9ORF72 vesicles were clearly colocalized in these
cells (Supplementary Material, Fig. S2).

Rab7 and Rab11 colocalize in C9ORF72 human
spinal cord motor neurons

These findings were investigated further using immunohis-
tochemistry of human spinal cord sections. Quantitative analy-
sis of 30+ motor neurons in control patients revealed that
C9ORF72 colocalized with Rab5 (60%), Rab7 (70%) and
Rab11 (60%), consistent with the findings obtained from cell
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Figure 1.C9ORF72 expression and secretion in neuronal cell lines. (A) MurineNeuro2a cells were fixed and immunostained with anti-C9ORF72 antibodies (green)
andDAPI (blue); scale bar: 10 mm.White arrows indicateC9ORF72-positive vesicular-type structures present in the cytoplasm; expression ofC9ORF72 is diffuse in
the nucleus. (B) HumanSH-SY5Ycells were fixed and immunostainedwith anti-C9ORF72 antibodies (green) andDAPI (blue), expression of C9ORF72 is similar to
(A). Scale bar: 10 mm. White arrows indicate C9ORF72-positive vesicular-type structures present in the cytoplasm. (C) Overexpression of C9ORF72-Variant 1
tagged with GFP in SH-SY5Y cells forms cytoplasmic vesicles. (D) Subcellular fractionation of human SH-SY5Y neuroblastoma cells; immunoblotting of
nuclear and cytoplasmic fractions. Histone H3 and GAPDH were used as subcellular markers and loading controls for nucleus and cytoplasm, respectively.
C9ORF72 is expressed primarily as the 50 kDa isoform in the nucleus, additional bands are present in the cytoplasmic fraction at 25 and 36 kDa. (E) Quantification
of endogenous C9ORF72 present in the nuclear and cytoplasmic fraction by densitometry of immunoblots. Data are represented as mean+SEM; ∗P , 0.05, n ¼ 3
nuclear versus cytoplasmic by unpaired t-test. (F) C9ORF72 isoforms (50 and 25 kDa) are present in conditionedmediumofNeuro2a cells immunoprecipitated using
an anti-C9ORF72 antibody; cell lysate fraction shown as a control. (G) C9ORF72 is secreted in human CSF. Immunoblotting with C9ORF72 antibody detects both
C9ORF72 isoforms, corresponding to 50 and 25 kDa proteins.
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lines (Fig. 4AandB), confirming thatC9ORF72colocalizeswith
Rab proteins. Quantitation of motor neurons from an ALS
patient with the C9ORF72 hexanucleotide repeat expansion
revealed an increased proportion of cells with colocalization of
C9ORF72 with Rab7 or Rab11 compared with controls (P ,
0.05) (Fig. 4B). These data suggest possible dysregulation of
endosomal trafficking in ALS patients with the C9ORF72 hexa-
nucleotide repeat expansion.

C9ORF72 regulates endocytosis in neuronal cell lines

Next, to examine if C9ORF72 regulates endocytosis, human
neuronal SH-SY5Y cells were treated with short interfering
RNA (siRNA) duplexes to silence humanC9ORF72 expression.
Using immunoblotting, C9ORF72 levels were depleted by 30%,
i.e. to 70% of the original expression level, without obvious
off-target effects, as indicated by no change in the levels of

Figure 2. C9ORF72 colocalizes with endosomal Rabs; Rab1, Rab5, Rab7 and Rab11 in neuronal cell lines. (A) Neuro2a cells were fixed and immunostained with
anti-C9ORF72antibodies (red) and either anti-Rab7or anti-Rab1 antibodies (green), or transfectedwith constructs encodingeitherGFP-Rab5orGFP-Rab11 for 48h,
followed by DAPI staining (blue). The white arrows indicate regions of colocalization between C9ORF72 and the respective Rabs. Scale bar: 10 mm, applied to all
fields. Insets demonstrate higher magnification (×100) of the areas highlighted to illustrate colocalization with vesicular structures. (B) Co-immunoprecipitation
followed by western blotting revealed that Rab7 and Rab11 are pulled down using anti-C9ORF72 antibodies, and that C9ORF72 is pulled down using anti-Rab1
antibodies. Control immunoprecipitations using an isotype-matched, irrelevant IgG antibody were negative, indicating no cross-reactivity with the antibodies
used. 1% input also shown.
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b-actin (Fig. 5A). Endocytosis was examined using Shiga toxin
subunit B (STxB), an endocytosis marker, conjugated to Cy3,
which traffics from the plasma membrane to Golgi network
(28). Mander’s overlap coefficient (29) was calculated to quan-
tify colocalization between STxBand cis-GolgimarkerGM130,
detected immunocytochemically. In cells depletedofC9ORF72,
transport of StxB-Cy3 to the Golgi apparatus was inhibited by
18% (Fig. 5B and C; P, 0.01) compared with cells treated

with control siRNA. Hence, C9ORF72 regulates an endocytotic
pathway used by Shiga toxin to reach the cis-Golgi network. To
confirm this finding, we also examined endocytosis of TrkB re-
ceptor by cell surface biotinylation inSH-SY5Ycells depletedof
C9ORF72 by 80% using two successive siRNA transfections
(Fig. 5D). C9ORF72 depleted cells expressing FLAG-tagged
TrkB were biotinylated for 30 min at 48C. Endocytosis of bioti-
nylated TrKB receptor was then induced by incubation with

Figure 3.C9ORF72 colocalizeswithRab5, Rab7 andRab11 in primary neurons. Primary cortical neuronal cells were obtained from the cerebrumofC56/Bl6mice at
E15.5; cortical tissuewas dissected fromE15.5mouse embryos and dissociated using 0.0125% trypsin. Tissuewaswashed in cell platingmedia, and cellswere plated
onto poly-L-lysine-coated 12 mm coverslips in 24-well plates at a concentration of 30 000 cells per coverslip. (A) Cells were fixed and immunostained with
anti-C9ORF72 antibodies (red), neuronal marker microtubule-associated protein 2 (MAP2) (green), and DAPI (blue). Scale bar: 10 mm. White arrows indicate
C9ORF72-positive vesicular structures present in the cytoplasm and axons. (B) Cells were fixed and immunostained with anti-C9ORF72 antibodies (red) and
either anti-Rab5 or anti-Rab7 or anti-Rab11 antibodies (green), the white arrows indicate regions of C9ORF72 and the respective Rab immunoreactivity. Scale
bar: 10 mm, applied to all fields.
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Figure 4.Colocalization of Rab 5, Rab 7 and Rab 11 in human spinal cord motor neurons in an ALS patient with C9ORF72-intronic repeat expansion mutation. (A)
Immunohistochemistry of human postmortem spinal cord sections from a control individual without neurological disorders and a human ALS patient bearing
C9ORF72-intronicmutation.Humanpostmortemspinal cord sections (5 mm)were immunostainedwith anti-Rab11, anti-Rab5or anti-Rab7 (first column) antibodies
and anti-C9ORF72 antibodies (second column).Merge (third column) indicates overlays of the fluorescent confocal images of C9ORF72 and each Rab.White arrow
indicates areas of colocalization between C9ORF72 and Rabs in both control and ALS patient tissues. Scale bar: 20 mm, applied to all fields. (B) Quantification of
motor neurons containing colocalized C9ORF72 and Rabs reveals an increased proportion of motor neurons in which C9ORF72 colocalized with Rab11 or Rab7 in
tissues fromanALSpatientbearing theC9ORF72 repeat expansioncomparedwith a controlpatient. Fiftymotorneuroncellswere scored for eachpopulation.Data are
represented as mean+SEM; ∗P, 0.05, ALS versus control by unpaired t-test.
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BDNF ligand. Internalized TrkB receptor was precipitated with
streptavidin beads and quantified by immunoblotting with an
anti-FLAG antibody. In cells 80% depleted of C90RF72, endo-
cytosis of TrkB was inhibited by 87% compared with control
cells, confirming that C9ORF72 regulates endocytosis (Fig. 5E
and F).

C9ORF72 regulates autophagy in neuronal cell lines

To examine if C9ORF72 regulates autophagy, cells were
cotransfected with constructs-encoding C9ORF72-GFP and
DsRed-tagged microtubule-associated protein 1 light chain 3
(LC3), a marker for autophagosomes, in neuro2a cells. The

Figure 5.C9ORF72mediates endocytosis of Shiga toxin-CY3 and TrkB receptor. (A) SH-SY5Y cells were transfected with C9ORF72-targeted siRNA and control
siRNA for 72 h. Cell lysates were harvested and immunoblotting followed by densitometry quantification revealed that C9ORF72 expressionwas reduced by 30% in
cells treated with C9ORF72 siRNA compared with control siRNA-treated cells. (B) Purified Shiga toxin conjugated to CY3 (SxTB-CY3) (red) was added to the
medium of cells treated with C9ORF72 and control siRNA for 30 min. Endocytosis was examined after 60 min using immunocytochemistry for Golgi marker
GM130 (green). (C) The colocalization between C9ORF72 and GM130 was quantified using Mander’s coefficient, revealing 18% inhibition of endocytosis of
Shiga toxin in C9ORF72-siRNA-treated cells. For each of two replicate experiments, 50 cells were scored for each population. Data are represented as mean+
SEM; ∗∗P , 0.001, using unpaired t-test. (D) SH-SY5Y cells were transfectedwith C9ORF72-targeted siRNA and control siRNA followed by a second transfection
24 h later.Cell lysateswereharvestedand immunoblotting followedbydensitometryquantification revealed thatC9ORF72expressionwas reducedby80%compared
with control siRNA-treated cells. (E) C90RF72 depleted and control cells expressing FLAG-tagged TrKB receptorwere treatedwith biotinNHS at 48C to biotinylate
cell surface proteins. The cells were then incubated at 378C and medium containing BDNF was added to induce endocytosis of TrKB receptor. The rate of TrKB
receptor endocytosis was examined after 2 h by precipitating biotinylated and internalized TrKB receptor from cell lysates with strepatividin beads and immunoblot-
ting with an anti-FLAG antibody. (F) Densitometric quantification of immunoblots reveals inhibition of endocytosis of TrkB receptor by 87% in cells depleted of
C9ORF72 compared with control cells. Biotin precipitation and immunoblotting were performed in triplicate. Data are represented as mean+SEM; ∗P , 0.05,
using unpaired t-tests.
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appearance of C9ORF72 as punctate structures that colocalized
with DsRed-LC3 in 23% of cells (counted from at least 100 cells),
suggested that C9ORF72 associates with autophagosome-like
structures under basal conditions (Fig. 6A). Blockage of autop-
hagosome fusion to the lysosome by bafilomycin yielded a sig-
nificantly increased proportion of cells with LC3-positive
structures, suggestive of autophagosomes (73%,P, 0.01), pro-
viding further evidence that C9ORF72 associates with autopha-
gosomes (Fig. 6B–D). Immunoblotting for LC3I relative to its
phosphatidylethanolamine-modified product, LC3II, was inves-
tigated in human SH-SY5Y cells depleted of C9ORF72 by 75%
using siRNA (Fig. 6E). The LC3II:LC3I ratio was increased by
45% (P , 0.001) in siRNA-treated cells, indicating dysregu-
lated autophagosome formation. In contrast, there was no
change in LC3II:LC3I ratio in cells treated with control siRNA
(Fig. 6F) compared with untreated cells. Similarly, in the pres-
ence of bafilomycin, LC3II levels increased in SH-SY5Y cells,
indicating efficient autophagic flux in this cell line (Fig. 6D),
thus confirming the specificity of the findingswithC9ORF72de-
pletion. C9ORF72-positive vesicles also colocalized with Lyso-
tracker, amarker of lysosomes, in every cell examined (Fig. 6G),
and co-migrated with Lysotracker-stained vesicles in live cells,
indicating that C9ORF72 was present in acidic vesicles of the
endolysomal system (Supplementary Material, Fig. S2). Hence,
taken together, these data suggest that C9ORF72 regulates
autophagy-mediated trafficking.

Endogenous C9ORF72 interacts with ubiquilin-2,
hnRNPA1 and hnRNPA2/B1

To gain further insight into the function of C9ORF72, we used
mass spectrometry to identify novel proteins that interact with
C9ORF72 in immunoprecipitated cell lysates. These studies
identified five additional interacting partners of C9ORF72;
ubiquilin-1, ubiquilin-2, hnRNA1, hnRNA2/B1 and actin (cyto-
plasmic),withMascot scores284.78, 579.71, 155.58, 185.47and
621.91, respectively (Supplementary Material, Table S1). The
interaction between C9ORF72 and ubiquilin-2 was investigated
further using immunocytochemistry and immunoprecipitation.
Immunocytochemistry and subsequent quantification revealed
that C9ORF72 and ubiquilin-2 colocalized in 25% of neuro2a
cells (Fig. 7A and C) under basal conditions. Also, ubiquilin-2
was coprecipitated from neuro2a cell lysates using C9ORF72
antibodies: control reactions containing buffer only or an
isotype-matched control antibody were negative (Fig. 7D).
The autophagy and proteasome systems are closely linked;
therefore, we treated cells with an inhibitor of the 26S prote-
asome, lactacystin, to increase autophagic flux (Fig. 7B). This
treatment significantly increased the proportion of cells with
ubiquilin-2 and C9ORF72 colocalization (Fig. 7B; P ,
0.001). Hence these data suggest that C9ORF72 and ubiquilin-2
interact, and hence may function together in autophagy.
Using immunocytochemistry, C9ORF72 also colocalized

with both hnRNPA1 and hnRNPA2/B1 in SH-SY5Y cells
(Fig. 7E), and C9ORF72 was co-immunoprecipitated using
hnRNA1 and hnRNA2/B1 antibodies in cell lysates, confirming
the mass spectrometry findings (Fig. 7F). Similarly, immuno-
cytochemistry revealed that C9ORF72 colocalized with actin
(Fig. 7G) thus providing further evidence linking C9ORF72 to
cellular trafficking pathways.

Inhibition of the proteasome in cells overexpressing
C9ORF72 induces the formation of SGs

We next transfected neuro2a cells with a construct-encoding
C9ORF72 tagged with GFP. The distribution appeared similar
to endogenous C9ORF72, primarily nuclear with cytoplasmic
vesicles. However, we also observed the presence of fluorescent
aggregate structures containingC9ORF72 in the nucleus in 40%
of cells (Fig. 8A), suggesting possible disturbance to protein
degradation pathways in cells overexpressing C9ORF72. This
was investigated further using lactacystin treatment to inhibit
the 26S proteasome; the proportion of cells overexpressing
C9ORF72 with nuclear C9ORF72 aggregates significantly
increased to 74% (Fig. 8B; P , 0.001) and the number of
nuclear aggregates per cell significantly increased in treated
cells (Fig. 8C; P, 0.001). Hence, the nuclear aggregates are
linked to proteasome function, indicating possible cellular
stress.Thiswas investigatedbyexamining the formationof cyto-
plasmic SGs using immunocytochemistry for hnRNPA1 and
hnRNPA2/B as SG markers. SGs were not present in untrans-
fected cells or controlGFPcellswith orwithout lactacystin treat-
ment. However, in cells overexpressing C9ORF72, cytoplasmic
SGs were present, identified by hnRNPA1 (12% cells) and
hnRNPA2/B1 (7% cells) staining, respectively (Fig. 8D), and
the proportion of SGs stained by hnRNPA2/B1was significantly
increased with proteasome inhibition (Fig. 8E; P, 0.05).
Hence, proteasome inhibition promotes the formation of
nuclear C9ORF72-aggregates and cytoplasmic SGs in cells
overexpressing C9ORF72.

DISCUSSION

Despite the importance of C9ORF72 in neurodegeneration, its
normal cellular function remains undefined. Clearly, under-
standing this function is necessary for elucidating its role in
disease. In this study, we demonstrate that C9ORF72 regulates
intracellular trafficking processes in the endosomal and
autophagy-lysosomal compartments. We observed that deple-
tion of C9ORF72 using siRNA inhibited endocytosis and
increased the ratio of LC3II:LC3I, suggesting dysregulation of
autophagosome formation. C9ORF72 also colocalized with
autophagosomes, lysosomes and ubiquilin-2, implicating
C9ORF72 in trafficking essential for autophagy.
Rabs function as molecular switches that alternate between

two conformational states: the activated GTP-bound form and
the GDP-bound inactive form. Exchange of GDP with GTP is
catalyzed by RabGEFs which facilitate GDP release and thus
activate Rabs. One would expect that C9ORF72 would colo-
calize with Rabs in the appropriate compartments and to phys-
ically interact with Rab proteins if C9ORF72 possesses
RabGEF activity. Consistent with this hypothesis, we
observed colocalization and coprecipitation of C9ORF72
with four Rab proteins implicated in endolysosomal traffick-
ing in both neuronal cell lines and primary cortical neurons:
Rab1, Rab5, Rab7 and Rab11. Hence, this study is consistent
with previous bioinformatics studies that reported the pres-
ence of a DENN domain in C9ORF72, part of a hitherto un-
detected group of DENN proteins that mediate autophagy
and vascular–vesicle interactions (13,14). This raises the
possibility that C9ORF72 functions as a RabGEF that
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Figure 6. C9ORF72 regulates autophagy in neuronal cell lines. (A) Neuro2a cells were cotransfected with DsRed-LC3 for 48 h. Fluorescence microscopy revealed
that C9ORF72 appeared as punctate structures that colocalizedwithDsRed-LC3, indicating autophagosomes, inset demonstrates highermagnification (×100) of the
areas highlighted to illustrate autophagosomes, Scale bar: 10 mm. (B) Cells were treated with 100 nM bafilomycin for 4 h to inhibit fusion of autophagosomes to the
lysosome.White arrow representsC9ORF72 colocalizationwith autophagosomes. Scale bar: 10 mm. (C)Quantification of the percentage of cells inwhichC9ORF72
colocalized with DsRed-LC3 revealed elevation in the numbers of LC3-positive structures, indicating autophagosomes, colocalizing with C9ORF72 in bafilomycin
treated cells. Data are represented asmean+SEM; ∗P, 0.05 versus untreated cells by unpaired t-test, 50 cells were scored, n ¼ 2. (D) Human SH-SY5Y cells were
treatedwith 100 nM bafilomycin for 4 h to test examine autophagic flux byLC3 immunoblotting. (E)HumanSH-SY5Ycellswere transfectedwith humanC9ORF72-
targeting or control siRNA for 72 h. Immunoblotting revealed depletion of C9ORF72 by 75% compared with control siRNA-treated cells. Immunoblotting for LC3
wasperformedon lysates harvested fromcells treatedwith control orC9ORF72-targetd siRNA, indicating the formation of autophagosomes. (F)Quantification of the
ratio of phosphatidylethanolamine-modified product of LC3II, relative to LC3I by densitometry of immunoblots, demonstrated a reduction in this ratio by 45% in
C9ORF72-siRNA-treated cells, whereas there was no change in control siRNA-treated cells compared with untreated cells. Data are represented as mean+
SEM; ∗∗P, 0.001 versus untreated cells by unpaired t-test, n ¼ 3. (G) C9ORF72 is associated with lysosomes in Neuro 2A cells. Cells were transfected with
C9ORF72-GFP and treated with Lysotracker for 20 min, Scale bar: 10 mm.
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regulates Rab-dependent intracellular trafficking. This study
therefore provides the first experimental evidence to support
this notion.

Each of theRabproteinswe investigated has a specific function
in endocytosis and/or autophagy. Endocytic cargo is initially
present in Rab5-containing early endosomes that undergo

Figure7.C9ORF72colocalizeswith hnRNPA1, hnRNPA2/B1, ubiquilin-2 andactin. (A)Neuro2acellswere treatedwith10 mM lactacystin for 16 h.Both treatedand
untreatedcellswere immunostainedwith anti-C9ORF72 (red) andanti-ubiquillin-2 antibodies (green) and stainedwithDAPI to locate thenucleus (blue).White arrow
in themerge image showsareasof colocalizationofubiquilin-2andC9ORF72.Scale bar: 10 mm,applied to all fields.Lac, lactacystin. (B) Inhibitionof theproteasome
by lactacystin promotes the colocalization of C9ORF72 and ubiquillin-2. Manders coefficient was used to calculate the degree of colocalization between C9ORF72
and ubiquillin-2. Data are represented as mean+SEM; ∗∗P , 0.001 versus untreated cells by unpaired t-test. (C) Ubiquilin-2 coprecipitates using anti-C9ORF72
antibodies inNeuro2a cells, revealed by immunoblotting for ubiquillin-2. Control immunoprecipitations using buffer only or irrelevant, isotype-matched control IgG
antibody indicates there is no non-specific cross-reactivity. (D) Immunocytochemistry of SH-SY5Y cells using anti-C9ORF72 antibodies (green), anti-hnRNPA1 or
anti-hnRNPA2/B1 antibodies (red). White arrow indicates the colocalization between C9ORF72 and hnRNPA2/B1 and hnRNPA1; scale bar: 10 mm. (E) hnRNPS
coprecipitate using anti-C9ORF72 antibodies in SH-SY5Y cells, revealed by immunoblotting with anti-hnRNPA1 or anti-hnRNPA2/B1 antibodies. Control immu-
noprecipitations using buffer only or irrelevant, isotype-matched control IgG antibody indicate there is no non-specific cross-reactivity. (F) Colocalization of
C9ORF72 (red) and actin (green) in neuro 2a cells and stainedwithDAPI to locate the nucleus (blue),white arrows indicate areas of colocalization. Inset demonstrates
higher magnification (×100) of the areas highlighted to illustrate colocalization. Scale bar: 10 mm.
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Figure 8. Inhibition of the proteasome in cells overexpressingC9ORF72promotes the formation of nuclear aggregates and cytoplasmic SG’s. (A)Neuro2a cellswere
transfected with C9ORF72-GFP for 48 h, followed by 10 mM lactacystin treatment for 16 h and DAPI staining to locate the nucleus. C9ORF72-positive nuclear ag-
gregate structures are present in the nucleus, with andwithout lactacystin treatment. Scale bar: 10 mm. (B) Quantification demonstrates that lactacystin increased the
percentage of cells bearing nuclear C9ORF72 aggregates from 37% to 70%. Data are represented as mean+SEM; ∗∗P , 0.001, n ¼ 2 treated versus untreated by
unpaired t-test. (C) The number of nuclear aggregates per cell increased by 60% in lactacystin treated versus untreated cells. For each of three replicate experiments,
50 cells were scored for each population. Data are represented as mean+SEM; ∗P, 0.005 versus untreated by one-way unpaired t-test. (D) SH-SY5Y cells were
transfectedwithC9ORF72-EGFPand immunostainedusingeither hnRNPA1orhnRNPA2/B1antibodies (red) andDAPI (blue) to locate thenucleus.Arrows indicate
hnRNPs-positive SGs formed in the cytoplasm. Scale bar: 10 mm. (E) The percentage of cells displaying hnRNPA1or hnRNPA2/B1-positive SGswas quantified, for
each of two replicate experiments, 50 cells were scored for each population. Cytoplasmic SGs positive for hnRNPA1 (12%) and hnRNPA2/B1 (7%) were present in
C9ORF72-expressing cells. This was significantly increased in the propotion of hnRNPA2/B1-positive SGs treated by proteasome inhibition, lactacystin. Data are
represented as mean+SEM; ∗P , 0.005 versus untreated by unpaired t-test.
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maturation to become Rab7-containing late endosomes (18).
Rab7 is a critical regulatory component that regulates transport
from early-to-late endosomes, biogenesis of lysosomes and mat-
uration of autophagosomes (30–33). Similarly,Rab1 is necessary
for the formationof the autophagosome (18), andRab11 regulates
recycling of endocytosed proteins via recycling endosomes and
promotes autophagy by providing the autophagosomemembrane
(17).Hence, associationwith these fourRabproteins suggests that
C9ORF72 may have a broad function in facilitating endocytic
trafficking events. Our study is therefore consistent with previous
reports that Rab effectors exhibit broad specificity for Rab pro-
teins and interact with multiple Rab isoforms (34). However,
whilst our findings support the notion that C9ORF72 is a
RabGEF,more specific studies are required to determine this con-
clusively.
Ubiquilin-2 is part of a family of ubiquitin-like proteins

involved in protein degradation that bind and transport ubiquiti-
nated cargo to the proteasome and autophagosome (35). Mass
spectrometry, immunoprecipitation and immunocytochemistry
identified ubiquilin-2 as an interacting partner of C9ORF72,
and this interactionwas enhanced by proteasome inhibition, thus
providing further evidence that the function of C9ORF72 is
linked to protein degradation. These data therefore imply that
C9ORF72 mediates trafficking of cargo to the autophagosome
and/or proteasome in conjunction with ubiquilin-2. Consistent
with this notion, ALS patients with the C9ORF72 repeat expan-
sion also possess p62/ubiquitin-positive pathology (20,36,37).
It remains unclear how the hexanucleotide repeat expansions

in C9ORF72 are linked to ALS, although reduced levels of
C9ORF72 have been reported in C9ORF72-patient motor
neurons (19). Our finding that endocytosis and autophagy are
inhibited in cells depleted of C9ORF72 therefore identifies cel-
lular processes affected by reduction in C9ORF72 expression.
Membrane trafficking processes are vital for cellular mainten-
ance andviability, hence inhibitionof these eventswould signifi-
cantly impact on cellular functions. In addition, motor neurons
maybe particularly vulnerable to disruption in cellular transport
due to their large size and long axons. We also found that in
motor neurons in tissue obtained from ALS patients bearing
the C9ORF72 GGGGCC mutation, the association of
C9ORF72 with Rab7 and Rab11 was increased, implying pos-
sible dysregulation of endosomal trafficking in
C9ORF72-ALS. Defects in Rab-mediated trafficking are previ-
ously described in diseases affecting motor neurons. Mutations
in Rab7 cause Charcot-Marie-Tooth disease type 2B (38), and
Rab7-positive endosome abnormalities impair trafficking in
Wobbler mice (39). Mutations in Alsin, a RabGEF for Rab5,
cause juvenile onset ALS and primary lateral sclerosis (40)
and enlarged Rab5-positive endosomes are present in spinal
ALS motor neurons (41). Dysfunction in dynein, which
powers endocytic trafficking, has been described in ALS (42)
and depletion of dynein also results in endocytic Rab accumula-
tion and endosomal pathology (43). We also recently demon-
strated that mutant SOD1 induces dysfunction in the
trafficking between the ER and Golgi compartments, another
trafficking process regulated by Rab1 (44).
Similarly, disturbance to protein degradation pathways,

including autophagy, are increasingly implicated in ALS (19).
Autophagosomes accumulate in the spinal cord of sporadic
ALS patients (45) and enhancement of autophagy and decrease

in autophagic flux is present in ALSmouse and cell lines expres-
sing mutant SOD1 (46). Multiple ALS causative or associated
genes are also linked to autophagy: SQSTM1, DCTN1, VCP,
FIG4 and Rab7A (47). We also identified actin as an interacting
partner of C9ORF72 by mass spectrometry, another vesicular
trafficking protein that provides the structural unit of microfila-
ments.Moreover, actin plays a role at the early stage of autopha-
gosome formation (48), and autophagosomes are surrounded by
an actin filament network that is required for autophagosome/
lysosome fusion (49), providing additional evidence for a role
for C9ORF72 in autophagy. Furthermore, mutations in profilin,
which regulates actin polymerization, were also recently linked
to ALS (50).We also provide evidence that C9ORF72 is present
extracellularly in neuronal cell lines, human CSF and within the
axons of primary neurons. Similarly, C9ORF72 is highly con-
centrated in synaptic terminals in brains of ALS/FTD patients
(51). Hence together, these data imply a possible role for
C9ORF72 in synaptic vesicle trafficking.
In this study, we also demonstrate a relationship between

C9ORF72 and hnRNPA1 and hnRNPA2B1. Whereas a recent
report found that C9ORF72 RNA with the repeat expansion
bound to three different hnRNPs, hnRNPA1, hnRNPA2/B1
and hnRNPA3 (10), here we show that wild-type C9ORF72
also interacts with hnRNPs. Hence, this interaction is independ-
ent of the presence of the C9ORF72 GGGGCC mutation.
hnRNPs shuttle continuously between the nucleus and cyto-
plasm and during cellular stress they accumulate in cytoplasmic
SGs (52). Hence, it is possible that C9ORF72 may facilitate the
transport of hnRNPs between the nucleus and cytoplasm, al-
though we did not examine nuclear-cytoplasmic transport in
this study. Alternatively, another intriguing possibility is that
C9ORF72may have a functional role with hnRNPs, as an RNA-
binding proteinwith possible roles inRNAmetabolismor stabil-
ity, as proteasome inhibition modifies RNA splicing (26).
The UPS plays an active role in the nucleus at the quality

control and transcriptional levels. We observed that expression
of C9ORF72 induces cytoplasmic SG’s, and this was enhanced
by proteasome inhibition, suggesting that wild-type C9ORF72
may induce cellular stress. This may occur via a direct effect
on C9ORF72misfolding or indirectly via other cellular proteins
or pathways. Elevated expression of wild-type versions of other
proteins linked to ALS, SOD1 and TDP-43, trigger ALS-like
pathology (53–55). Targets of the nuclear proteasome form
nuclear aggregates reminiscent of aggresomes when the prote-
asome is inhibited (56). We also identified the presence of
nuclear aggregate structures in cells expressing C9ORF72,
although these aggregates remain to be characterized. However,
TDP-43 and FUS form nuclear foci and also interact with
hnRNPs (57), TDP-43-positive pathology is present in
C9ORF72 patients (58), and sequesteration of nuclear RNA-
binding proteins leads to cytoplasmic TDP-43 aggregates in
ALS patients with the C9ORF72 mutation (59).
Hence,weshowin this study thatC9ORF72 is involved in intra-

cellular trafficking pathways linked to protein degradation. We
summarize a hypothetical scenario to illustrate convergence of
C9ORF72 function inproteindegradation (Fig. 9).C9ORF72nor-
mally mediates endocytic trafficking to facilitate both autophagy
and endosomal transport, at least partially in conjunction with
ubiquilin-2. C9ORF72 also mediates shuttling of hnRNPA2/B1
and hnRNPA1 between the nucleus and cytoplasm, and may
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also be linked to RNA metabolism. Further experiments in this
area are necessary as understanding the normal cellular function
of C9ORF72 is an important step in understanding how dysregu-
lation of this function may lead to both ALS and FTD.

MATERIALS ANDMETHODS

Constructs

A construct C9ORF72-Variant 1 tagged with AC-GFP-tagged
(NM_018325) was obtained from OriGene, encoding the full
length of human C9ORF72 cDNA and constructs-encoding
GFP-taggedRab5, Rab7, Rab11 andDsRed-LC3, were as previ-
ously described (60,61). FLAG-taggedTrkB receptorwas a kind
gift from Drs Junhua Xiao and Simon Murray from the Depart-
ment of Anatomy and Cell Biology, University of Melbourne.

Cell culture and transfection

Neuro2a or SH-SY5Y neuroblastoma cells were subcultured in
24-well plates at a density of 2 × 104 cells/well and were trans-
fected transiently with plasmids (1 mg DNA per well) using lipo-
fectamine reagent. Cells were examined with an inverted
fluorescent microscope (Olympus, NSW, Australia) 72 h after
transfection unless otherwise stated. Cells were transfected with
C9ORF72-Variant 2 and DsRed-LC3 (61) using lipofectamine
2000 (Invitrogen/Life Technologies) according to the manufac-
turer’s instructions. For proteosomal inhibition, cells were treated
with lactacystin (Sigma, L6785) for 16 h before analysis. Fixed
cells were immunostained with DAPI to visualize the nucleus,
andat least 50cellswereanalyzed ineachcategory.Toknockdown
endogenous human C9ORF72 expression, human SH-SY5Y cells
were transfectedwithC9ORF72 siRNA(Dharma;L-013341–01),
following the manufacturers instruction’s.

Subcellular fractionation

Subcellular fractionation of SH-SY5Y neuroblastoma cells was
performed after lysis of cells using 500 ml of fractionation buffer
(250 mM sucrose, 20 mM HEPES (7.4), 10 mM KCl, 1.5 mM

MgCl2, 1 mM EDTA, 1 mM EGTA with protease inhibitors).

Cell lysates were passed through a 25 G needle 10 times and
left on ice for 20 min. Homogenates were centrifuged at 720 g
for 5 min to isolate the nuclear fraction, and washed by adding
500 ml of fractionation buffer. The pellet was passed through a
25 G needle 10 times and centrifuged at 720 g for 10 min.
After washing, the pellet was resuspended in standard TN lysis
buffer and stored as the nuclear fraction. The supernatant was
spun at 100 000 g at 48C, to obtain the cytosolic fraction.
Proteinmeasurements of the obtained fractionswere determined
and analyzed by immunoblotting, as described.

Primary cells from the central nervous system

Primary neuronswere harvested from the cells from the cortex of
C57BL/6 mouse embryos at embryonic (E) day 15.5. The pro-
cedure for the culture of primary neurons was as described pre-
viously (62,63).Briefly, cortical tissuewas dissected fromE15.5
mouse embryos and dissociated using 0.0125% trypsin (5 min at
378C). Tissue was washed in cell plating media (consisting of
NeurobasalTM medium (Gibco), 2% B27 supplement, 10%
fetal calf serum (Gibco), 0.5 mM glutamine, 25 mM glutamate
and 1% antibiotic/antimycotic (Gibco), followed bymechanical
tituration using a 1 ml pipette. Cell viability and density were
assessed using a trypan blue exclusion assay. Cells were plated
onto poly-L-lysine-coated 12 mm coverslips (Marienfeld) in
24-well plates at a concentration of 30 000 cell per coverslip.
The following day, media were changed to cell maintenance
media consisting of plating media without the fetal calf serum
and glutamate. Cells were grown in 5% CO2 at 378C. All
animal experiments were performed under the approval of the
University of Tasmania animal ethics committee (Ethics #
A12780). The purity of primary cortical neurons was confirmed
by immunostaining using specific antibodies: neuronal marker
microtubule-associated protein 2, MAP2 (Millipore, MAB3418
clone AP20, 1:1000). Immunocytochemistry staining was per-
formed to show the colocalization of C9ORF72 and Rabs by
using anti-C9ORF antibody and anti-Rabs antibodies using
standard methods as described below.

Immunocytochemistry and endocytosis

Neuro2a or SH-SY5Y neuroblastoma cells were grown on cov-
erslips, washed with PBS and fixed with 4% paraformaldehyde
in PBS for 10 min. Cells were permeabilized in 0.1% Triton
X-100 in PBS for 2 min, blocked for 30 min with 1% BSA in
PBS, and incubated with primary anti-C9ORF72 (1:100, Santa-
Cruz, sc-138763), anti-Rab 1 (1:100, SantaCruz sc-28566),
anti-Rab 7, (Abcam, ab50533, 1:50), anti-hnPNP-A1 (Sigma,
R4528) or anti hnRNP-A2/B1 (Sigma, R4653), for 16 h at
48C. Secondary AlexaFluor-594 conjugated anti-mouse or anti-
rabbit antibodies (1:200,Molecular Probes)were then incubated
for 1 h at room temperature, and cells were counter-stained with
DAPI and mounted. Images were acquired using an Olympus
inverted confocal laser-scanning microscope or an Olympus
inverted fluorescence microscope. To examine endocytosis,
purified Shiga toxin conjugated to CY3 (SxTB-CY3) as previ-
ously described (28) was added to the medium of cells treated
with C9ORF72 and control siRNA for 30 min. Shiga toxin was
added for 30 min, and then examined after 60 min by immuno-
cytochemistry for Golgi marker GM130. Endocytosis was

Figure 9. Possible functions of C9ORF72. C9ORF72 mediates endocytic
trafficking to facilitate autophagy and proteasome function, at least partially
with ubiquilin-2. However, during conditions of cellular stress and SGs,
C9ORF72 interacts with hnRNPA2/B1 and hnRNPA1 that regulate splicing
and RNA metabolism and may cause RNA instability in ALS.
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confirmed by quantifying the internalization ofTrkB receptor by
cell surface biotinylation as described previously (64–66) .
Briefly, SH-SY5Y cells were transfected with C9ORF72
siRNA, and 24 h later transfected again with siRNA to increase
the efficiency of knockdown. The C9ORF72 depleted cells were
then transfected with a construct-encoding FLAG-tagged TrKB
receptor for 48 h. Cells were then washed twice with ice-cold
PBS, and incubated with 0.5 mg/ml biotin NHS (Thermo Scien-
tific) in PBS for 30 min at 48C to biotinylate all cell surface pro-
teins. Unreacted biotin was quenched and removed with 50 mM

NH4Cl for 5 min. Biotinylated cells were then transferred to pre-
warmedmedium containing 50 ng/ml BDNF (Millipore) for 2 h
to induce endocytosis ofTrkB receptor, and the cellswere imme-
diately lysed in TN buffer with 0.1% SDS. Internalized biotiny-
lated TrKB receptor was then precipitated from cell lysates with
10 ml of streptavidin-agarose beads (Cell signaling) and quanti-
fied by immunoblotting with anti-FLAG antibody (Sigma).

Live cell imaging

Neuro 2Acells transfectedwithC9ORF72-GFPwere stained for
20 min with 1 mM LysoTracker (L7528, Molecular Probes) and
the movement of C9ORF72 vesicles was examined by time-
lapse imaging. Images were acquired every 7 s for 15 min
using a Zeiss LSM 510 confocal microscope.

Protein extraction

Cells were lysed in Tris–NaCl (TN) buffer (50 mM Tris–HCl,
pH 7.5, 150 mM NaCl) with 0.1% (v/v) NP-40, 0.1% (w/v)
SDS and 1% (v/v) protease inhibitor mixture (Sigma) for
10 min on ice. Cellular lysates were clarified by centrifugation
at 16g for 10 min. Proteins were quantified using the BCA
assay kit (Pierce).

Immunoprecipitation and immunoblotting

For immunoprecipitation, cell lysates were incubated with
anti-C9ORF72 antibody, and 30 ml of 50% (w/v) protein
A-Sepharose CL-4B (Amersham Biosciences) in Tris buffer
[50 mM Tris–HCl, pH 7.5, 0.02% (w/v) NaN3] on a rotating
wheel overnight at 48C. Proteins eluted from the beads were
separated on 10% tris–glycine polyacrylamide gels. For
western blotting, protein measurements of all obtained fractions
were determined by BCA assay. Between 10 and 20 mg of
protein was loaded and separated in 8–15% SDS–PAGE
gels. Proteins were then electrophoretically transferred onto
nitrocellulose membranes (Bio-Rad). These membranes were
subsequently blocked with 5% (w/v) non-fat milk powder
in Tris-buffered saline (TBS) or with 3% bovine serum
albumin (BSA) in TBS containing 0.1% Tween 20 (TBS-T) at
room temperature for 1 h, followed by incubation with the
primary antibodies diluted in 1% BSA/TBS-T overnight at 48C
with shaking. C9ORF72 (1:500, SantaCruz sc-138763), or Rab
5 (1:500, Abcam ab50523), or Rab 11 (1:500, BD Transduction
Labs, 610657), or Rab 7 (1:500, ab50533), or LC3 antibody
(1:1000,NovusBiologicals;NB100–2220), ubiquilin-2 antibody
(1:700, Abnova, H00029978), mouse anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, 1:10,000, Ambion
AM4300), Histone H3 96C10, Cell Signalling, 36385) and

b-actin (1:5000, Sigma). Membranes were washed with TBS-T
and then incubated for 1 h at room temperature with secondary
antibodies (1:4000, HRP-conjugated goat anti-rabbit or goat anti-
mouse antibodies, Chemicon). Protein bands were detected by
using enhanced chemiluminescence reagents (Roche), as
described by the manufacturer.

Immunohistochemistry

Human postmortem cervical spinal cord sections (5 mm) from
a male fALS patients carrying the hexanucleotide GGGGCC
repeat expansion was obtained. This patient developed limb
onset ALS at 74 years old, with a disease duration of 13 months.
He was not diagnosed with FTD, but deterioration of memory
was reported.Asexandagematchedneurologically normal indi-
vidualwas used as a control. Formalin-fixed, paraffin-embedded
spinal cord tissues deparaffinised with xylene, and rehydrated
with a descending series of diluted ethanol and water. Antigen
retrieval was conducted by boiling the sections for 20 mins in
10 mM citric buffer (pH 6.0). Sections were blocked using 3%
goat serum/0.3% Tween 20 for 1 h and then immunostained
with different Rabs (1:50) and C9ORF72 (1:100) antibodies
and left overnight at 48C. Sections were washed twice in PBS
Tween 20 (0.1%) and secondary antibodies were added; anti-
rabbit/mouse Alexa Fluor (1:200, Molecular Probes, Invitro-
gen, VIC, Australia), for 1 h at RT. Sections were again
washed twice in PBS Tween 20 and then a cover slip was
applied using Prolong Gold antifade reagent (Invitrogen, VIC,
Australia). Images were acquired using an Leica confocal
laser-scanning microscope.

Mass spectrometry

Untransfected Neuro 2A cell lysates (500 ug) were immunopre-
cipitated using anti-C9ORF72 antibody (SantaCruz, sc-138763)
and30 ml of 50% (w/v) proteinA-SepharoseCL-4B (Amersham
Biosciences), on a rotating wheel overnight at 48C. Samples
were centrifuged at 15 800 g for 1 min, and Sepharose pellets
were washed twice in Tris buffer for 10 min each. Protein
samples for mass spectrometry were eluted from the beads by
heating for 5 min, followed by centrifugation to remove cellular
debris, then separated on 10% SDS–PAGE gel, and stained
using Coomassie blue. Gel lanes were cut into slices, reduced,
alkylated and digested with trypsin: only the five most abundant
protein bandswere excised. The resulting peptideswere injected
onto a trapping column (DionexAcclaimPepmap100,Nano trap
100 mm × 2 cm, C18, 5 mm, 100 Å) using A-buffer (2% aceto-
nitrile in 0.1% formic acid (aqeous); Sigma-Aldrich). Follow-
ing a 6 min wash, the sample was transferred onto a resolving
column (Dionex Acclaim Pepmap RSLC, 75 mm × 15 cm,
C18, 5 mm, 100 Å) and eluted with a gradient of B-buffer
(98% acetonitrile in A-buffer) over 70 min. The eluent from
the column was directly electrosprayed into the microTof-
Q-MS instrument (Bruker-Daltonics, Germany). Mass data
were continuously acquired and for each MS spectrum three
MS/MS were recorded of the most intense peaks. The score
for each protein reflects the combined scores of all observed
peptide mass spectra that can be matched to the amino acid
sequences within that protein. The peptide score reflects
the probability of matching the experimental spectra to the
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swiss data base. The data were annotated and deconvoluted
using the Data Analysis program (Bruker-Daltonics). The
acquired MS/MS spectra of peptides were searched protein
database from SwissProt (ExPASy, http://www.expasy.org/
proteomics) using the Mascot search engine (Matrix Science,
London, UK).

Statistical analysis

All analyses were performed using GraphPad Prism 5 soft-
ware. Statistical significance was calculated using one-way
ANOVA followed by Tukey’s post-test or two-tailed ‘un-
paired t-test’, from two or three independent experiments. P,
0.05 was considered significant. Data are presented as mean+
SEM.

SUPPLEMENTARYMATERIAL

Supplementary Material is available at HMG online.
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