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Abstract Hexanucleotide repeat expansions in the C9ORF72
gene are causally associatedwith frontotemporal lobar demen-
tia (FTLD) and/or amyotrophic lateral sclerosis (ALS). The
physiological function of the normal C9ORF72 protein re-
mains unclear. In this study, we characterized the subcellular
localization of C9ORF72 to processing bodies (P-bodies) and
its recruitment to stress granules (SGs) upon stress-related
stimuli. Gain of function and loss of function experiments
revealed that the long isoform of C9ORF72 protein regulates
SG assembly. CRISPR/Cas9-mediated knockdown of
C9ORF72 completely abolished SG formation, negatively im-
pacted the expression of SG-associated proteins such as TIA-1
and HuR, and accelerated cell death. Loss of C9ORF72 ex-
pression further compromised cellular recovery responses af-
ter the removal of stress. Additionally, mimicking the patho-
genic condition via the expression of hexanucleotide expan-
sion upstream of C9ORF72 impaired the expression of the
C9ORF72 protein, caused an abnormal accumulation of
RNA foci, and led to the spontaneous formation of SGs. Our
study identifies a novel function for normal C9ORF72 in SG
assembly and sheds light into how the mutant expansions
might impair SG formation and cellular-stress-related adap-
tive responses.
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Introduction

Amyotrophic lateral sclerosis (ALS) or motor neuron disease
(MND) and frontotemporal lobar dementia (FTLD) are devas-
tating neurodegenerative diseases of as yet unknown etiology
and pathogenesis. ALS is characterized by the progressive and
selective loss of motor neurons in the brain and spinal cord. The
majority of ALS cases (90%) are sporadic, and in approximately
10 % of cases, the disorder is dominantly inherited. The disease
is characterized by the degeneration of motor neurons leading to
muscle wasting, paralysis, and death usually within 2–3 years of
symptom onset due to respiratory failure [1]. In contrast, FTLD
comprises about 50 % of dementia cases appearing before
65 years of age [2] and is characterized by the selective degen-
eration of neurons within the frontal and temporal lobes of the
brain leading to progressive behavioral and personality alter-
ations together with semantic dementia [3]. Both ALS and
FTLD are accepted as multisystem diseases wherein up to
50 % of ALS patients can show some degree of impairment in
the frontotemporal area involving cognition [4, 5] and converse-
ly 16 % of FTLD patients develop motor neuron dysfunction
suggesting that both these diseases belong to a group of diseases
sharing clinical and pathological aspects [6].

The notion that ALS and FTLD represent the two ends of
the same spectrum of disease is strongly supported by the
discovery of mutations within the TAR DNA binding protein
43 (TDP-43) as being causally linked with sporadic and with
dominant inherited forms of ALS as well as FTLD. This sug-
gested shared aspects of cellular and molecular vulnerability
within the two regions of the central nervous system (CNS) [7,
8]. Furthermore, the observation that TDP-43 and fused in
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sarcoma (FUS)/translocated in liposarcoma protein (TLS) are
present as pathological inclusions in the vast majority of su-
peroxide dismutase 1 (SOD1)-negative ALS cases as well as
in subtypes of FTLD, strengthened this concept of ALS and
FTLD belonging to the same clinical spectrum of disease.

Recently, hexanucleotide repeat expansion in the C9ORF72
gene was identified in patients with a combined ALS/FTLD
phenotype, thereby confirming the genetic and clinical overlap
between these two diseases. Mutations in C9ORF72 gene pres-
ently remain as the most common mutation to be identified
which is associated with FTLD and/or ALS. A considerable
effort has been put in understanding the pathological mechanism
associated with the expanded C9ORF72 gene. Initial studies
revealed a reduction in the messenger RNA (mRNA) levels of
some C9ORF72 variants in ALS, suggesting a loss-of-function
mechanism [9–12]. Besides, it was shown that the transcripts
containing the hexanucleotide repeat expansion could accumu-
late within the nucleus forming toxic RNA foci [10]. Presently,
several studies have reported that the repeat-associated non-ATG
(RAN) translation of the hexanucleotide expansion produces
dipeptide repeat proteins which forms neuronal inclusions and
serves as a pathological hallmark of the disease [13, 14]

The normal physiological function of C9ORF72 protein re-
mains as yet unclear and under-characterized despite the wide-
spread expression of C9ORF72 mRNA in CNS [9]. A recent
study has shown that the endogenous C9ORF72 is involved in
intracellular trafficking between endosomal and lysosomal
subcompartments and is associatedwith Rab proteins in neuronal
cell lines [15]. However, the precise regulatory role of the various
C9ORF72 isoforms in neurons, and how the impairment of this
function due to the hexanucleotide repeat expansion might relate
to other cellular pathways implicated in ALS pathogenesis, re-
main unclear. Here, using primary cortical neurons and immor-
talized mouse neuroblastoma (n2a) and human SK-N-MC cells,
we show that despite the largemajority of endogenousC9ORF72
being nuclear, a fraction of the protein is localized in processing
bodies (P-bodies). C9ORF72 colocalized with stress granules
(SGs) in diverse cell lines in response to cellular stressors such
as endoplasmic reticulum (ER) stress or heat shock. Functionally,
the long isoform of C9ORF72 selectively regulated SG assembly
upon stress, and the overexpression of this isoform led to the
spontaneous appearance of SGs. In contrast, the short isoform
of C9ORF72 protein was not involved in SG formation, thereby
hinting toward differential physiological functions of the various
C9ORF72 isoforms. Conversely, the knockdown of C9ORF72
via CRISPR/Cas9 completely inhibited SG assembly during cel-
lular stress response and compromised cell recovery and survival.
Importantly, the transient expression of C9ORF72 carrying the
pathogenic hexanucleotide repeat expansion led to impaired ex-
pression of the C9ORF72 protein, accumulation of nuclear and
cytoplasmic RNA foci, presence of toxic dipeptide repeat pro-
teins, and spontaneous induction of SGs. Our data demonstrates a
function for C9ORF72 in SG assembly and provides evidence as

to how the hexanucleotide expansion might interfere with
C9ORF72 expression and SG formation, simultaneously induc-
ing cellular stress due to the formation of toxic RNA foci and
dipeptide repeat proteins, thereby impairing cellular recovery ca-
pacity and survival.

Experimental Procedures

Plasmids

Human cDNA constructs for C9ORF72 (Myc-DDK-tagged),
transcript variant 1 (C9(SF) myc) (RC222418), and C9ORF72
(Myc-DDK-tagged), transcript variant 2 (C9(LF) myc)
(RC209700), were purchased from Origene. CRISPR/Cas9
KO plasmid (sc-428521) against mouse C9ORF72 was pur-
chased from Santa Cruz Biotechnology. EGFP construct con-
taining hexanucleotide repeat expansion [16] was a generous
gift from Prof. Peng Jin (Dept. of Human Genetics, Emory
University School of Medicine). Hexanucleotide repeat ex-
pansion was subcloned into C9(LF) myc plasmid in between
CMV promoter and ATG start site using EcoRI and KpnI
restriction enzymes. Sequence and size of repeat were verified
by sequencing and restriction digestion.

Cell Culture

Mouse neuroblastoma cells (n2a) from ATCC were main-
tained in Dulbecco modified Eagle medium (DMEM) con-
taining 10 % (v/v) fetal bovine serum, 1 % (v/v) penicillin,
and streptomycin solution and kept at 37 °C in 5 % CO2.
Cells were plated 24 h before transfection. Transfections were
carried out using TransIT-Neural transfection reagent (Mirus)
according to manufacturer protocol. Transfected cells were
incubated for 48 h to allow transient expression of protein.

Primary cortical neurons were prepared from embryonic
brains (E17) of mice. Meninges were removed and the cortical
neurons were separated by mechanical dissociation and mild
trypsinization. Cells were plated at a density of 2×105 cells/
well (12-well plates) and 5×106 cells/well (6-well plates) on
poly-D-lysine-precoated glass coverslips. Neurobasal medium
(Invitrogen) supplemented with 1.2 mM glutamine, and 2 %
(v/v) B27 supplement (Invitrogen; 20 ml/l) was used as a cul-
ture medium. After 72 h, neurons were treated with 3 mM
dithiothreitol (DTT) for 2 h or incubated at 45 °C for 30 min
for stress experiment. Transfection of cortical neuron was car-
ried out using Lipofectamine 2000 Transfection reagent
(Thermo Fisher Scientific) according to manufacturer protocol.

Fluorescence-Activated Cell Sorting

For fluorescence-activated cell sorting (FACS) sorting, n2a
cells were transiently transfected with CRISPR/Cas9 plasmid
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targeting 5′-UTR of mouse C9ORF72 (C9-CRISPR) for 48 h,
then trypsinized and resuspended in HBSS containing 2 %
serum. C9ORF72 knockout cells were then sorted using
ARIA III (BD Biosciences) based on GFP expression. Non-
transfected n2a cells were used as negative control for FACS
sorting. Proteins from FACS sorted cells were extracted using
RIPA buffer.

Cell Death Assay and Treatment

In order to evaluate cell viability, a trypan blue exclusion assay
was performed as previously described [17]. Cell counts were
determined in duplicate from three separate experiments. For
SG formations, either cells were treated with 3 mM DTT or
incubated at 45 °C for 30 min. To analyze the recovery of cells
after stress, DTTcontainingmediumwere washed off after 2 h
of DTT treatment, and cells were incubated in normal medium
for 1 or 2 h. To evaluate cell viability in cortical neurons,
propidium iodide (PI) exclusion assay was used. In short,
transfected cortical neurons were washed with phosphate-
buffered saline (PBS) and then incubated at room temperature
for 5 min in PBS containing 20 μg/ml PI. The staining solu-
tion was then removed and PBS was added. Cells were then
analyzed using a fluorescent microscope.

Immunoblotting

Cells were lysed in RIPA buffer containing 50 mM Tris
(pH 8), 150 mM NaCl, 0.5 % sodium deoxycholate, 1 %
Triton X-100, 0.1 % sodium dodecyl sulphate (SDS), and
Protease Inhibitor (Roche). Protein concentrations were
determined using Pierce BCA protein assay kit (Thermo
Fischer Scientific) according to manufacturer protocol.
Proteins were denatured at 95 °C for 5 min with Laemmli
sample buffer containing β-mercaptoethanol. Proteins were
then separated on a 10 % SDS-PAGE gel, transferred to
polyvinylidenedifluoride (PVDF) membrane, and blocked in
5 % milk made in PBS with 0.1 % Tween for 1 h. For immu-
noblotting primary antibodies used were: rabbit anti-
C9ORF72 (Proteintech, 22637-1-AP; 1:1000), mouse anti-
GAPDH (Acris, ACR001P; 1:5000), mouse anti-Tubulin
(Sigma Aldrich, T5168; 1:5000), goat anti-TIA-1 (Santa
Cruz, sc-1751; 1:1000), goat anti-HuR (Santa Cruz, sc-5483;
1:1000), mouse anti-TDP-43 (Abcam, ab104223; 1:2500),
mouse anti-FUS/TLS (Santa Cruz, sc-47711; 1:1000), mouse
anti-DCP1a (Santa Cruz, sc-100706; 1:1000), goat anti-
G3BP1 (Santa Cruz, sc-70283; 1:1000), and rabbit anti-
C9RANT antibody (Novus Biologicals; 1:1000), were incu-
bated overnight at 4 °C. Horseradish peroxidase (HRP)-con-
jugated secondary antibodies (goat anti-mouse IgG HRP
(Santa Cruz, sc-2005; 1:10000), goat anti-rabbit IgG HRP
(Santa Cruz, sc-2004; 1:10,000), and donkey anti-goat IgG
HRP (Santa Cruz, sc-2020; 1:10000)), were incubated for

1 h at room temperature, washed, and developed using ECL
system.

Immunofluorescence

For immunofluorescence, n2a cells or cortical neurons were
plated on poly-D-lysine-coated coverslips. Cells were fixed
using 4 % paraformaldehyde (PFA) for 15 min and blocked
for 1 h using 3 % bovine serum albumin (BSA) and 0.1 %
TritonX-100 in PBS and were incubated with primary anti-
body (rabbit anti-C9ORF72 (Proteintech, 22637-1-AP;
1:500), goat anti-TIA-1 (Santa Cruz, sc-1751; 1:100), goat
anti-HuR (Santa Cruz, sc-5483; 1:100), mouse anti-TDP-43
(Abcam, ab104223; 1:1000), mouse anti-FUS/TLS (Santa
Cruz, sc-47711; 1:1000), mouse anti-GW182 antibody
(Santa Cruz, sc-56314; 1:25) mouse anti-DCP1a (Santa
Cruz, sc-100706; 1:100), and goat anti-G3BP1 (Santa Cruz,
sc-70283; 1:100)) overnight at 4 °C. Cells were washed three
times with PBS and incubated with Alexa Fluor (488/568/
647) fluorescently labeled secondary antibodies and DAPI in
blocking buffer for 1 h at room temperature, and then washed
three times before mounting on slides using mowiol
(Hoechst). Images were acquired with a confocal microscope
Olympus FluoViewTM FV1000 (Olympus) with 60× silicon
objective. Images were later processed using Imaris 7.6
(Bitplane). For SG formations, images were taken from dif-
ferent areas of the coverslips and the total number of
transfected cells together with cells showing cytoplasmic
aggregates for TIA-1 were counted. The ratio was calculated
and representative images from three to five independent
experiments are shown. The number of SGs was counted
manually but blind using ImageJ.

Fluorescent In Situ Hybridization

Cy3-labeled C4G2 probes were synthesized by Microsynth
and used as antisense probes. Cells were fixed in ice-cold
4 % PFA for 15 min and washed three times with PBS.
Cells were incubated with 70 % ethanol overnight at 4 °C.
The next day, cells were rehydrated in PBS for 20 min and
blocked with 3 % BSA + 0.2 % Triton X-100 for 1 h at room
temperature. Following this, the coverslips were incubated in
prehybridization solution (50 % formamide, 2× SSC (Saline
Sodium Citrate)) for 15 min at room temperature. Cells were
hybridized overnight at 37 °C with probe (1 μM) in 50 %
formamide, 10 % dextransulfate, 2× SSC, and RNAse inhib-
itor in a dark humid chamber made with papers soaked in
50 % formamide/2× SSC. Cells were washed three times in
50% formamide in 2× SSC for 5 min each at 42 °C. DNAwas
counterstained using DAPI (5 min in 2× SSC). Cells were
later washed two times with 2× SSC and then mounted on
coverslips.
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RNA Extraction, Quantitative Real-Time PCR,
and Primers

RNAwas extracted from n2a cells using TRIzol (Invitrogen)
as manufacturer protocol. Reverse transcription was per-
formed with the AffinityScript Multiple Temperature
Reverse Transcriptase Kit (Agilent Technologies). qPCR
was performed with KAPA SYBR FAST qPCR Kit (KAPA
Biosystems) using a Rotor-Gene Q (Qiagen). RNA levels
were normalized to tubulin, and gene differences were

quantified with the comparative CT method. The following
primers were used:

For TIA-1: forward 5 ′-CAGTTCCCATGAAAG
TGCAGC-3′,
reverse 5′-CCACATGCCCTTCAATGGTAGTA-3′
For tubulin: forward 5′-CCGCGAAGCAGCAACCAT-3′,
reverse 5′-CCAGGTCTACGAACACTGCC-3′
Fo r HuR : f o rwa r d 5 ′ -GGATGACATTGGG
AGAACGAAT-3′,
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Fig. 1 C9ORF72 antibody specificity and expression pattern in different
cell lines and cortical neurons. a n2a and HEK293T cell lines were
transfected with either the myc-tagged long-isoform of C9ORF72
(C9(LF) myc) or myc-tagged short-isoform of C9ORF72 (C9(SF) myc)
constructs, and proteins were extracted from transfected as well as non-
transfected cells and from mouse cortical neuronal cultures. Western
vblotting was done with C9ORF72 antibody from Proteintech. Along
with the overexpressed protein, a faint band presents for endogenous
C9ORF72 protein at 50 kDa (C9(LF)) and 25 kDa (C9(SF)) as expected.
An additional band of 37 kDa (C9(IF)) was observed in mouse n2a cell
lines but was absent in human HEK293T cells. Representative blot from

four experiments. b n2a cells transfected with C9(LF) myc was
immunostained with myc antibody and C9ORF72 antibody and both
immunoreactivity strongly overlapped suggesting that the antibody
detects C9ORF72 in its native configuration. c C9ORF72 is expressed
mainly in the nucleus together with a diffused staining pattern in the
cytoplasm. Distinct C9ORF72-positive cytoplasmic puncta were found
in neuronal cell lines and primary cortical neurons. Note the presence of
these puncta along neurites in a cortical neuron. d Cytoplasmic puncta
immunoreactive for C9ORF72 were also positive for GW182 and
DCP1a, which are markers for processing bodies (P-bodies)
(scale bar = 4 μm for all image panels)
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reverse 5′-TGTCCTGCTACTTTATCCCGAA-3′.
For C9ORF72: forward 5′-GCGGCTACCTTTGCTTA
CTG-3′,
reverse 5′-GCACTTGGTCTGTCTTTGGAG-3′.

Statistical Analysis

Data are presented as mean±SEM. Statistical analysis was
performed using a two-tailed Student’s t test and GraphPad
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Fig. 2 C9ORF72 localizes to
stress granules in mammalian
cells and primary cortical
neurons. a Treatment of n2a cells
with 3 mM DTT for 2 h resulted
in the localization of C9ORF72 to
G3BP1 positive stress granules
(SGs) which were also positive
for DCP1a. b A second SG
marker, HuR, also confirmed the
localization of C9ORF72 to SGs
after DTT treatment. c Not only
DTT but also heat shock resulted
in the localization of C9ORF72
with TIA-1 positive SGs. d
C9ORF72 also localizes with
TIA-1-positive SGs in primary
neurons after DTT treatment
(scale bar = 4 μm for all image
panels)

Mol Neurobiol



Prism 5 software (GraphPad Software, Inc.). Statistically sig-
nificant p values were those lower than 0.05 and are marked
by an asterisk.

Results

C9ORF72 Is Mainly Localized Within the Nucleus
and P-Bodies

As several studies had previously mentioned the issue of non-
specificity of C9ORF72 antibody [18], we started this study
by validating the specificity of the C9ORF72 antibody from
Proteintech for both native and denatured protein. Western
blotting of lysates from primary cortical neurons, n2a cells,
and HEK293T cells notably detected a band at approximately
48 and 25 kDa along with the mouse specific 37-kDa isoform
present in n2a cells (termed intermediate form; C9(IF)) but
absent in human HEK293T cells. In parallel, lysates from
n2a cells and HEK293T cells transiently expressing either
the full-length myc-tagged C9ORF72 abbreviated as
(C9(LF) myc) or the shorter form of C9ORF72 (C9(SF)
myc) were detected along with the endogenous C9ORF72
by this antibody (Fig. 1a). Further, transfection of n2a cells
with C9(LF) myc revealed a strong overlap of immunoreac-
tivities for myc and C9ORF72 (Fig. 1b), indicating that the
antibody can detect native protein. We next immunostained
various neuronal cell lines such as n2a, SK-N-MC, and non-
neuronal HEK293T cells to examine the expression pattern of
C9ORF72. In all cell lines, C9ORF72 exhibited both nuclear
and cytoplasmic localization and the cytoplasmic proportion
of C9ORF72 often presented vesicular appearance (Fig. 1c).
Similar localization pattern of C9ORF72 was observed in pri-
mary cortical neurons. Interestingly, C9ORF72 was also
enriched within neuronal processes (Fig. 1c, zoom). To eluci-
date the identity of the cytoplasmic vesicular structures, we
hypothesized that C9ORF72-positive cytoplasmic puncta
might be P-bodies. Using specific markers against P-bodies,
GW182 and DCP1a, a high degree of overlap between the two
markers and C9ORF72 was observed. As DCP1a expression
is largely confined to P-bodies and nearly 100 % of DCP1a-
positive cytoplasmic puncta were also positive for C9ORF72,
this confirmed that a fraction of C9ORF72 resides within P-
bodies (Fig. 1d).

C9ORF72 Associates with SGs in Cells and Primary
Cortical Neurons upon Cellular Stress

As a functional interplay between P-bodies and stress granules
(SGs) is well described [19, 20], we further examined whether
C9ORF72 would colocalize with SGs under stress conditions.
To induce the formation of SGs, we treated n2a cells with
dithiothreitol (DTT) for 2 h or heat-shocked the cells at

45 °C for 30 min and fixed the cells. Upon stress, SGs
(G3BP1 immunopositive) were formed within the cytoplasm
that were also strongly immunopositive for C9ORF72.
Interestingly in control condition, negligible overlap between
P-bodies marker DCP1a and SGmarker G3BP1 was observed
and C9ORF72 immunopositive puncta were mainly associat-
ed with P-bodies. However, stress-induced SGs were
immunopositive for all three components, suggesting that
SGs, P-bodies, and C9ORF72 physically interact with one
another in vivo (Fig. 2a). To further confirm the identity of
cellular structures to which C9ORF72 localized upon stress
induction are SGs, additional colocalization studies with
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Fig. 3 C9ORF72 are specific to SGs. Treatment of cells with
cycloheximide (CHX) (inhibits SG assembly by maintaining
polysomes, preventing free mRNA from accumulating in the
cytoplasm) alone for 2 h led to the dissociation of C9ORF72-positive
cytoplasmic puncta in control cells. Despite DTT treatment for 2 h,
cells were unable to assemble SGs in the presence of cycloheximide.
Treatment of cells with puromycin (Puro) (stimulates the formation of
SGs by dissociating polysome and producing free mRNA in cytoplasm)
and DTT together for 2 h led to the formation of C9ORF72-positive
puncta which colocalized with TIA-1-positive SGs (scale bar = 4 μm
for all image panels)

�Fig. 4 C9ORF72 overexpression causes spontaneous formation of SGs.
a Overexpression of C9(LF) myc in n2a cells led to spontaneous
formation of SGs (marked with TIA-1) in approximately 75 % of the
transfected cells as compared to control GFP-transfected cells. b
Overexpression of C9(LF) myc also led to the formation of TIA-1-
positive SGs in primary cortical neurons. c n2a cells transfected with
C9(LF) myc were treated with 3 mM DTT for 30 min, 1 h, 2 h, or 3 h
and stained for TIA-1 to measure SG assembly kinetics in the presence of
DTT. d To measure SG disassembly kinetics, n2a cells transfected with
C9(LF) myc were treated with DTT for 3 h, followed by DTT removal,
addition of fresh medium, reincubation of cells for 30 min, 1.5 h, or 3 h,
and followed by cell fixation and staining for TIA-1. e Significant
differences in the number of SGs assembled were observed only after
30 min of DTT treatment. Quantitative analysis revealed significant
differences in the number of SGs formed for the non-treated and the
DTT-treated (30 min) conditions. Each value represents the mean ±SEM
of 25 cells from three independent experiments, *p<0.05, **p<0.01
(scale bar = 4 μm for all image panels)
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another well-known marker for SGs, Hu-antigen R (HuR),
were performed [21]. As expected, nearly all the SGs formed
under stress were strongly positive for both HuR and
C9ORF72, demonstrating that upon elevated stress, cytoplas-
mic C9ORF72 preferentially localizes with SGs, and that nor-
mal C9ORF72 is a novel SG component (Fig. 2b). A similar
response was also observed with yet another SG marker; T-
cell-restricted intracellular antigen-1 (TIA-1), after cells were
heat-shocked at 45 °C. The size of the SGs formed was slight-
ly smaller and more numerous compared to those SGs formed
after DTT treatment, most likely reflecting the difference in
the duration of stress (Fig. 2c). To exclude the possibility that
the observed response was cell line specific and not physio-
logical, we expanded our analysis to primary cortical neurons
which were treated with DTT for 60 min, leading to the for-
mation of SGs positive for C9ORF72 (Fig. 2d).

To further test whether these cytoplasmic puncta are indeed
SGs, the cells were treated with cycloheximide (CHX) to
block the formation of DTT-induced SGs [22]. Indeed, the
cotreatment of n2a cells with CHX and DTT blocked the
formation of TIA-1-C9ORF72-positive SGs (Fig. 3). In the
same line, cotreatment of cells with DTT and puromycin, a
drug that actively dismantles polysomes thereby promoting
the formation SGs, led to the enhanced formation of SGs
which were all positive for C9ORF72 (Fig. 3). These experi-
ments provide evidence that upon cellular stress, C9ORF72-
positive cytoplasmic puncta actively associate with SGs.

C9ORF72 Overexpression Causes Spontaneous
Formation of SGs

Since a role for normal C9ORF72 in SG assembly has not
been reported, we next addressed whether C9ORF72 levels
would per se impact the process of SG formation and dynam-
ics. Approximately 75% of cells transfected with C9(LF) myc
exhibited spontaneous SGs in the absence of stress as ob-
served by the presence of cytoplasmic TIA-1-positive struc-
tures (Fig. 4a). In GFP-overexpressing cells, only around 5 %
of cells exhibited spontaneous SGs indicating that high levels
of C9ORF72-induced spontaneous SG formation. Similar re-
sponse was also observed in cortical neurons where overex-
pression of C9(LF) myc led to the spontaneous formation of
SGs even in the absence of cellular stress (Fig. 4b). Next, we
examined whether increased C9ORF72 levels would alter the
assembly or the disassembly rate of SGs in response to stress.
In order to measure the SG assembly kinetics, cells were
transfected with C9(LF) myc and treated with DTT for
30 min, 1 h, 2 h, or 3 h followed by fixation and immuno-
staining for myc and TIA-1 (Fig. 4c). To measure SG disas-
sembly kinetics, cells were treated with DTT for 3 h leading to
robust amounts of SG induction in both transfected and
untransfected cells, followed by DTTwashout and a recovery
period of 30 min, 1.5 h, or 3 h (Fig. 4d). In the case of SG

assembly, the number of SGs formed after 30 min DTT treat-
ment within myc immunopositive versus myc negative cells
was 1.5-fold higher but, over time, no significant difference
was observed in the SG numbers after DTT treatment.
Similarly, DTT washout experiments revealed that the rate of
SG disassembly after removal of stressor DTT remained un-
altered between C9(LF) myc overexpressing and control cells
(Fig. 4e). These experiments demonstrate that overall
C9ORF72 levels do not determine or influence the kinetics
of SG assembly and disassembly.

C9ORF72 Is Required for SG Formation

Subsequently, a knockdown of C9ORF72 was performed by
using C9ORF72-specific CRISPR/Cas9 (C9-CRISPR). As
GFP is integrated to indicate successful knockdown, GFP-
positive cells were FACS sorted and C9ORF72 protein levels
were measured via western blotting. A reduction of nearly
75 % was consistently achieved for all isoforms of
C9ORF72 from three different FACS sorting experiments
(Fig. 5a). After having established the successful knockdown
of C9ORF72, we next examined the fate of SGs after DTT
treatment. The loss of C9ORF72 expression inhibited SG for-
mation although neighboring untransfected cells exhibited ro-
bust SGs in the presence of DTT (Fig. 5b). As SG assembly
requires eIF2alpha phosphorylation, we examined its phos-
phorylation status and found that GFP-positive C9-CRISPR
cells exhibited significantly low amounts of phosphorylated
eIF2alpha in the presence of DTT as compared to C9-

�Fig. 5 C9ORF72 is needed for SG formation. a n2a cells transiently
transfected with C9-CRISPRwere FACS sorted after 48 h of transfection;
total protein was extracted using RIPA buffer. Western blotting revealed a
decline in C9ORF72 protein levels for all isoforms by almost 80 % com-
pared to control cells. The quantification for C9ORF72 reduction was
calculated from three independent FACS sorting experiments and quan-
tification of the expression intensity is the mean of three experiments,
*p<0.05, **p<0.01, ***p<0.001. b n2a cells transfected with either C9-
CRISPR or GFP plasmid for 48 h were stained for SGmarker, TIA-1 with
or without DTT treatment. C9-CRISPR-transfected cells failed to make
SGs (arrow) whereas adjacent GFP-transfected cells were positive for
SGs. c The number of dead cells was counted using trypan blue solution
in untransfected, GFP-transfected, and C9-CRISPR-transfected cells after
0, 2, and 4 h of DTT treatment. Results shown are mean ± SEM from
three independent experiments. **p<0.01. d After 2 h of DTT treatment,
cells were left to recover in normal DMEMmedium for 1 and 2 h and the
number of dead cells was counted. Results shown are mean± SEM from
three independent experiments. *p<0.05 **p<0.01. e, f n2a cells double
transfected with C9-CRISPR and C9(LF) myc or C9(SF) myc plasmid
were treated with DTT and then stained for TIA-1 (arrows).
Approximately 82 % of C9-CRISPR cells transfected with C9(LF) myc
were able to make SGS whereas only 20 % of C9-CRISPR cells
transfected with C9(SF) myc were positive for SGs after DTT treatment
as compared to GFP transfected control cells where nearly 95 % of cells
were SG-positive. Each value represents the mean± SEM of 25 cells each
from three independent experiments, ***p<0.001 (scale bar = 4 μm for
all image panels)
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CRISPR-negative cells, indicating that C9ORF72 is essential
for SG formation and might be an important component of
SGs (Suppl. Fig. S1a, b). Considering that SG formation is an
adaptive physiological response required to surmount cellular
stress, we measured the percentage of dead cells in the pres-
ence of DTT. By 2 h of DTT exposure, nearly 30 % of C9-
CRISPR cells were dead, and this rose significantly to 60 %
after 4 h of DTT exposure. In contrast, untransfected and
GFP transfected control cells that had retained their capacity
to induce SGs in response to stress presented only 30 % cell
death after 4 h of DTTexposure (Fig. 5c), thereby demonstrat-
ing that the loss of C9ORF72 expression not only impairs SG
formation but also hypersensitizes cells to stress and strongly
affects cell survival. Next, we analyzed the capacity of cells to
recover after stress wherein DTT was washed out after a 2 h
treatment period followed by either a 1 or 2 h recovery period.
While GFP and untransfected cells had low near-basal levels
of cell death after a 2 h recovery period, C9-CRISPR expressing
cells presented a significantly higher percentage of cell death
(Fig. 5d), suggesting that loss of C9ORF72 expression impairs
cellular recovery capacity. Lastly, to pin down the precise role
of C9ORF72 in SG formation, a rescue experiment was per-
formed. n2a cells were transfected with C9-CRISPR leading
to the knockdown of C9ORF72, followed by a second trans-
fection with C9(LF) myc. DTTexposure now led to robust SG
formation in cells, demonstrating that transient C9(LF) myc
expression was sufficient to rescue SG formation despite the
knockdown of all endogenous C9ORF72 isoforms (Fig. 5e).
Further, we examined whether the ability to form SGs was
restricted to the C9(LF) isoform or whether other C9ORF72
isoforms had similar physiological functions. Here, we per-
formed the rescue experiment by overexpressing the short
isoform of C9ORF72, C9(SF) myc, after C9ORF72 knock-
down in n2a cells. Surprisingly, despite the overexpression of
C9(SF) myc, cells were unable to regain their ability to induce
SGs in response to stress, implying a differential role of the
various C9ORF72 isoforms (Fig. 5e).

C9ORF72Levels Influence Expression of Proteins Critical
for SG Formation

Since knockdown of C9ORF72 negatively influenced SG for-
mation, we examined whether C9ORF72 level would affect
the expression of other critical proteins involved in SG forma-
tion. Protein lysates of C9-CRISPR transfected cells from pre-
vious experiment in Fig. 5a were immunoblotted for SG-
specific proteins. TIA-1 and HuR levels were drastically re-
duced upon C9ORF72 knockdown, whereas G3BP1 levels
were significantly reduced. However, levels of TDP-43 and
FUS/TLS which localize to SGs and are implicated in familial
ALS and FTLD remained unchanged between control and
knockdown conditions (Fig. 6a). Similar observations were
also made via immunostainings, wherein TIA-1 expression

levels were reduced while TDP-43 and FUS/TLS expression
levels as well as their subcellular localization remained un-
changed in C9-CRISPR cells (Fig. 6b). Moreover, the over-
expression of C9(LF) myc did not influence the expression
levels of both TDP-43 and FUS/TLS, thus ruling out a direct
role for C9ORF72 in regulating their expression or localiza-
tion (Suppl. Fig. S1c, d). Additionally, qPCR revealed that
knockdown of C9ORF72 led to a decline in TIA-1 and HuR
transcripts, suggesting that C9ORF72 might transcriptionally
influence expression levels of other SG-related proteins
(Fig. 6c). As further evidence for the involvement of
C9ORF72 in the regulation of SG-associated proteins, the
transient transfection of C9(LF) myc into C9-CRISPR cells,
followed by quantification of mean TIA-1 intensity indicated
a near-normal rescue of TIA-1 expression levels. Surprisingly,
the transient expression of C9(SF) myc into C9-CRISPR cells
did not rescue TIA-1 levels, thereby strengthening the obser-
vation that C9(LF) is specifically involved in stress-induced
SG formation and also regulates the expression of SG-
associated proteins (Fig. 6d).

Expression of Pathogenic Hexanucleotide Expansion
Causes Cellular Stress

Lastly, we set out to assess whether the expression of the path-
ogenic hexanucleotide expansion interferes with the physiolog-
ical function of normal C9(LF) in SG induction. To do this, we
generated various clones containing different GGGGCC repeat
expansion in front of full-length C9(LF) myc or GFP (Fig. 7a).
Clones containing expansion repeats of GGGGCC(30) and
GGGGCC(60) were considered as pathogenic, whereas
GGGGCC(3) was taken as normal. We found that the cells
transfected with increasing length of pathogenic expansions

�Fig. 6 C9ORF72 level influences the expression of proteins important
for SG formation. aWestern blot from protein lysates of FACS sorted C9-
CRISPR cells presented a reduction in protein levels of TIA-1, HuR, and
G3BP1 by approximately 70, 60, and 30 %, respectively, but levels of
TDP-43 and FUS/TLS remained unchanged. Results shown are themean
± SEM of three experiments, *p<0.05, **p<0.01, ***p<0.001. b
Immunostaining of C9-CRISPR cells shows loss of TIA-1 staining
(arrow) compared to non-transfected cells, whereas neither change in
intensity, nor mislocalization, was observed for TDP-43 and FUS/TLS
compared to control cells (arrow). c qPCR analysis of C9ORF72, TIA-1,
and HuR mRNA in n2a cells after transiently transfecting with C9-
CRISPR plasmid. Results are presented as fold change compared to con-
trol after normalizing with tubulin mRNA. d Representative images of
n2a cells coexpressing C9-CRISPR and C9(LF) myc or C9(SF) myc
plasmid showing the rescue of TIA-1 expression only with C9(LF) myc
plasmid (arrow). Right: Quantitative analysis presenting a significant
reduction in TIA-1 intensity in C9-CRISPR transfected cells compared
to control cells, and TIA-1 expression level was restored back to normal
in C9(LF) myc transfected cells. In contrast, C9(SF) myc failed to restore
TIA-1 expression in C9-CRISPR cells. Each value represents the mean
± SEM of 15 cells each from three independent experiments, ***p<0.001
(scale bar = 4 μm for all image panels)
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were least efficient in expressing the full-length C9ORF72 and
GFP protein (Fig. 7a). We additionally counted the percentage
of cells transfected in each condition and found no difference
between the percentages of transfected cells in each condition
(data not shown), thereby hinting that hexanucleotide expan-
sions might negatively impact protein translation. Interestingly,
the expression of the GGGGCC(30)-C9(LF) myc and

GGGGCC(60)-C9(LF) myc but not GGGGCC(3)-C9(LF) myc
was sufficient to induce the spontaneous appearance of SGs in
n2a cells (Fig. 7b, arrows). Similar induction of SGs was also
observed in both n2a cells and cortical neurons expressing
GGGGCC(30)-GFP and GGGGCC(60)-GFP indicating that the
formation of SGs was repeat length-dependent and equally
affected both mitotic and non-mitotic cells (Fig. 7c and
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Suppl. Fig. S2). Further, n2a cells expressing GGGGCC(30)-
GFP and GGGGCC(60)-GFP were also strongly positive for
phosphorylated eIF2a, confirming that those cytoplasmic
puncta were indeed SGs (Fig. 7d).

To examine the reason for SG buildup in cells after trans-
fection of repeat expansions, in situ hybridization (ISH)
against the hexanucleotide expansion was performed.
Surprisingly, large cytoplasmic granule-like structures
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representing RNA foci were observed exclusively in cells ex-
pressing the long repeat expansions (Suppl. Fig. S3a). These
foci were present within the nucleus (minor fraction) and with-
in the cytoplasm. Besides RNA foci, we examined whether
these long repeat expansions also gave rise to dipeptide repeat
proteins which have been previously implicated in C9ORF72
pathogenesis. Immunoblotting against dipeptide repeat pro-
teins revealed the presence of these proteins specifically in
cells expressing GGGGCC(60)-GFP repeats (Suppl.
Fig. S3b). These results demonstrate that the hexanucleotide
repeat expansions can spontaneously form both toxic RNA
foci as well as pathogenic dipeptide repeat proteins, thereby
causing cellular stress and impairing C9ORF72 expression.
We next mimicked those observations by expressing stress
causing hexanucleotide repeat expansions: GGGGCC(30)-
GFP and GGGGCC(60)-GFP, in C9ORF72 knockdown or
control cells and examined cellular viability in the presence
or absence of endogenous C9ORF72. After 48 h of transfec-
tion, we found that C9ORF72 knockout cells were more sen-
sitive to pathogenic hexanucleotide repeat expansion com-
pared to normal cells, suggesting that the lack of C9ORF72
makes cells more sensitive to cellular stress induced by the
pathogenic expansions (Fig. 7e). Similarly, expression of
GGGGCC(30)-GFP and GGGGCC(60)-GFP in cortical neu-
rons compromised neuronal viability (Suppl. Fig. S3c), indi-
cating that the hexanucleotide repeat expansion associated
stress via RNA foci and dipeptide repeat proteins impairs cel-
lular survival responses.

Discussion

Here, we show that normal C9ORF72 is present in P-bodies
and upon stress colocalizes within SGs in n2a cells and cortical
neurons. Gain of function and loss of function experiments

revealed that the long isoform of C9ORF72 is specifically in-
volved in SG formation. CRISPR-mediated knockdown of
C9ORF72 completely abolished the assembly of SGs during
cellular stress. The loss of C9ORF72 expression also impacted
the expression of important proteins required for SG formation
such as TIA-1, G3BP1, and HuR, thereby altering the physio-
logical response of the cell to cellular stress. Importantly, loss of
C9ORF72 expression compromised the fitness of cells, induc-
ing enhanced and anticipated cell death. Lastly, the expression
of the pathological hexanucleotide repeat expansion led to im-
paired C9ORF72 expression and formation of RNA foci,
resulting in prolonged cell stress. Our work identifies a novel
role for C9ORF72 in SG formation and sheds light on how
pathogenic hexanucleotide repeats might negatively influence
normal C9ORF72 expression as well as cause cellular stress
due to RNA foci formation and dipeptide repeat proteins. In the
context of neurons, this would indicate that the expanded re-
peats might diminish endogenous C9ORF72 proteins levels
thereby impairing neuronal capacity to form SGs during con-
ditions of cellular stress.

The physiological function of C9ORF72 remains unclear,
although bioinformatics studies indicated the presence of
DENN domain which is prominently present in proteins func-
tioning as guanine nucleotide exchange factors for the Rab
GTPases [23, 24]. Moreover, protein interaction studies sug-
gested that C9ORF72 might be involved in a complex asso-
ciated with autophagosome initiation [25]. Our findings shed
novel insights into as yet unknown function of normal
C9ORF72 in SG assembly. SGs are cytoplasmic foci that are
assembled when cells are exposed to stress, and store mRNAs
of housekeeping proteins while allowing the selective transla-
tion of stress response proteins, thereby serving as a physio-
logical coping response directed against cellular stress. While
normal TDP-43 and FUS/TLS are localized in the nucleus,
disease causing mutations accumulate in the cytosol and upon
cellular stress both cytosolic TDP-43 and FUS/TLS are asso-
ciated with TIA-1-positive SGs. Pathological TDP-43 and
FUS/TLS inclusions in ALS/FTLD patients contain SG-
specific proteins such as PABP-1, suggesting that these inclu-
sions originate from SGs. Moreover, several other proteins
like ataxin-2, profilin 1 and survival of motor neuron
(SMN), which are causally implicated with motor neuron dis-
eases are also recruited to SGs upon stress conditions, and
were shown to regulate SG dynamics [26–28]. Interestingly,
valosin-containing protein (VCP) is involved in the autopha-
gic clearance of SGs and inhibiting its normal function im-
pairs SG formation, morphology and composition [29].
Recent studies have strongly implicated altered SG dynamics
in ALS/FTLD.Moreover, previous evidences fromC9ORF72
patients presenting inclusions positive for TDP-43, and poly-
A binding protein as well as the interaction of C9ORF72 with
RNA binding proteins like hnRNPs [30, 31] indicate a prob-
able association with SGs.

�Fig. 7 Hexanucleotide repeat expansion results in the formation of SGs
and impairs cell survival. a Schematic representation of pCMV-
(GGGGCC)n-C9ORF72 myc and pCMV-(GGGGCC)n GFP
constructs. Hexanucleotide repeat expansion was inserted in between
the CMV promoter and the ATG start site of C9(LF) myc and GFP
constructs. Western blot shows a decrease in the expression of
C9ORF72 myc and GFP protein with increasing hexanucleotide repeat
lengths. Representative blot from three separate experiments. b, c 48 h
after transfection of n2a cells with constructs having different
hexanucleotide repeat lengths were fixed and stained for SGs with TIA-
1 antibody. A concomitant increase in number of SGs (arrows) was
observed with increasing hexanucleotide repeat length, whereas a
decline in C9(LF) myc and GFP expression was observed as seen
previously via immunoblotting in Fig. 7a. d GFP construct with toxic
hexanucleotide repeat expansions results in phosphorylation of eIF2a, a
prerequisite for SG formation. e Dead cells assay reveals an increase in
the sensitivity of C9-CRISPR cells to hexanucleotide repeat expansion in
comparison to control cells. Each value represents the mean ± SEM from
three independent experiments, **p<0.01 (scale bar = 3 μm for all image
panels)
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Here, we provide evidence that normal C9ORF72 is pres-
ent within P-bodies and is critically involved in maintaining
SG assembly during cellular stress responses and indirectly
maintains cell fitness. Since SG formation is a protective
mechanism, neurons that retain the capacity to mount an effi-
cient stress response via the transient formation of SGs follow-
ed by recovery of translation are protected from ischemia-
related cell death [32]. However, as with most stress re-
sponses, initial neuroprotective effects are replaced by toxic
effects when SG pathway is either hyperactive or chronic
translation repression persists. Our finding that the
knockdown of C9ORF72 inhibits SG assembly, thereby
making cells hypersensitive to stressors such as ER stress,
suggests that C9ORF72 has an important role in maintaining
adaptive stress responses and influences cell survival. In
Caenorhabditis elegans, the knockdown of C9ORF72
orthologue resulted in strains being hypersensitive to osmotic
stress which eventually aggravated motor neuron degenera-
tion [33]. Further, the presence of hexanucleotide expansion
repeats negatively impact protein expression, thereby mimick-
ing a knockdown situation and eventually inhibiting cellular
SG assembly during stress. Similarly, reduced expression of
C9ORF72 has been observed in postmortem cortical tissue of
ALS and FTLD patients with hexanucleotide repeat expan-
sion in lymphoblastoid cell lines and in neurons derived from
induced pluripotent stem cell (iPSC) lines [10–12, 18, 34].
The knockdown of the zebrafish orthologue; zC9orf72 ex-
pression leads to axonal degeneration of motor neurons [35].
Although, presently it is unclear whether the loss of function
of C9ORF72 is causally associated with the pathology, as
other studies wherein C9ORF72 was knocked down in mouse
using anti-sense oligonucleotides did not produce any degen-
erative phenotype [36], an indirect role for the loss of function
of C9ORF72 in the development of ALS pathogenesis cannot
be ruled out.

Recent studies have identified that the non-ATG (RAN)
translation of hexanucleotide repeats from sense and antisense
transcripts accumulates in C9ORF72-associated ALS/FTD
patient tissues [11, 13], suggesting a probable pathogenic role
for these proteins. Furthermore, dipeptide repeat proteins or
RAN-translated proteins were shown to be toxic and involved
in disease-associated pathology [37–39]. Interestingly, from
the five dipeptide repeat proteins, poly-arginine (GR) and
poly-proline-arginine (PR) selectively localized to the nucle-
olus and caused nucleolar stress and cell death due to inhibi-
tion of ribosomal RNA synthesis and impairment of SG for-
mation [40, 41]. Similarly, we have found that in n2a and
cortical neurons which expressed normal C9ORF72 proteins,
the exogenous expression of constructs containing pathogenic
hexanucleotide repeats in front of C9ORF72 or GFP induced
spontaneous SGs. However, when the same constructs were
expressed in C9-CRISPR cells, then cells had compromised
their ability to assemble SGs, which was reflected by the

accelerated cell death. This implies that in in vivo condition
long hexanucleotide repeats might impair C9ORF72 expres-
sion and simultaneously induce stress by the formation of
dipeptide repeat proteins, which in turn can negatively influ-
ence SG assembly. The precise contribution of both reduced
C9ORF72 expression and dipeptide repeat proteins in
impairing SG assembly needs further investigation.

Furthermore, hexanucleotide expansions in the first intron
of C9ORF72 also lead to the formation and accumulation of
RNA foci [10] which have been observed in patient cells.
Transgenic mice with normal human C9ORF72 gene or
disease-associated expansions replicated the disease-
associated pathology seen in C9ORF72-associated ALS pa-
tients, such as the presence of extensive RNA foci and dipep-
tide repeat proteins [42, 43]. Similar RNA inclusions have been
found in Huntington’s disease like-2, fragile X-associated trem-
or ataxia syndrome, and spinocerebellar ataxias 8, 10, and 31.
Of note, all these neurodegenerative diseases involve abnor-
mally long repeat expansions such as CUG, CCUG, CGG,
CAG, AUUCU, and UGGAAwhich accumulate as RNA foci.
Our work revealed that long hexanucleotide repeat expansions
in C9ORF72 gene not only forms RNA foci but also induces
stress as revealed by the presence of SGs. These toxic foci can
sequester both RNA as well as RNA binding proteins critical
for the functioning of the cell. Notably, in C9ORF72 transgenic
mice, both RNA foci and dipeptide repeat proteins were not
sufficient to induce neurodegeneration until late ages, suggest-
ing the requirement of yet another factor such as the loss of
function of the normal C9ORF72 gene in the neurodegenera-
tive process [42, 43]. In this regard, our study indicates that the
stress imposed by the accumulation of RNA foci and dipeptide
repeat proteins coupled together with reduced C9ORF72 ex-
pression due to hexanucleotide repeat expansions impairs the
relevant SG formation, thereby compromising cellular adaptive
and survival responses. Further, we reveal a novel function for
normal long isoform of C9ORF72 in stress-associated SG as-
sembly and cellular recovery.
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