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Abstract 

Rationale: A C9orf72 hexanucleotide repeat expansion (GGGGCC) is the most common genetic origin 
of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). Haploinsufficiency of 
C9orf72 has been proposed as a possible disease mechanism (loss-of-function mechanism). Additionally, 
the aberrantly activated unfolded protein response (UPR) and stress granule (SG) formation are 
associated with the etiopathology of both ALS and FTD. However, the molecular determinants in this 
pathogenesis are not well characterized. 
Methods: We performed an immunoprecipitation-mass spectrometry (IP-MS) assay to identify potential 
proteins interacting with the human C9orf72 protein. We used C9orf72 knockout cell and rat models to 
determine the roles of C9orf72 in translation initiation and the stress response. 
Results: Here, we show that C9orf72, which is genetically and pathologically related to ALS and FTD, 
interacts with eukaryotic initiation factor 2 subunit alpha (eIF2α) and regulates its function in translation 
initiation. C9orf72 knockout weakens the interaction between eIF2α and eIF2B5, leading to global 
translation inhibition. Moreover, the loss of C9orf72 results in primary ER stress with activated UPR in 
rat spleens, which is one of the causes of splenomegaly with inflammation in C9orf72−/− rats. Finally, 
C9orf72 delays SG formation by interacting with eIF2α in stressed cells. 
Conclusions: In summary, these data reveal that C9orf72 modulates translation initiation, the UPR and 
SG formation, which have implications for understanding ALS/FTD pathogenesis. 
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Introduction 
Stress responses are important for homeostasis 

in eukaryotic cells when exposed to intrinsic or 
extrinsic stimuli, and the dysfunction of these 
responses may lead to many diseases, including 
neurodegenerative diseases. In mammals, the 
unfolded protein response (UPR) and stress granule 
(SG) formation are two critical types of stress 
responses. Under endoplasmic reticulum (ER) stress, 
the UPR can activate three different pathways, 

mediated by inositol-requiring kinase 1 (IRE1), 
activating transcription factor 6 (ATF6) and 
protein-kinase-like endoplasmic reticulum kinase 
(PERK) [1]. Although the UPR, a conserved adaptive 
mechanism, assists in protein folding and degradation 
to maintain proper ER function, prolonged ER stress 
can promote apoptosis upon the sustained activation 
of certain irreversible signaling pathways [1]. 
Accumulating evidence suggests that UPR activation 
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is involved in the pathogenesis of amyotrophic lateral 
sclerosis (ALS) [2]. SGs are cytoplasmic messenger 
ribonucleoprotein (mRNP) aggregates that assemble 
during cellular stress, requiring the phosphorylation 
of eukaryotic initiation factor 2 subunit alpha (eIF2α, 
encoded by the EIF2S1 gene) [3]. Under ER stress or 
upon exposure to other stress stimuli, PERK or other 
kinases (GCN2, PKR and HRI) phosphorylate eIF2α at 
serine 51, which rapidly inhibits global translation by 
suppressing the function of eukaryotic initiation 
factor 2B (eIF2B), the GDP/GTP exchange factor 
(GEF) of eukaryotic initiation factor 2 (eIF2) [4]. In 
particular, disease-associated mutations that impair 
SG dynamics have been shown to play a causative 
role in ALS [5]. 

ALS is a motor neuron disease involving the 
progressive degeneration of upper and lower motor 
neurons in the nervous system [6]. Frontotemporal 
dementia (FTD) is a common kind of presenile 
dementia associated with neuronal degeneration in 
patients’ frontal and temporal lobes [7]. Emerging 
evidence indicates that ALS and FTD overlap with 
each other, linked by pathology and genetics [8, 9]. 
C9orf72 hexanucleotide repeat expansion (GGGGCC) 
is the most typical genetic origin of ALS and FTD 
(C9ALS/FTD) [10-12] and has been suggested to 
cause neurodegeneration through three potential 
mechanisms: (1) the accumulation of sense 
(GGGGCC) and/or antisense (CCCCGG) repeat RNA 
[10, 13-15], (2) the accumulation of dipeptide repeat 
(DPR) proteins translated from repeat RNA [14-19], 
and (3) haploinsufficiency of the C9orf72 protein [10, 
20-22]. Evidence of the downregulation of C9orf72 
transcript expression in the neurons and nerve tissues 
of patients has been documented [10, 13, 20-22], 
suggesting that loss-of-function mechanisms may be 
important in C9ALS/FTD pathogenesis. In addition, 
C9orf72 haploinsufficiency causes neurodegeneration 
in patient-derived motor neurons [23], and a reduced 
C9orf72 level induces cell hypersensitivity to stress 
[24]. Resolving the functions of C9orf72 can help us 
understand the loss-of-function mechanisms of 
diseases such as ALS and FTD. 

Alternative splicing of the human C9orf72 gene 
generates two protein isoforms: a 222-amino acid (aa) 
short isoform encoded by C9orf72 exons 2–5 and a 
481-aa long isoform encoded by C9orf72 exons 2–11 
[10, 25]. Bioinformatics analyses of the C9orf72 long 
isoform have shown that this protein is a GEF for Rab 
GTPases containing a differentially expressed in 
normal and neoplasia (DENN) domain [26, 27]. Due 
to the lack of most of the DENN domain and the 
complete dDENN (downstream DENN) domain, the 
C9orf72 short isoform, which has been shown to 
associate with components of the nuclear pore 

complex, seems to have different functions from the 
long isoform [25]. Currently, most related studies 
focus on exploring the function of the C9orf72 long 
isoform. Some researchers have reported that the 
C9orf72 long isoform is an important regulator of 
endosomal and vesicle trafficking, as well as the 
autophagy–lysosome pathway [28-32]. Moreover, an 
autophagy-associated complex of the C9orf72 long 
isoform and p62 clears SGs through arginine 
methylation [33]. Additionally, C9orf72 depletion 
results in autoimmune disease via the autophagy–
lysosome pathway [34-36]. The loss of C9orf72 also 
induces inflammation in myeloid cells through 
STING activation [37]. However, little is known about 
the association between the C9orf72 protein and the 
UPR or SG formation. 

We conducted a preliminary study on C9orf72 
gene knockout (KO) human cell line and rat models to 
explore a new biological role for the human C9orf72 
gene and the rat C9orf72 ortholog (RGD1359108, 
hereafter referred to as C9orf72). We found that 
C9orf72 interacts with eIF2α and its S51-phospho-
rylated form, maintaining the stability of the 
eIF2-eIF2B complex and regulating global translation. 
Importantly, C9orf72 acts as an effector of the 
eIF2α-related stress responses in the immune system 
and the nervous system. Thus, our work suggests that 
the newly identified C9orf72-eIF2 complex may be 
important for the pathogenesis of C9ALS/FTD. 

Materials and methods 
Plasmids 

For GST-tagged protein expression, human 
C9orf72 short, long and truncated (C9orf72215-482) 
isoform cDNAs were amplified by PCR and 
subcloned into the pGEX-6P-1 vector (GE Healthcare). 
For MBP-tagged protein expression, full-length 
human EIF2S1 cDNA was cloned into the pMAL-c2x 
vector. To generate a vector expressing full-length 
human Ras-GTPase-activating protein (SH3 domain)- 
binding protein 1 (G3BP1), the G3BP1 cDNA was 
cloned into the pCS2+ vector (CWBIO) with a 
C-terminal mCherry tag. The cDNAs encoding the 
human C9orf72 short, long and truncated 
(C9orf72215-482) isoforms were cloned into the pcDNA 
3.1+ vector containing an N-terminal Flag tag. The 
primers used to construct all these vectors are listed in 
Table S1. 

Rats and treatments 
C9orf72-KO rats were generated on a Sprague–

Dawley by Cyagen Biosciences Inc. (Guangzhou, 
China) using TALEN technology. TALEN target sites 
were designed in exon 2 of the rat C9orf72 ortholog 
and the target TALEN sequences were: left, 
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5′-TTGCCAAGACAGAGATTGCTTT-3′, and right, 
5′-TAAGCAAAGGTAGCCGCCAACA-3′. The KO 
rats were produced by microinjecting TALEN 
mRNAs into fertilized eggs from Sprague–Dawley 
strain. The sequences of the KO alleles have been 
validated. The following PCR primers were used for 
genotyping: forward, 5′-GGCTGAACCTAACCGCTG 
TTTTTGTA-3′, and reverse, 5′-CCACTCTCCGCATTC 
CGAAGAATT-3′. Two lines of KO rats were 
generated and named KO-7 and KO-16. KO-7 rats lack 
5 bases (TGAAT) and include one point mutation (A 
to G), and KO-16 rats lack 16 bases 
(GGTGAATCACCCTTGT) (Figure 1A). Both KOs 

caused a frame shift and an early termination of 
C9orf72 protein translation. The mRNA transcribed 
from targeted allele with the frame shift undergoes 
nonsense-mediated decay. Male wild-type (WT) and 
C9orf72-KO rats were used in most experiments, 
unless indicated otherwise. 

For 4-phenyl butyric acid (4-PBA) adminis-
tration, 15-day-old male WT and C9orf72-KO rats 
were intraperitoneally injected with physiological 
saline or 4-PBA (250 mg/kg body weight, 
Sigma-Aldrich, P21005) for 30 consecutive days (once 
a day). 

 

 
Figure 1. C9orf72-null rats develop splenomegaly. (A) Diagram of the rat C9orf72 gene exons 1, 2 and 3 and the deleted sequences in two C9orf72-KO rat germlines (KO-7 and KO-16). 
The deleted sequences of C9orf72-null (KO-7 and KO-16) rats were located downstream of the ATG initiation codon in exon 2. (B) Western blot analyses of C9orf72 protein levels in the 
cerebral cortex, hippocampus, spinal cord and spleen of 6-month-old WT and C9orf72-null (KO-7 and KO-16) rats, with β-Actin serving as the loading control. A C9orf72 antibody 
(customized by GenScript) detected a band at 50 kDa in WT lysates that was not present in KO-7 and KO-16 lysates. (C) Gross images of splenomegaly (2.5 months, 6 months and 14 months 
of age, n = 3 or 4 rats of each genotype). (D) Spleen weights (in milligrams) normalized to body weight (in grams) at the indicated ages (n = 3 or 4 rats of each genotype, means ± SD, unpaired 
two-tailed t-test, n.s. P > 0.05, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). 



Theranostics 2022, Vol. 12, Issue 17 
 

 
https://www.thno.org 

7292 

All animals were bred under humane care in the 
Center for Animal Experiment/Animal Biosafety 
Level-III Laboratory of Wuhan University, China. All 
experimental protocols were approved by the 
Institutional Animal Care and Use Committee at 
Wuhan University (IACUC NO. SQ20200283). 

Cell culture, transfection, and treatments 
HEK-293T, HCT116 and HeLa cells were grown 

in DMEM (HyClone, SH30022.01) supplemented with 
10% fetal bovine serum (FBS) (Zhejiang Tianhang 
Biotechnology, 11011-8611) and cultured in a 37°C 
incubator with 5% CO2. 

For the SG induction experiments, HCT116 and 
HeLa cells were inoculated into 20 mm glass-bottom 
dishes. Up to 1 μg of the pCS2-G3BP1-mCherry 
plasmid was transfected into HCT116 cells, and the 
pCDNA3.1-Flag-tagged C9orf72 short isoform (C9S), 
C9orf72 truncated isoform (C9T) and C9orf72 long 
isoform (C9L) plasmids were transfected into HeLa 
cells after 24 h of culture using Lipofectamine 2000 
reagent (Invitrogen, 11668019) according to the 
manufacturer’s protocol. Approximately 24 h after 
transfection, two dishes from each group were 
induced with 0.2 mM sodium arsenite (SA; Xiya 
Reagent) in DMEM for 0.5 h. Then, one plate was 
immobilized with 4% paraformaldehyde for up to 10 
min, and another was washed with PBS (HyClone, 
SH30256.01), recovered in complete DMEM for 1 h, 
and finally fixed with 4% paraformaldehyde. 

Rat primary cerebral cortical neurons were 
isolated from the cerebral cortex of embryonic day 
17.5 (E17.5) Sprague-Dawley rats (including WT, 
KO-7 and KO-16) as described previously [38], with 
some modification. Detached cortical neurons were 
inoculated into 24-well plates or 6-well plates coated 
with poly-D-lysine (Sigma-Aldrich, P0296) in 
Neurobasal medium (Gibco, 21103049) containing B27 
supplement (Gibco, 17504044), L-glutamine (Gibco, 
25030081), and penicillin–streptomycin (Gibco, 
15070063). Cells were inoculated at a density of 8 × 104 

cells/well in 24-well plates for immunofluorescence 
staining or at 5 × 105 cells/well in 6-well plates for 
western blotting and were then cultivated in a 37°C 
incubator with 5% CO2. After 9–11 days of incubation, 
the obtained neurons were used for experiments. For 
SG induction experiments, two dishes from each 
group were incubated with 0.05 mM SA (Xiya 
reagent) for 0.5 h. Then, neurons in one plate were 
fixed with 4% paraformaldehyde for up to 10 min, 
and neurons in the other plate were washed with PBS 
(HyClone, SH30256.01), recovered in complete 
Neurobasal medium for 1 h, and finally fixed with 4% 
paraformaldehyde. 

In all SG experiments, at least 86 cells were 
counted in each experiment to quantify SG-containing 
cells. The SG clearance rate was calculated as follows: 
SG clearance rate = (1 - percentage of cells with SGs in 
the 0.5 h SA+1 h recovery group/percentage of cells 
with SGs in the 0.5 h SA group) × 100%. 

Surface sensing of translation (SUnSET) assay 
The SUnSET assay was performed to assess 

global translation levels [39]. HCT116 cells were 
incubated with fresh media containing 3 μg/mL 
puromycin (Beyotime, ST551-10 mg) or were treated 
with fresh media containing 0.2 mM SA (Xiya 
Reagent) and 3 μg/mL puromycin (Beyotime, 
ST551-10 mg) for 0.5 h at 37°C with 5% CO2. After the 
incubation, the untreated cells (Ctrl group), the cells 
treated with 3 μg/mL puromycin (Puromycin group) 
and the cells cotreated with 0.2 mM SA and 3 μg/mL 
puromycin (SA + puromycin group) were washed 
with PBS and lysed for western blot analysis. 

SDS-PAGE and western blotting 
Whole cells and tissues were lysed in cell lysis 

buffer for western blotting and IP (Beyotime, P0013) 
with a 1% protease inhibitor cocktail (MedChem-
Express, HY-K0010) and a 1% phosphatase inhibitor 
cocktail (Yeasen, 20109ES05) on ice, followed by 
quantification using the bicinchoninic acid assay 
(Beyotime, P0012). 

For western blot analyses, after electrophoresis 
on SDS-PAGE gels, proteins were electrotransferred 
to PVDF membranes (Millipore, IPVH00010 and 
ISEQ00010) at 0.3 A for 1.5 h. Then, the membranes 
were blocked with 5% skim milk in TBST (25 mM 
Tris-HCl, 136 mM NaCl, and 0.05% Tween 20, 
pH=7.4) for 1 h and incubated with the primary 
antibody in TBST overnight at 4°C with gentle 
agitation. After washing with TBST three times, the 
membranes were incubated with an HRP-conjugated 
secondary antibody for up to 1 h at room temperature. 
Finally, after washing three times with TBST, we 
acquired images by applying the ECL substrate 
(Bio-Rad, 1705061) on the Bio-Rad ChemiDoc™ XRS+ 
system. 

The primary and secondary antibodies 
employed for western blotting were as follows: 
anti-C9orf72 (customized by GenScript, used in 
Figure 1, Figure S1 and Figure S5), anti-C9orf72 
(Proteintech, 25757-1-AP, used in Figure 2, Figure S7 
and Figure S9), anti-GST (Immunoway, YM3144), 
anti-MBP-tag (Abclonal, AE016), anti-GRP78/BIP 
(Proteintech, 11587-1-AP), anti-ATF4 (Proteintech, 
10835-1-AP), anti-eIF2α (Proteintech, 11170-1-AP), 
anti-eIF2B5 (Abclonal, A10263), anti-phospho-eIF2α 
(Ser51) (Cell Signaling Technology, 3398), anti- 
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puromycin (Merck, clone 12D10, MABE343), 
anti-p62/SQSTM1 (Proteintech, 18420-1-AP), anti- 
DDDDK (Flag)-tag (Abclonal, AE005), anti-HA-tag 
(Abclonal, AE008), anti-BAX (Proteintech, 50599-2-Ig), 
anti-Caspase 3 (Proteintech, 19677-1-AP), anti-β-actin 
(Abclonal, AC026), goat anti-rabbit IgG (H + L)-HRP 

conjugate (Bio-Rad, 1706515), goat anti-mouse IgG (H 
+ L)-HRP conjugate (Bio-Rad, 1706516), HRP- 
conjugated AffiniPure mouse anti-rabbit IgG light 
chain (Abclonal, AS061), and HRP-conjugated 
AffiniPure goat anti-mouse IgG light chain (Abclonal, 
AS062). 

 

 
Figure 2. C9orf72 interacts with eIF2α and p-eIF2α (S51) in the HCT116 cell line and rat tissues. (A) Flag-tag or Flag-C9orf72 (long version) was transfected into HEK-293T cells 
and IP was performed using a Flag antibody pre-coupled to Protein A/G magnetic beads, followed by an MS analysis. Potential Flag-C9orf72–associated proteins identified by MS are indicated 
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in the table. The Flag-tag immunoprecipitated sample was used as a control. PSM, Peptide-Spectrum Match. (B) Lysates were prepared from HEK-293T cells overexpressing Flag-tag or 
Flag-C9orf72 (long isoform). Flag-tagged proteins were immunoprecipitated with a Flag antibody pre-coupled to Protein A/G magnetic beads followed by western blot analysis using antibodies 
against Flag or eIF2α. (C) GST-tag, GST-C9S or GST-C9L pre-bound to glutathione magnetic beads was incubated with WT HCT116 cell lysates followed by western blot analysis using 
antibodies against GST or eIF2α. (D) Endogenous eIF2α (top panel) or p-eIF2α (S51) (bottom panel) in WT or C9orf72-/- (H1-3 and 63-1) HCT116 cell lines was immunoprecipitated with an 
eIF2α or p-eIF2α (S51) antibody pre-coupled to Protein A/G magnetic beads, followed by western blot analyses using antibodies against eIF2α, p-eIF2α (S51) or C9orf72 (from Proteintech). 
The asterisk (*) indicates a nonspecific band. (E) Endogenous eIF2α in the cerebral cortex (top panel) or spleen (bottom panel) tissue from WT or C9orf72-null (KO-7 and KO-16) rats was 
immunoprecipitated with an eIF2α antibody pre-coupled to Protein A/G magnetic beads followed by western blot analyses using antibodies against eIF2α or C9orf72 (from Proteintech). (F) 
Schematic of the C9orf72 protein isoforms used in this study, namely, C9orf72 long protein isoform (C9L), C9orf72 short protein isoform (C9S) and C9orf72 truncated protein isoform 
(C9T). (G) Western blot for GST-tagged recombinant C9orf72 protein isoforms and MBP-eIF2α from an in vitro pulldown assay. The asterisk (*) indicates a nonspecific band. 

 

RNA extraction, RT-PCR and RT-qPCR 
After total RNA was extracted from cells and 

tissues with TRIzol according to the manufacturer’s 
protocol (Life Technologies), cDNAs were synthe-
sized using FastKing gDNA Dispelling RT SuperMix 
(TIANGEN, KR118) and at least three biological 
replicates from each group and at least two technical 
replicates were analyzed using AceQ qPCR SYBR 
Green Master Mix (Vazyme, Q111 and Q511) with a 
7900HT fast Real-Time PCR system (Applied 
Biosystems). The ΔΔCt method was used to calculate 
mRNA fold changes, which were normalized to 
GAPDH expression. Differences between groups 
were evaluated with the unpaired two-tailed 
Student’s t-test. 

To detect the expression of Cxcr1 by RT-PCR, 
cDNA was generated as described above. PCR assays 
were then set up using equal amounts of cDNA with 
2× Rapid Taq Master Mix (Vazyme, P222) according 
to the manufacturer’s protocols. The PCR cycling 
conditions were as follows: 95°C for 3 min; 32 cycles 
of 95°C for 15 s, 60°C for 15 s, and 72°C for 10 s; and 
72°C for 5 min. The products were detected through 
2% agarose gel electrophoresis. 

All primer sequences employed for RT-PCR and 
RT-qPCR in this study are listed in Table S2. 

Immunofluorescence 
For immunofluorescence assays, all cells were 

fixed in 4% paraformaldehyde for 10 min. Fixed cells 
were treated with cell permeabilization buffer (0.2% 
Triton X-100 in PBS) for 15 min and with cell blocking 
buffer (3% BSA in PBS) for up to 1 h at room 
temperature. All specimens were incubated with the 
primary antibodies at 4°C overnight. After washing 
three times with PBS, the specimens were incubated 
with a fluorochrome-conjugated secondary antibody 
at room temperature for 1.5 h. The specimens were 
washed three times with PBS, followed by an 
incubation with 0.5 μg/mL DAPI (Biofroxx, 
1155MG010) in PBS for 10 min, and were ultimately 
imaged under a Nikon A1 confocal microscope after 
washes with PBS. 

The following primary and secondary antibodies 
were used for immunofluorescence staining: 
anti-TUJ1 (Sigma-Aldrich, MAB1637), anti-G3BP1 
(Proteintech, 13057-2-AP), anti-DDDDK (Flag)-tag 
(Abclonal, AE005), anti-ChAT (Santa Cruz, sc-55557), 

anti-TDP-43 (Proteintech, 10782-2-AP), DyLight 
488-conjugated goat anti-rabbit IgG (Abbkine, 
A23220), and DyLight 549-conjugated goat anti- 
mouse IgG (Abbkine, A23310). 

Immunoprecipitation (IP) 
HEK-293T or HeLa cells were transfected with 

plasmids, as indicated in the figures, and cultured for 
24 hours before collecting the protein lysate. All cells 
were washed with precooled PBS before collection 
and lysed in cell lysis buffer for western blotting and 
IP (Beyotime, P0013) supplemented with a 1% 
protease inhibitor cocktail (MedChemExpress, 
HY-K0010) and a 1% phosphatase inhibitor cocktail 
(Yeasen, 20109ES05) for up to 30 min at 4°C, after 
which they were centrifuged at 12,000 g for 10 min. 
Rat cerebral cortex and spleen samples were 
homogenized in cell lysis buffer with an electric 
homogenizer, lysed for 1 h at 4°C, and centrifuged at 
12,000 g for 10 min at 4°C. The collected supernatants 
were used for IP using a previously described 
protocol [40]. 

The antibodies used for IP were as follows: 
anti-eIF2α (Proteintech, 11170-1-AP), anti-phospho- 
eIF2α (Ser51) (Cell Signaling Technology, 3398), and 
anti-DDDDK (Flag)-tag (Abclonal, AE092). 

Recombinant protein expression and 
purification 

GST-tag, the GST-tagged C9orf72 short protein 
isoform (GST-C9S), the C9orf72 truncated protein 
isoform (GST-C9T), and the C9orf72 long protein 
isoform (GST-C9L) as well as MBP-tag and MBP- 
tagged eIF2α (MBP-eIF2α) were expressed in Rosetta 
E. coli cells. Precultures were grown overnight in 20 
mL of LB containing ampicillin at 37°C. Then, 1 L 
expanded cultures were grown until OD600=0.6 at 
37°C. Following induction with 0.1 mM IPTG (Yeasen, 
10902ES08), the cultures were further incubated at 
16°C overnight. Centrifugally collected cells were 
resuspended in binding buffer (20 mM Tris, 200 mM 
NaCl, 1 mM EDTA, 1 mM DTT and 1% protease 
inhibitor cocktail, pH=7.4), crushed with a 
high-pressure cell crusher (Union-biotech, UH-03), 
and finally centrifuged for 30 min at 20,000 g. 
MBP-tag and MBP-eIF2α were purified using dextrin 
beads 6FF (Smart-lifesciences, SA026010), and all 
GST-tagged proteins were purified with glutathione 
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magnetic beads (Smart-lifesciences, SM00201) and 
frozen at -80°C in buffer containing 20 mM Tris-HCl, 
pH=7.4, 150 mM NaCl and 20% glycerol. 

GST pulldown assay 
Total cell lysates were prepared as described 

above. Thirty microliters of glutathione magnetic 
beads (Smart-lifesciences, SM00201) were mixed with 
1 µg of recombinant GST, GST-C9S or GST-C9L in 400 
µL of PBS (HyClone, SH30256.01) and then incubated 
for up to 2 h at 4°C. After four washes with cold wash 
buffer A (20 mM Tris–HCl, pH 7.5, 250 mM NaCl, 
0.3% Triton X-100 and 1% protease inhibitor cocktail), 
the protein-bound beads were incubated with 1 mL of 
cell lysate by end-over-end mixing for up to 4 h at 4°C. 
The mixtures were washed four times with precooled 
wash buffer B (20 mM Tris–HCl, pH 7.5, 400 mM 
NaCl, 0.6% Triton X-100 and 1% protease inhibitor 
cocktail). 

Purified GST or GST-tagged proteins (0.5 µg) 
were bound to 15 µL of glutathione magnetic beads in 
PBS for up to 2 h at 4°C. The protein-bound beads 
were washed four times with cold wash buffer A (20 
mM Tris–HCl, pH 7.5, 250 mM NaCl, 0.3% Triton 
X-100 and 1% protease inhibitor cocktail) and 
incubated with 0.5 µg of purified MBP or MBP-eIF2α 
for 4 h at 4°C. The mixtures were washed six times 
with wash buffer B (20 mM Tris–HCl, pH 7.5, 400 mM 
NaCl, 0.5% Triton X-100 and 1% protease inhibitor 
cocktail). 

Finally, the bound proteins were analyzed by 
western blotting. 

Statistical analysis 
All data are presented as mean values ± standard 

deviation (SD), and n indicates the number of 
biological replicates in each experiment. Using 
GraphPad Prism 7 software, statistical analyses were 
performed with unpaired two-tailed t-test, one-way 
ANOVA or two-way ANOVA. Detailed information 
about each statistical analysis is provided in the 
relevant figure legends. 

Results 
C9orf72-null rats exhibit splenomegaly 

We generated two rat lines with TALEN- 
mediated C9orf72 KO, designated KO-7 (missing 5 
bases, with one point mutation) and KO-16 (missing 
16 bases), to better study the function of the C9orf72 
protein (Figure 1A). We confirmed C9orf72 KO by 
generating an anti-C9orf72 antibody (customized by 
GenScript) against a 14-aa polypeptide (corres-
ponding to aa 194–207 of human C9orf72). The 
knockout of the C9orf72 gene in KO-7 and KO-16 rats 
caused the loss of C9orf72 protein (Figure 1B; Figure 

S1A). Heterozygous intercross breeding of C9orf72 KO 
rats yielded the expected Mendelian ratio, and C9orf72 
KO rats had a normal life span (Figure S1B, C). 

C9orf72-null rats from both lines developed 
visibly enlarged spleens at 2.5, 6 and 14 months of 
age, and the sizes of the spleens of C9orf72-null rats 
from both lines slowly increased with age (Figure 1C). 
The normalized spleen weights of C9orf72-null rats 
increased significantly in the three age groups (Figure 
1D). In addition, C9orf72-null rats developed enlarged 
cervical lymph nodes (Figure S1D, E). 

We then performed ethology examinations to 
determine whether C9orf72 KO led to abnormal 
characteristics. Front paw strength, rotarod 
performance, locomotor coordination and endurance 
exercise performance were similar in WT and 
C9orf72-null rats (Figure S2A-D). These results 
suggested that the loss of C9orf72 in rats did not 
influence locomotion. In addition, the elevated 
plus-maze test revealed no signs of anxiety in 
C9orf72-null rats compared with WT rats (Figure S2E). 
Open-field observations did not indicate a difference 
in locomotor behaviors or zone preference between 
WT and C9orf72-null rats at the ages of 3 months and 
12 months (Figure S2F), revealing no significant 
change in locomotion or emotion in C9orf72-null rats. 

C9orf72 interacts with eIF2α in the human cell 
line and rat tissues 

We performed an immunoprecipitation-mass 
spectrometry (IP-MS) assay to identify potential 
proteins interacting with the human C9orf72 long 
protein isoform. IP studies were performed with Flag 
antibody using the lysates of HEK-293T cells 
transfected with Flag-tag or Flag-C9orf72 (long 
version), followed by the MS analysis of the 
immunoprecipitated samples. Here, the Flag-tag 
immunoprecipitated sample was used as a control. 
This analysis identified three known C9orf72-binding 
partners, SMCR8, WDR41 and CFL1, and a new 
C9orf72-binding protein, eIF2α (Figure 2A). We also 
confirmed that C9orf72 interacted with eIF2α by 
performing cell transfection and co-immunopreci-
pitation (co-IP) experiments (Figure 2B). Moreover, 
the GST pulldown assay revealed that eIF2α 
interacted with both the C9orf72 short protein isoform 
(C9S) and the C9orf72 long protein isoform (C9L) 
(Figure 2C). 

Next, we generated two C9orf72-KO HCT116 cell 
lines (named H1-3 and 63-1) using CRISPR/Cas9 
technology (Figure S3). Endogenous eIF2α and 
p-eIF2α (S51) co-IP experiments indicated that 
C9orf72 interacted with eIF2α and p-eIF2α (S51) in 
WT HCT116 cells (Figure 2D). The immunopreci-
pitates from two C9orf72-KO HCT116 cell lines were 



Theranostics 2022, Vol. 12, Issue 17 
 

 
https://www.thno.org 

7296 

used as controls (Figure 2D). At the same time, the 
interaction between C9orf72 and eIF2α was also 
detected in WT rat cerebral cortex and spleen tissues 
(C9orf72-KO rat immunoprecipitated samples were 
used as controls) (Figure 2E). We co-transfected 
HEK-293T cells with Flag-C9orf72 and HA tagged 
wild-type eIF2α, nonphosphorylatable eIF2α (S51A) 
or phosphomimetic eIF2α (S51D) and then performed 
co-IP assays to investigate the binding preference of 
C9orf72 for the nonphosphorylated or phospho-
rylated eIF2α form. The interaction of C9orf72 with 
the eIF2α (S51A) variant was obviously stronger than 
that of C9orf72 with the eIF2α (S51D) variant (Figure 
S4), suggesting that phosphorylation of eIF2α at 
serine 51 weakened the binding of C9orf72 to eIF2α. 

Finally, we further purified a truncated C9orf72 
protein isoform (C9T) containing the complete 
DENN-dDENN domain (Figure 2F) and MBP-tagged 
eIF2α to confirm the direct interaction of the two 
C9orf72 protein isoforms with eIF2α and to test which 
domains were necessary for the interaction. 
Strikingly, only recombinant GST-C9S and GST-C9L 
interacted with MBP-eIF2α (Figure 2G). Taken 
together, these results indicated that C9orf72 interacts 
with eIF2α and p-eIF2α (S51) and that the C9orf72 
short protein isoform containing a LONGIN domain 
is necessary for the interaction with eIF2α. 

Loss of C9orf72 weakens the interaction of 
eIF2α with eIF2B5, leading to global 
translation repression 

The eIF2B complex binds eIF2 and initiates 
translation by converting eIF2 from an inert 
GDP-bound state to an active GTP-bound state [4]. 
Phosphorylation at Ser 51 of the eIF2α subunit results 
in a stable interaction with eIF2B and interferes with 
eIF2-GDP/GTP exchange, mediating a decline in 
overall translation initiation [4]. Hence, regulating the 
interaction of eIF2 with eIF2B has a direct effect on 
eIF2-related translation initiation. 

We performed co-IP studies to detect the 
interaction of eIF2α with eIF2B5 in both normal 
HCT116 cells and cells under ER stress and to 
examine whether the loss of C9orf72 can affect the 
functions of eIF2α. eIF2B5, an essential component of 
the eIF2B complex, contains a GEF domain and a 
region that interacts with eIF2α [41]. First, 
tunicamycin (Tm) induced ER stress in HCT116 cell 
lines, as measured by the increased mRNA expression 
of GRP78, ATF4 and CHOP, as well as the expression 
of the GRP78 and ATF4 proteins (Figure S5A-C). 
Moreover, the co-IP analyses indicated that the loss of 
C9orf72 weakened the interaction of eIF2α with 
eIF2B5 in both normal HCT116 cells and cells under 
ER stress (Figure 3A, B). Likewise, the interaction 

between eIF2α and eIF2B5 was weakened in the 
cerebral cortex and spleen of C9orf72-null rats (Figure 
3C, D). However, the co-IP assay revealed that eIF2B5 
was not pulled down together with eIF2α when 
immunoprecipitating Flag-C9orf72 (Figure S6), 
suggesting that C9orf72 controlled the interaction of 
eIF2α with eIF2B5 by interacting with eIF2α instead of 
eIF2B5. Furthermore, we reconstituted C9orf72 KO 
HCT116 cells with Flag-tagged C9orf72 isoforms, as 
indicated in the schematic diagram (Figure 2F), and 
examined the interaction of eIF2α with eIF2B5. Only 
reconstitution with C9S or C9L, which interacted with 
eIF2α, restored the interaction of eIF2α with eIF2B5 in 
C9orf72 KO cells (Figure S7A, B). Overall, these results 
suggest a repression of eIF2B GEF activity toward 
eIF2 in C9orf72-null cell lines and rat tissues, which 
may lead to ER stress or SG-like translation inhibition. 

Given that the loss of C9orf72 weakened the 
interaction of eIF2α with eIF2B5, we hypothesized 
that the loss of C9orf72 could impair the function of 
the eIF2-eIF2B complex in translation initiation and 
repress global protein synthesis. To test this 
hypothesis, the SUnSET assay was used to quantify 
global translation levels in unstressed and 
arsenite-stressed HCT116 cell lines [39]. Here, cells 
treated with sodium arsenite (SA) were used as 
positive controls because SA can induce oxidative 
stress and HRI activation, leading to eIF2α 
phosphorylation and global translation repression [3, 
42]. The SA-induced increase in eIF2α phospho-
rylation was accompanied by a comparable reduction 
in overall protein translation compared with the 
levels in unstressed HCT116 cells (Figure 3E, F). 
Importantly, the loss of C9orf72 inhibited global 
translation in both unstressed and stressed HCT116 
cells, as measured by reduced puromycin 
incorporation (Figure 3E, F). We tested the roles of 
C9orf72 isoforms in translation initiation by 
reconstituting C9orf72 KO HCT116 cells with 
Flag-tagged C9orf72 isoforms and examining 
puromycin incorporation. Only reconstitution with 
C9S or C9L, which interacted with eIF2α, restored the 
global translation levels of C9orf72 KO cells (Figure 
S7C, D). The weak interaction of eIF2α with eIF2B5 
and the reduced global translation efficiency might 
sensitize C9orf72-/- cells to some stresses, such as 
arsenite stress. 

Loss of C9orf72 induces primary ER stress in 
the cerebral cortex, hippocampus and spleen 

Since eIF2α is a key factor in the PERK-eIF2 
branch of the UPR and an interaction between 
C9orf72 and eIF2α has been detected (Figure 2), we 
specifically measured the transcript levels of 
UPR-related genes using RT-qPCR. Here, we 
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observed an emerging state of ER stress in the cerebral 
cortex of 6-month-old C9orf72-KO rats that was 
characterized by the upregulation of Eif2s1, Atf4, 
Xbp1s, Grp78 and Jnk1 (Figure 4A). Furthermore, 
Eif2s1, Xbp1s, Atf6, Grp78, Ask1 and Jnk1 mRNA 
expression increased in the cerebral cortex of 
14-month-old C9orf72-KO rats (Figure 4A). By 6 
months and 14 months of age, levels of the Eif2s1, 

Chop, Xbp1s, Atf6, Grp78, Ask1, Jnk1 and Jnk2 
transcripts were increased to varying degrees in the 
hippocampus, indicating primary ER stress (Figure 
4B). In the spleen, we observed the significant 
upregulation of Xbp1s and Grp78, as well as the 
downregulation of Ask1 and Jnk1/2, suggesting the 
activation of the GRP78-IRE1-XBP1 branch rather 
than the GRP78-IRE1-ASK1-JNK branch (Figure 4C). 

 
Figure 3. Loss of C9orf72 weakens the interaction of eIF2α with eIF2B5 and inhibits global translation. (A) Lysates were prepared from either the DMSO- or Tm (1 μg/mL for 
24 h)-treated WT or C9orf72-/- (H1-3 and 63-1) HCT116 cell lines. Endogenous eIF2α was immunoprecipitated with an eIF2α antibody pre-coupled to Protein A/G magnetic beads followed 
by western blot analyses using antibodies against eIF2α or eIF2B5. The asterisk (*) indicates a nonspecific band. (B) Relative ratio of eIF2B5 to eIF2α based on the western blot results (A) (n 
= 3 independent experiments, means ± SD, two-way ANOVA with Fisher’s LSD test, *P ≤ 0.05, ***P ≤ 0.001, and ****P ≤ 0.0001). (C) Endogenous eIF2α in the cerebral cortex (top panel) 
or spleen (bottom panel) tissue from WT or C9orf72-null (KO-7 and KO-16) rats was immunoprecipitated with an eIF2α antibody pre-coupled to Protein A/G magnetic beads followed by 
western blot analyses using antibodies against eIF2α or eIF2B5. The asterisk (*) indicates a nonspecific band. (D) Relative ratio of eIF2B5 to eIF2α based on the western blot results (C) (n = 
3 independent experiments, means ± SD, unpaired two-tailed t-test, *P ≤ 0.05 and ***P ≤ 0.001). (E) Western blot analysis of puromycin incorporation and eIF2α and p-eIF2α (S51) protein 
levels in the Ctrl group (untreated HCT116 cell lines, negative control), Puromycin group (HCT116 cell lines treated with 3 μg/mL puromycin for 30 min) and SA + puromycin group (HCT116 
cell lines cotreated with 0.2 mM SA and 3 μg/mL puromycin for 30 min). β-Actin was used as a loading control. (F) Quantification of puromycin incorporation (upper panel) and the relative 
ratio of p-eIF2α (S51) to eIF2α (lower panel) based on the western blot results (E) (n = 4 independent experiments, means ± SD, two-way ANOVA with Fisher’s LSD test, *P ≤ 0.05, **P ≤ 
0.01, ***P ≤ 0.001, and ****P ≤ 0.0001). 
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Figure 4. Loss of C9orf72 induces ER stress in the cerebral cortex, hippocampus and spleen. (A-C) Analyses of the mRNA expression of UPR-related genes in the cerebral 
cortex (A), hippocampus (B), and spleen (C) from male WT, KO-7 and KO-16 rats at 6 months (top panels) and 14 months (bottom panels) (n = 5 or 6 rats of each genotype, means ± SD, 
unpaired two-tailed t-test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001). (D-F) Western blot analyses of ER stress marker (ratio of p-eIF2α (S51) to eIF2α, ATF4 and GRP78) levels 
in cerebral cortex (D), hippocampus (E), and spleen (F) samples from male WT, KO-7 and KO-16 rats at 6 months (left panels) and 14 months (middle panels). The quantification of the 
western blot results is shown in the charts on the right (n = 4 rats of each genotype, mean ± SD, unpaired two-tailed t-test, *P ≤ 0.05 and **P ≤ 0.01). β-Actin was used as a loading control. 
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Additionally, at the ages of 6 months and 14 
months, the western blot analyses of ER stress 
markers showed the upregulation of ATF4 and GRP78 
in three C9orf72-KO rat tissues (Figure 4D-F). 
However, at 6 months and 14 months of age, we did 
not observe obvious differences in UPR-related 
mRNA and protein expression in the spinal cord 
(Figure S8). Altogether, these data indicate that the 
loss of C9orf72 in rats leads to primary ER stress in the 
cerebral cortex, hippocampus and spleen but not in 
the spinal cord. 

ER stress induced by Tm increases apoptosis in 
C9orf72-null rat primary cerebral cortical 
neurons 

As shown in Figure S9A and B, C9orf72 KO 
increased the number of apoptotic primary neurons 
compared to WT primary neurons when treated with 
Tm. The increased Tm-induced apoptosis of the 
primary cerebral cortical neurons from C9orf72-null 
rats was relieved by the ER stress inhibitor 4-PBA 
(Figure S9A, B), suggesting that the primary neuron 
apoptosis induced by Tm was caused by ER stress. 
Similar results were obtained from the neutral red 
uptake (NRU) assay in HCT116 cells incubated with 
Tm and/or 4-PBA (Figure S9C). 

As expected, Tm-induced ER stress resulted in 
the upregulation of the ER stress markers GRP78 and 
ATF4 in the WT, KO-7 and KO-16 Tm-treated groups, 
which was suppressed by 4-PBA (Figure S9D, E). 
Moreover, the higher levels of cleaved Caspase3 and 
BAX were detected in the Tm-induced KO-7 and 
KO-16 groups, and these changes were relieved by 
4-PBA (Figure S9D, E). Based on these results, C9orf72 
KO neurons were more sensitive to ER stress, 
consistent with the data presented in Figure S9A and 
B. In brief, C9orf72 could protect cells from prolonged 
ER stress. 

Inhibition of ER stress by 4-PBA treatment 
reverses the immunophenotype in the 
C9orf72-null spleen 

Inflammation is considered an essential process 
in the development of ALS and FTD. As the 
C9orf72-null rats exhibited splenomegaly and cervical 
lymphadenopathy (Figure 1C, D; Figure S1D, E), 
which is commonly associated with diseases such as 
chronic lymphocytic leukemia [43], we investigated 
the expression of immune receptor and inflammatory 
cytokine genes using RNA-seq, RT-PCR and RT-qPCR 
assays. The RNA-seq heatmap of data from 
6-month-old and 14-month-old rat spleens showed 
significant upregulation of the expression of some 
immune receptor (Cxcr1, Trem2 and Tlr5) and 
inflammatory cytokine (Ccl3, Ccl9, Ebi3, Il-1a and 

Lilrb3) genes in C9orf72-null rats (Figure 5A). A 
substantial increase in the mRNA expression of the 
macrophage and monocyte receptor gene Trem2 was 
observed in C9orf72−/− spleens, along with the 
chemokine receptor gene Cxcr1 (Figure 5B, C). 
Significant increases in the expression levels of the 
inflammatory cytokine genes Ccl3, Ccl9 and Il-1a were 
also detected using RT-qPCR (Figure 5C). Here, Il-1b 
served as the negative control, which presented no 
change in mRNA expression according to the 
RNA-seq and RT-qPCR results (Figure 5C). These 
results suggested that C9orf72-null rats developed 
progressive splenomegaly with inflammation. 

Accumulating evidence now shows that ER 
stress contributes to disorders of the immune system 
[44]. Notably, the IRE1-XBP1 branch of the UPR plays 
an important role in immune responses by regulating 
the development, differentiation, function and 
survival of immune cells [44]. The compound 4-PBA 
relieves ER stress in different tissues, including the 
spleen [45]. We administered an intraperitoneal 
injection of 4-PBA into 15-day-old male WT and 
C9orf72-null rats for 30 days to examine whether the 
immunophenotype observed in C9orf72-null rats 
resulted from ER stress. As expected, at the age of 45 
days, spleens of the control C9orf72-null rats showed 
increases in both size and normalized weight 
compared to those of the control WT rats (Figure 5D, 
E). 4-PBA administration did not significantly change 
the spleen size or normalized weight in WT rats 
(Figure 5D, E). In contrast, the same treatment 
obviously decreased the normalized spleen weight 
and size in C9orf72-null rats (Figure 5D, E). 

Furthermore, a significant downregulation of 
Xbp1s and Grp78 mRNA levels was observed in the 
spleens of KO rats treated with 4-PBA, but no changes 
in Eif2s1, Atf4 and Chop mRNA expression were 
detected after 4-PBA treatment, showing that 4-PBA 
alleviated ER stress by reducing the activation of the 
GRP78-IRE1-XBP1 pathway in C9orf72-null spleens 
(Figure 5F). After relieving ER stress in C9orf72-null 
spleens, the RT-qPCR analysis of spleens from 
4-PBA-treated rats showed obvious decreases in the 
expression of the macrophage marker gene Trem2 and 
inflammatory cytokine genes, including Il-1a and Ccl9 
(Figure 5F). Collectively, these results indicated that 
4-PBA treatment reversed the immunophenotype 
found in the spleens of C9orf72-null rats, suggesting 
that the immunophenotype is a consequence of 
primary ER stress in C9orf72-null spleens. 

C9orf72 regulates stress granule formation by 
interacting with eIF2α 

Because the phosphorylation of eIF2α is a central 
trigger of SG formation [3], C9orf72 may be involved 
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in SG formation by interacting with eIF2α or p-eIF2α 
(S51). In particular, under some conditions, both 
eIF2α and p-eIF2α (S51) are recruited to SGs [46, 47]. 
In addition, the autophagy receptor p62 functions in 
the clearance of protein aggregates [48]. A recent 
report shows that C9orf72 is in a complex with p62 
and aids in eliminating SGs by autophagy [33]. 
Considering these previously reported findings 
together, we infer that the loss of C9orf72 may 
influence the formation and/or removal of SGs. Here, 
we determined whether C9orf72 controlled the 
formation and/or clearance of SGs by treating 
HCT116 cells and primary cerebral cortical neurons 
with SA to induce SG formation, and G3BP1 was used 
as an SG marker. The percentage of C9orf72-/- cells 
with SGs increased significantly compared to that of 
WT cells after 0.5 h of SA treatment (Figure 6A, B, D, 
E). Additionally, after recovery from arsenite stress, 
the loss of C9orf72 suppressed SG elimination (Figure 
6A-F). In summary, the loss of C9orf72 increases SG 
formation and impairs SG clearance. Furthermore, we 
reconstituted C9orf72 KO HCT116 cells with 
Flag-tagged C9orf72 isoforms to assess the roles of 
C9orf72 isoforms in SG formation and clearance. 
Reconstitution with C9S or C9L, which interacted 
with eIF2α, reduced the levels of SG formation in 
C9orf72 KO cells to those in WT cells (Figure S10A, B). 
Only reconstitution with C9L restored the SG 
clearance levels of C9orf72 KO cells (Figure S10).  

The presence of neuronal cytoplasmic aggregates 
containing the TAR DNA-binding protein 43 
(TDP-43), which are considered SGs, is one of the 
pathological hallmarks of ALS and FTD [6]. As the 
aforementioned data showed that C9orf72 played 
roles in SG formation and clearance, we attempted to 
investigate whether loss of C9orf72 led to the 
formation of cytoplasmic TDP-43 aggregates in the 
neurons of aged rats. However, cytoplasmic TDP-43 
aggregates and TDP-43 mislocalization were not 
observed in the cerebral cortical neurons and spinal 
motor neurons of 17-month-old C9orf72 KO rats 
(Figure S11), similar to the result from a conditional 
C9orf72-KO mouse model [49]. 

Finally, we overexpressed the Flag-tagged 
C9orf72 isoforms in HeLa cells to determine how 
C9orf72 affected SG formation and elimination by 
regulating the function of its interacting proteins 
eIF2α and p62. The overexpression of C9S or C9L in 
HeLa cells delayed SG formation under SA stress, but 
the overexpression of C9T in HeLa cells did not result 
in the same phenotype (Figure 6G, H). Additionally, 
only overexpression of C9L increased the clearance 
rate of SGs (Figure 6G-I). Finally, the co-IP studies 
showed that under basal conditions, both C9S and 
C9L tightly bound to eIF2α but that only C9L strongly 

interacted with p62 (Figure 6J). Compared with the 
control group, C9S and C9L showed stronger 
interactions with eIF2α when SGs formation and 
clearance were induced. Moreover, the level of p62 
bound to C9L was increased under the conditions of 
SG formation and clearance (Figure 6J). These data 
indicate that the short isoform domain of C9orf72 is 
necessary for interaction with eIF2α and the 
regulation of SG formation. Only the full-length 
C9orf72 protein can bind p62 to help remove SGs in 
stressed cells. 

Discussion 
In the present study, we explored how C9orf72 

regulated the function of its interacting protein eIF2α 
in translation initiation and stress responses. Using 
HCT116 cell and rat models, we found that C9orf72 
KO repressed global translation by reducing the 
interaction of eIF2α with eIF2B5. Moreover, the loss of 
C9orf72 led to ER stress-induced inflammation in the 
spleen via the activation of the GRP78-IRE1-XBP1 axis 
and hyperformation and persistence of SGs in 
stressed cells. Defects in this process might be relevant 
early events in the initiation of C9ALS/FTD 
pathogenesis. 

eIF2 is necessary for mRNA translation and can 
be regulated by phosphorylation at Ser51 of its eIF2α 
subunit. The evidence obtained in this study 
illustrates that C9orf72 interacts with eIF2α and 
p-eIF2α (S51) (Figure 2). The weakened interaction of 
eIF2α and eIF2B5 in C9orf72-/- HCT116 cell lines and 
rat tissues is assumed to be responsible for impairing 
the function of eIF2 in translation initiation, resulting 
in global translation inhibition in both unstressed and 
stressed cells (Figure 3). We propose that C9orf72 acts 
as a regulatory factor for the eIF2-eIF2B complex 
through its interaction with eIF2α. The eIF2-eIF2B 
interaction is mainly regulated by phosphorylation at 
Ser 51 of the eIF2α subunit [4]. Several studies 
reporting the structures of unphosphorylated or 
phosphorylated eIF2 bound to eIF2B suggested that 
phosphorylation at Ser 51 of the eIF2α subunit may 
strengthen the eIF2-eIF2B interaction by changing the 
conformation of eIF2 or/and increasing the affinity 
for eIF2B [50-52]. Moreover, when eIF2B catalyzes 
eIF2, the conformational change in eIF2 also alters the 
affinity of eIF2 and eIF2B [53]. One possible 
mechanism by which the loss of the C9orf72 protein 
weakens the interaction of eIF2 with eIF2B is that the 
loss of C9orf72 alters the conformation of eIF2. 
Obtaining structural information for the C9orf72-eIF2 
complex will definitely be the research focus of our 
future work. Dysfunction of eIF2B is associated with 
many neurodegenerative diseases. For example, many 
eIF2B mutations with reduced GEF activity cause 
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leukoencephalopathy with vanishing white matter 
[54]. Additionally, several reports show that ER stress 
and oxidative stress enhance RAN translation 
through the eIF2α-related integrated stress response 
[42, 55, 56]. Therefore, some meaningful future studies 
will explore whether the loss of C9orf72 favors RAN 
translation by dysregulating the function of eIF2, 
creating a potential feed-forward loop that might 
contribute to the disease pathogenesis. 

Unlike the gain-of-toxicity mechanism causing 
typical ALS-like motor deficits in mouse models 
[57-59], the C9orf72-null rats generated in this study 
did not develop motor deficits or anxiety-like 
behavior (Figure S2), similar to a C9orf72-KO mouse 
model [49]. However, the C9orf72-null rats developed 
other distinct symptoms, such as visible 
splenomegaly and cervical lymphadenopathy (Figure 
1C, D; Figure S1D, E). Strikingly, the expression of 
immune receptor genes (Cxcr1 and Trem2) and 
inflammatory cytokine genes (Ccl3, Ccl9 and Il-1a) 
was significantly increased in C9orf72-null rats (Figure 
5A-C). These characteristics were reminiscent of 
age-related inflammation in the spleen. Several 
previous studies have revealed analogous features of 
C9orf72-deficient mice [34-36]. Furthermore, the loss 
of C9orf72 in mice caused microglial inflammation 
accompanied by lysosomal transport defects [35]. The 
above findings suggest that people with low C9orf72 
levels are susceptible to autoimmune diseases. In 
particular, epidemiologic studies have shown that 
some symptoms of autoimmune diseases precede 
ALS and FTD, leading to a greater risk of motor 
neuron destruction in patients with ALS/FTD [60, 61]. 
Therefore, it is important to determine the upstream 
pathways of autoimmunity and inflammation 
triggered by the loss of C9orf72 and then to identify 
valuable upstream therapies that could prevent 
loss-of-C9orf72-linked neurological dysfunction. 

A recent study showed that activation of the 
cGAS–STING pathway in C9orf72−/− myeloid cells led 
to type I interferon-driven inflammation [37]. Our 
work differs by showing that the activation of the 
GRP78-IRE1-XBP1 axis is one of the causes of 
splenomegaly and inflammation in C9orf72−/− rats 
(Figure 4B; Figure 5D-F). Similarly, the IRE1-XBP1 
branch activated by ER stress can act synergistically 
with Toll-like receptor (TLR) signaling to promote 
cytokine production in macrophages [62]. Both in vitro 
and in vivo data have revealed the activation of the 
IRE1-XBP1 pathway in activated natural killer cells 
[63]. Consequently, the IRE1-XBP1 pathway is 
involved in the process of immune responses. 
Moreover, the loss of XBP1 in intestinal epithelial cells 
results in increased ER stress-induced inflammation 
[64]. TLRs activate XBP1 in macrophages to modulate 

innate immune responses [62]. It is plausible that both 
activation and impairment of the IRE1-XBP1 axis lead 
to the dysregulation of the downstream inflammatory 
pathway. However, the biological link between the 
loss of C9orf72 and GRP78-IRE1-XBP1 pathway- 
induced inflammation is still unclear, likely resulting 
from the cross-interaction among the three branches 
of the UPR. For instance, knockdown and 
pharmacological inhibition of PERK can enhance IRE1 
phosphorylation under ER stress, and the expression 
of XBP1s or active ATF6 can upregulate the 
PERK-eIF2α branch [65, 66]. Future investigations will 
test how the loss of C9orf72 activates the 
GRP78-IRE1-XBP1 axis and whether a similar altered 
pathway exists in C9ALS/FTD patients. 

We further revealed that C9orf72 protected 
neurons from severe and prolonged ER stress (Figure 
S9). C9ALS/FTD patients with C9orf72 haploinsuf-
ficiency might be more susceptible to stress-associated 
apoptosis. In addition, low C9orf72 expression in n2a 
cells and cortical neurons leads to sensitivity to 
cellular stress and strongly affects cell survival [24]. 
With increasing age, people with reduced expression 
of C9orf72 are more likely to develop ALS/FTD 
because of an inability to protect neurons from 
aging-related stress. This could partly explain the 
pathogenic mechanism of C9orf72 haploinsufficiency 
in C9ALS/FTD patients. Moreover, therapies aimed 
at alleviating stress in the brains and spinal cords of 
ALS/FTD patients may protect neurons from 
stress-associated apoptosis, thus delaying disease 
development. 

Under stress stimuli, the assembly and 
disassembly of SGs are in dynamic balance with 
mRNA metabolism and protein translation [3]. 
C9orf72, associated with p62, promotes the 
elimination of SGs via autophagy [33]. In this study, 
we highlight the conclusion that the loss of C9orf72 
promotes SG formation in cells under arsenite stress 
(Figure 6A, B, D, E), which is reminiscent of the role of 
UBQLN2 as a negative regulator of SG formation [67]. 
However, knockdown of C9orf72 does not increase SG 
formation in HeLa cells under arsenite stress [33]. This 
discrepancy may be due to different C9orf72 levels 
between knockout and knockdown and different cell 
lines. In addition, the reduced expression of VCP 
impairs SG clearance in mammalian cells [68]. 
Together, these ALS-related proteins UBQLN2, VCP 
and C9orf72 are involved in the regulation of SG 
dynamics, indicating that aberrant SG dynamics 
underlie the pathogenesis of ALS. An interesting field 
of future research will be to understand how these 
proteins affect SG dynamics in molecular detail and 
the physiological consequences of defects in this 
process. 
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Figure 5. Inhibition of ER stress by 4-PBA treatment reverses the immunophenotype of C9orf72-null spleen. (A) Heatmap showing the expression (log2(x + 1)-transformed 
RPKM values) of some immune receptor and inflammatory cytokine genes in 6-month-old and 14-month-old rat spleens. (B) RT-PCR analysis of the Cxcr1 mRNA level. (C) The mRNA 
expression levels of Trem2, Ccl3, Ccl9, Il-1a and Il-1b were detected using RT-qPCR (n = 3 rats of each genotype, means ± SD, unpaired two-tailed t-test, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). 
(D, E) Typical images of the spleens (D) and spleen weights (in milligrams) normalized to body weight (in grams) (E) in 45-day-old male WT and C9orf72-KO rats after 30 days of the 
intraperitoneal injection of vehicle or 4-PBA (n = 6 or 7 rats in each group, means ± SD, two-way ANOVA and followed by Tukey’s post hoc test, **P ≤ 0.01 and ****P ≤ 0.0001). (F) Analyses 
of the mRNA expression of Xbp1s, Grp78 and other ER stress markers, as well as the immune-related genes Trem2, Ccl3, Ccl9 and Il-1a, in the spleens of rats treated with either vehicle or 
4-PBA (n = 6 or 7 rats in each group, means ± SD, two-way ANOVA and followed by Tukey’s post hoc test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001). 
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Figure 6. C9orf72 regulates stress granule formation by interacting with eIF2α. (A) Images of immunofluorescence staining of WT and C9orf72-/- (H1-3) HCT116 cells in response 
to SA stress (0.5 h, 0.2 mM SA) with or without one hour of recovery after the removal of SA. DAPI (blue) marks the nucleus, and mCherry-G3BP1 (red) marks SGs. Scale bars: 50 μm (WT 
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and H1-3) and 20 μm (WT and H1-3 Zoom 4x). (B) Quantification of the percentage of HCT116 cells with SGs in (A); 95–154 cells were counted under each condition. (C) Quantification 
of the SG clearance rate calculated from (B). (D) Confocal images of WT or C9orf72-/- (KO-7 and KO-16) rat primary cerebral cortical neurons in response to SA stress (0.5 h, 0.05 mM SA) 
with or without one hour of recovery after the removal of SA. DAPI (blue) marks the nucleus, G3BP1 (green) marks SGs, and TUJ1 (red) marks neurons. Scale bars: 50 μm (G3BP1) and 20 
μm (Zoom 4x G3BP1). (E) Quantification of the percentage of cerebral cortical neurons containing SGs in (D); 86–202 neurons were counted per condition. (F) Quantification of the SG 
clearance rate calculated from (E). (G) Immunofluorescence microscopy of HeLa cells expressing Flag-tagged proteins (Flag, Flag-C9S, Flag-C9T or Flag-C9L) treated with SA (0.2 mM) for 0.5 
h with or without one hour of recovery after the removal of SA. DAPI (blue) marks the nucleus, G3BP1 (green) marks SGs, and Flag (red) stains Flag-tagged proteins. Scale bars: 50 μm. (H) 
Quantification of the percentage of cells containing SGs in HeLa cells expressing Flag-tagged proteins in (G); 92–175 cells were counted per condition. (I) Quantification of the SG clearance 
rate calculated from (H). (J) Lysates were prepared from HeLa cells overexpressing Flag-tagged proteins that were cultured under basal conditions, or SA stress conditions (0.5 h, 0.2 mM SA) 
with or without one hour of recovery. Flag-tagged proteins were immunoprecipitated with a Flag antibody pre-coupled to Protein A/G magnetic beads followed by western blot analysis using 
antibodies against Flag, eIF2α or p62. The asterisk (*) indicates a nonspecific band. In (B, C, E, F, H and I), data are presented as the means ± SD of three independent experiments. In (B, E, and 
H), two-way ANOVA was used and followed by Tukey’s post hoc test. Unpaired two-tailed t-test was used in (C and F). In (I), one-way ANOVA was used, followed by Tukey’s post hoc test. 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. 

 
In fact, abnormal cytoplasmic inclusions 

containing TDP-43, which are considered SGs, are 
histologically detected in most ALS and FTD patients 
[6]. Under stress conditions, SGs can assemble other 
ALS-related proteins, such as UBQLN2 and VCP [67, 
68]. ALS-causing mutations in UBQLN2 weaken its 
interaction with FUS, thus impairing the function of 
UBQLN2 in modulating SG formation [67]. The 
ALS/FTD-linked mutation p62G427R enhances the 
formation of TDP-43-positive SGs upon arsenite stress 
[69]. Additionally, disease-linked mutations in VCP 
result in the formation of SG-containing TDP-43 and 
mutant VCP itself [68]. Similarly, repetitive RNA and 
DPRs from GGGGCC repeat expansions of C9orf72 
induce the abnormal accumulation of SGs and disrupt 
the dynamics of SGs [70-74]. Hence, these findings 
support the hypothesis that some related pathologies 
of ALS and FTD are caused by hyperformation or 
persistence of SGs. However, in certain circumstances, 
the overexpression of GGGGCC repeat expansions in 
mice does not reproduce all the pathological 
symptoms of ALS/FTD patients [59, 75]. Notably, 
direct evidence suggests that the neurodegenerative 
features of patients with ALS/FTD are a joint 
consequence of loss-of-function and gain-of-toxicity 
mechanisms [23, 76, 77]. The decrease in C9orf72 
levels in neuron and mouse models disrupts 
endosome and lysosome functions as well as the 
autophagy pathway, which affects the removal of 
DPRs and thereby increases their cumulative toxicity, 
ultimately leading to neurodegeneration [23, 76, 77]. 
Since C9orf72 is an effector of SG formation and 
elimination (Figure 6), we presume that C9orf72 
deficiency promotes pathological SG persistence 
caused by a gain of toxicity in patients with 
ALS/FTD, exacerbating the condition of patients. All 
of the above findings suggest that the loss of C9orf72 
may act synergistically with a gain-of-toxicity 
mechanism in C9ALS/FTD pathogenesis and indicate 
that limiting SG hyperformation and enhancing SG 
removal may be feasible strategies for the treatment of 
C9ALS/FTD. 

Collectively, our data show that C9orf72 is a 
molecular determinant implicated in the eIF2α-related 
stress response signaling pathway and thus plays 
roles in translation initiation, the development of ER 

stress-induced inflammation, the stress response and 
neuroprotection. Importantly, the environment- 
related gut microbiota significantly affects the 
phenotype of C9orf72-null mice, ultimately affecting 
their lifespan [78]. These findings may explain the 
difference in lifespan between two groups of 
C9orf72-null mice with similar genetic backgrounds 
[34, 35], which emphasizes the importance of 
environmental factors in animal survival. Altogether, 
the evidence suggests that the loss of C9orf72, 
resulting in eIF2α-related stress response dysfunction 
and sensitivity of cells to the environment, may be 
involved in the full pathological spectrum of ALS and 
FTD. 
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