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Introduction
The genetic etiologies that underlie amyotrophic lateral sclerosis (ALS) are diverse (1). This underscores the 
need to identify therapeutic targets that are broadly efficacious. The identification of  pathophysiological pro-
cesses that are shared between sporadic ALS patients could enable the development of  broadly efficacious 
therapeutics. Genetic, neuropathological, and pharmacological approaches implicate aberrant proteostasis 
and neuronal excitability in ALS and other neurodegenerative diseases (2–6), but the mechanisms that drive 
defective proteostasis and hyper- or hypoexcitability in patient neurons are unclear, and it is unknown if  there 
are therapeutic targets that will be capable of  mitigating these processes in multiple different ALS subtypes.

The lack of  models for sporadic ALS has hampered efforts to identify disease mechanisms and ther-
apeutic targets that apply broadly to multiple sporadic forms of  ALS (3, 7). To address this, we derived 
induced pluripotent stem cells (iPSCs) from a cohort of  sporadic ALS patients and generated induced 
motor neurons (iMNs) from these iPSCs. We show that similarly to C9ORF72 ALS iMNs, the sporadic 
ALS iMNs from all 6 donors degenerate significantly faster than controls and show pronounced mislocal-
ization of  transactive response DNA-binding protein 43 kDa (TDP-43). Thus, these sporadic ALS iMNs 
display relevant disease processes.

We hypothesized that phenotypic analysis of  iMNs from these sporadic ALS patients and C9ORF72 
ALS/frontotemporal dementia (FTD) patients would enable the identification of  degenerative mechanisms 

Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disease with diverse etiologies. 
Therefore, the identification of common disease mechanisms and therapeutics targeting these 
mechanisms could dramatically improve clinical outcomes. To this end, we developed induced 
motor neuron (iMN) models from C9ORF72 and sporadic ALS patients to identify targets that are 
effective against these types of cases, which together comprise approximately 90% of patients. 
We find that iMNs from C9ORF72 and several sporadic ALS patients share 2 common defects 
— impaired autophagosome formation and the aberrant accumulation of glutamate receptors. 
Moreover, we show that an anticoagulation-deficient form of activated protein C, 3K3A-APC, 
rescues these defects in both C9ORF72 and sporadic ALS iMNs. As a result, 3K3A-APC treatment 
lowers C9ORF72 dipeptide-repeat protein (DPR) levels, restores nuclear TDP-43 localization, and 
rescues the survival of both C9ORF72 and sporadic ALS iMNs. Importantly, 3K3A-APC also lowers 
glutamate receptor levels and rescues proteostasis in vivo in C9ORF72 gain- and loss-of-function 
mouse models. Thus, motor neurons from C9ORF72 and at least a subset of sporadic ALS patients 
share early defects in autophagosome formation and glutamate receptor homeostasis and a single 
therapeutic approach may be efficacious against these disease processes.
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that are shared by C9ORF72 and at least a subset of  sporadic ALS motor neurons. We further hypothesized 
that pharmacologic agents capable of  normalizing these phenotypes in C9ORF72 and sporadic ALS iMNs 
might also rescue neurodegeneration and lead to the identification of  therapeutic targets with broad efficacy 
in the ALS population.

Indeed, we find that C9ORF72 and these sporadic ALS iMNs share defects in autophagosome 
formation and the aberrant accumulation of  glutamate receptors. We find that an engineered, anti-
coagulation-deficient form of  activated protein C called 3K3A-APC, but not heat-inactivated 3K3A-
APC (inactive 3K3A-APC), can restore autophagosome formation in both C9ORF72 ALS/FTD and 
sporadic ALS iMNs. Interestingly, 3K3A-APC also normalizes glutamate receptor levels in C9ORF72 
and sporadic ALS iMNs. As a result of  these activities, 3K3A-APC lowers dipeptide-repeat protein 
(DPR) levels in C9ORF72 ALS/FTD iMNs, and potently restores nuclear TDP-43 localization and the 
normal survival of  both C9ORF72 and sporadic ALS iMNs. We show that the ability of  3K3A-APC to 
rescue ALS iMN survival is dependent on its ability to activate protease-activated receptor 1 (PAR1), 
identifying PAR1 as a therapeutic target for both C9ORF72 and sporadic ALS. Importantly, 3K3A-
APC also rescues glutamate receptor levels and proteostasis impairments in vivo. Thus, motor neurons 
from C9ORF72 and at least a subset of  sporadic ALS patients share common defects in autophagosome 
formation and glutamate receptor homeostasis, and pharmacologic rescue of  these defects by PAR1 
activation may slow or prevent neurodegeneration in a substantial fraction of  ALS cases.

Results
Identification of  neurodegenerative phenotypes in iMNs from sporadic ALS patients. We and others have shown that 
iPSC-based models can recapitulate ALS disease processes, provided the iPSC donors harbor ALS-causing 
genetic variants (4–6, 8–12). As a key example, we have shown that iMNs from control lines consistently 
survive longer than iMNs from C9ORF72 ALS lines (n = 4 controls and n = 6 C9ORF72 ALS patients) (4, 5, 
8). Because all environmental factors are held constant among the different lines in the iMN survival assay, 
we reasoned that sporadic ALS patients whose iMNs degenerate significantly faster than control iMNs 
likely harbored genetic mutations that promoted their observed motor neuron disease. Therefore, these 
sporadic ALS iMNs could serve as models of  sporadic ALS.

To identify sporadic ALS iPSC lines whose iMNs degenerated more rapidly than controls, we gener-
ated iPSCs from 6 sporadic ALS patients. We did not bias our selection of  sporadic ALS samples based 
on genetic or clinical information. Whole-genome or -exome sequencing and repeat-primed PCR for the 
C9ORF72 locus showed that the 6 sporadic ALS patients did not contain rare variants in known ALS genes, 
nor a C9ORF72 repeat expansion (Supplemental Figure 1, A and B, and Supplemental Tables 1 and 2; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127736DS1).

To confirm our previous findings showing that iMNs derived from patients harboring ALS-causing 
genetic mutations display rapid neurodegeneration in vitro (4, 5, 8), we used transcription factor–medi-
ated conversion (4, 13) to generate iMNs from fibroblast-like cells derived from 3 control and 3 C9ORF72 
ALS patient iPSC lines that we previously established and characterized (Figure 1A, Supplemental Table 
1, and ref. 4). To track individual iMNs, we labeled them using an Hb9::RFP lentivirus that accurately 
labels HB9+ motor neurons derived in this manner (refs. 4, 5, 8, Figure 1A, and Supplemental Figure 1C) 
and used robotic microscopy and longitudinal tracking of  iMNs to measure their survival (ref. 4 and Fig-
ure 1B). The density of  Hb9::RFP+ iMNs corresponded to an approximately 10%–25% conversion rate 
and was similar across the different control and C9ORF72 ALS lines, and iMNs showed consistent sur-
vival across the range of  iMN densities used in our experiments (Supplemental Figure 1, C–E). The vast 
majority of  neurons in iMN cultures were motor neurons, with only rare tyrosine hydroxylase+ (dopa-
minergic neuron marker) or CTIP2+ (cortical neuron marker) neurons detected (Supplemental Figure 
1, F–I). iMN cultures were supplemented with primary mouse mixed glia to facilitate iMN maturation.

Consistent with our previous studies (4, 8), a 12-hour pulse treatment of  10 μM glutamate induced 
significantly faster degeneration of  C9ORF72 patient iMNs compared with controls (Figure 1, B [individual 
lines shown] and C [iMNs from all control or patient lines combined into a single trace for clarity], and 
Supplemental Figure 1, J and K). Glutamate treatment was not strictly required to elicit this effect, as with-
drawal of  neurotrophic factor supplementation also selectively induced the rapid degeneration of  C9ORF72 
patient iMNs without glutamate treatment (Figure 1D and Supplemental Figure 1L). Thus, ALS-causing 
mutations can cause iMNs to degenerate significantly faster than those from controls.
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Figure 1. Identification of neurodegenerative phenotypes in sporadic ALS patient iMNs. (A) Production of Hb9::RFP+ iMNs and survival tracking 
by time-lapse microscopy. (B and C) Survival of control (CTRL) and C9ORF72 ALS patient (C9-ALS) iMNs with a 12-hour pulse treatment of excess 
glutamate shown for each individual line separately (B), or for iMNs from all lines in aggregate (C). For B and C, n = 90 iMNs per line for 3 control and 
2 C9-ALS lines, iMNs quantified from 3 biologically independent iMN conversions per line. (D) Survival of control and C9ORF72 ALS patient iMNs 
after withdrawal of neurotrophic factor supplementation. iMNs from all control or C9ORF72 patient lines shown in aggregate. n = 90 iMNs per line 
for 3 control and 3 C9-ALS lines, iMNs quantified from 3 biologically independent iMN conversions per line. (E and F) Survival of control and sporadic 
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With either pulsatile glutamate treatment or neurotrophic factor withdrawal, iMNs from all 6 sporadic 
ALS patients degenerated significantly faster than control iMNs (Figure 1, B–F, and Supplemental Figure 
1, M and N). iMNs derived from additional iPSC clones from the same sporadic ALS patients also degener-
ated faster than control iMNs (Supplemental Figure 1, O–Q). Thus, iMNs derived from these sporadic ALS 
patients degenerate significantly faster than controls and at a similar rate to C9ORF72 ALS iMNs. These 
findings strongly suggest that the donor sporadic ALS patients from which these iMNs were derived har-
bored genetic variants that contributed to their motor neuron disease. Therefore, iMNs from these patients 
have the potential to provide insights into mechanisms of  neurodegeneration in sporadic ALS cases.

A key molecular hallmark of  ALS is the nuclear depletion and cytoplasmic accumulation of  TDP-43 
in motor neurons (14). The cytosolic accumulation of  TDP-43 is thought to drive motor neuron degenera-
tion (14, 15). Immunofluorescence verified that both C9ORF72 and sporadic ALS iMNs possessed a lower 
nuclear-to-cytoplasmic ratio of  TDP-43 than controls (Figure 1, G–I; 2 controls, 2 C9ORF72 ALS, and 6 
sporadic ALS patients). Thus, these sporadic ALS iMNs exhibit neurodegenerative processes.

C9ORF72 and sporadic ALS iMNs share autophagosome abnormalities that are rescued by 3K3A-APC. To iden-
tify shared disease mechanisms between C9ORF72 and sporadic ALS motor neurons, we performed pheno-
typic analysis of  patient iMNs. Previous studies have shown that reducing C9ORF72 protein levels using 
siRNAs impairs autophagosome formation in neurons (16, 17). To determine if  the reduction in C9ORF72 
protein levels caused by the C9ORF72 repeat expansion (4) is sufficient to block autophagosome formation 
in motor neurons, we expressed an mRFP-GFP-LC3 construct in iMNs to enable quantification of  auto-
phagosomes, which are GFP+ and mRFP+, whereas autolysosomes are only mRFP+ due to the lability of  
GFP at the acidic pH of  lysosomes (18). Treatment with 50 nM bafilomycin to block autophagosome-lyso-
some fusion significantly increased the number of  GFP+mRFP+ vesicles, indicating that this system could 
accurately monitor autophagosome number in iMNs (Figure 2A [CTRL, –bafilomycin vs. CTRL, +bafi-
lomycin] and Supplemental Figure 2A; 3 controls). C9ORF72 ALS iMNs contained significantly fewer 
GFP+mRFP+ vesicles than controls (Figure 2, A and B [CTRL, inactive 3K3A-APC, +bafilomycin vs. 
C9-ALS, inactive 3K3A-APC, +bafilomycin]; 3 controls and 3 C9ORF72 ALS patients), indicating that 
autophagosome formation was impaired in C9ORF72 ALS iMNs.

Interestingly, in the presence of  50 nM bafilomycin, sporadic ALS iMNs also contained significantly 
fewer GFP+mRFP+ vesicles than controls (Figure 2, A and C, and Supplemental Figure 2B; 3 controls and 
5 sporadic ALS patients), indicating that autophagosome formation was impaired in sporadic ALS iMNs. 
Thus, both the C9ORF72 and sporadic ALS iMNs display decreased rates of  autophagosome formation.

C9ORF72 regulates autophagy by promoting the RAB1A-dependent trafficking of  the ULK1 autopha-
gy initiation complex to the phagophore (16). Consequently, mTOR inhibitors were shown to be ineffective 
at rescuing autophagosome formation in C9ORF72-deficient neurons and it is unclear if  pharmacological 
agents can restore normal autophagy initiation (16).

In surveying pharmacological agents that might be capable of  promoting autophagosome formation 
in C9ORF72 ALS iMNs, we identified activated protein C as a possible candidate. Activated protein C is 
an endogenous blood serine protease with both anticoagulant and cytoprotective activities, that latter of  
which is mediated by the activation of  PAR1 through non-canonical cleavage (19). Zhong and colleagues 
previously showed that activated protein C treatment can rescue neurodegeneration in SOD1G93A mice 
(20) and promote autophagosome formation in murine lung epithelial cells (21). However, it remained 
unclear if  activated protein C could stimulate autophagosome formation in C9ORF72 ALS iMNs, rescue 
neurodegeneration in non-SOD1 forms of  ALS, or rescue neurodegenerative processes in patient-derived 
motor neurons. To test these possibilities, we used 3K3A-APC, an engineered form of  activated protein C 

ALS (sALS) patient lines after glutamate treatment (E) or withdrawal of neurotrophic factor supplementation (F). iMNs from all control or C9ORF72 
patient lines shown in aggregate. n = 90 iMNs per line for 3 control and 6 (E) or 5 (F) sporadic ALS lines, except sALS6 which had 60 (E) or 40 (F) 
iMNs counted. iMNs quantified from 3 biologically independent iMN conversions per line. (G–I) Immunofluorescence analysis of total TDP-43 (G) and 
quantification of the ratio of nuclear to cytoplasmic TDP-43 in control, C9-ALS (H), or sporadic ALS (I) iMNs. Ratio of nuclear to cytoplasmic TDP-43 
in individual iMNs treated with 10 nM inactive 3K3A-APC or 3K3A-APC for 6 days. iMNs from 2 controls and 2 C9-ALS patients (H) or 4 sporadic ALS 
patients (I) were quantified. n = 30 (controls), 30 (C9-ALS), or 36 (sporadic) iMNs per line per condition from 2 biologically independent iMN conver-
sions of 2 control, 2 C9-ALS, or 4 sporadic ALS lines were quantified. Each gray circle represents a single iMN. Median ± interquartile range. Unpaired 
Mann-Whitney test. Scale bars: 5 μm. Dotted lines outline the nucleus and cell body. For iMN survival experiments, significance was measure by 
2-sided log-rank test using the entire survival time course. The day of differentiation stated on each panel indicates the day of differentiation on 
which the experimental treatment or time course was initiated.
 

https://doi.org/10.1172/jci.insight.127736
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd


5insight.jci.org      https://doi.org/10.1172/jci.insight.127736

R E S E A R C H  A R T I C L E

Figure 2. C9ORF72 and sporadic ALS iMNs share autophagosome formation abnormalities that are rescued by 3K3A-APC. (A) mRFP-GFP-LC3 fluores-
cence in control, C9-ALS, or sporadic ALS  (sALS) iMNs treated with or without 50 nM bafilomycin and 10 nM inactive 3K3A-APC or 3K3A-APC. Scale bars: 
5 μm. Solid and dotted lines outline the cell body and nucleus, respectively. Cell bodies were visualized with mRFP-GFP-LC3 fluorescence using a longer 
exposure and increased gain. (B and C) Number of RFP+GFP+ vesicles per iMN in control, C9-ALS (B), or sporadic ALS (C) iMNs treated with 10 nM inactive 
3K3A-APC or 3K3A-APC and 50 nM bafilomycin for 24 hours. iMNs from 3 controls, 3 C9-ALS (B), and 5 sporadic ALS (C) patients were quantified. n = 12 
iMNs per line per condition across 2 independent iMN conversions were quantified. Each gray circle represents a single iMN. Median ± interquartile range. 
Kruskal-Wallis testing. (D) qRT-PCR analysis of mRNA levels of ATG5 and ATG10 in C9-ALS iMNs treated with 10 nM inactive 3K3A-APC or 3K3A-APC 
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in which 3 active-site lysine residues required for degrading factor Va and VIIIa are changed to alanine, 
resulting in a 90% reduction in anticoagulant activity but full retention of  PAR1 activation ability (22). 
3K3A-APC is well tolerated in mice under chronic dosing at levels that activate PAR1 within the central 
nervous system, and short-term peripheral administration is safe in monkeys (20, 23, 24). As a negative 
control for these studies, we used heat-inactivated 3K3A-APC.

3K3A-APC potently rescued autophagosome formation in C9ORF72 ALS iMNs, as determined by 
its ability to increase the number of  GFP+mRFP+ vesicles in bafilomycin-treated iMNs (Figure 2, A and 
B [C9-ALS, inactive 3K3A-APC, +bafilomycin vs. C9-ALS, 3K3A-APC, +bafilomycin]; 3 controls and 3 
C9ORF72 ALS patients). Interestingly, 3K3A-APC also increased autophagosome formation in sporadic 
ALS iMNs (Figure 2, A and C [sporadic ALS, inactive 3K3A-APC, +bafilomycin vs. sporadic ALS, 3K3A-
APC, +bafilomycin]; 3 controls and 5 sporadic ALS patients, and Supplemental Figure 2B), indicating 
that is also capable of  rescuing C9ORF72-independent autophagy impairments. Western blot analysis of  
C9ORF72 ALS motor neurons showed that 3K3A-APC increased the ratio of  LC3-II to LC3-I in the pres-
ence of  bafilomycin, verifying the results of  the mRFP-GFP-LC3 assay (Supplemental Figure 2, C and D). 
Therefore, 3K3A-APC treatment rescues autophagosome formation in C9ORF72 and sporadic ALS iMNs.

To determine how 3K3A-APC might stimulate autophagosome formation, we performed RNA 
sequencing (RNA-Seq) on C9ORF72 ALS iMNs treated with 3K3A-APC or inactive 3K3A-APC for 3 
days (2 C9ORF72 ALS patients). Consistent with our findings in the mRFP-GFP-LC3 and immunoblot 
assays, both Ingenuity Pathway Analysis (IPA) and KEGG pathway analysis revealed “autophagy” as one 
of  the most significantly enriched gene sets (Supplemental Figure 2, E–H). RNA-Seq and quantitative real-
time PCR (qRT-PCR) showed that 3K3A-APC significantly increased the expression of  ATG5 and ATG10, 
which encode proteins with key roles in driving autophagosome formation (ref. 25, Figure 2D [qRT-PCR], 
Supplemental Figure 2I [RNA-Seq], and Supplemental Table 4). Thus, 3K3A-APC increases the expres-
sion of  genes encoding autophagy-initiating factors in ALS iMNs.

Although mTOR inhibitors were ineffective at rescuing autophagosome formation in C9ORF72-de-
ficient cells (16), we wondered whether this approach might be effective in sporadic ALS iMNs. Indeed, 
treatment with 10 μM rapamycin significantly increased autophagosome formation in sporadic ALS iMNs 
(Supplemental Figure 2, J and K).

C9ORF72 ALS iMNs have fewer lysosomes than control iMNs (4), which could affect autophagic 
flux downstream of  autophagosome formation. To determine if  3K3A-APC affects lysosome number in 
C9ORF72 ALS iMNs, we examined the number of  LAMP2+ vesicles in iMNs (4). 3K3A-APC restored 
normal lysosome numbers in C9ORF72 ALS iMNs (Figure 2E; 2 controls and 2 C9ORF72 ALS patients, 
and Supplemental Figure 2, L and M). 3K3A-APC did not alter C9ORF72 protein (Supplemental Figure 
2, N and O; 3 C9ORF72 ALS patients) or mRNA levels (Supplemental Figure 2P) in C9ORF72 ALS iMNs. 
Therefore, 3K3A-APC rescues lysosome numbers in C9ORF72 ALS iMNs without altering C9ORF72 levels.

iMNs from 3 of 6 sporadic lines also had significantly fewer LAMP2+ vesicles than control iMNs, and 
3K3A-APC treatment rescued the number of lysosomes in these lines (Figure 2F and Supplemental Figure 2, 
M and Q). Thus, iMNs from some, but not all sporadic ALS lines display low lysosome numbers. However, for 
those that do show low lysosome numbers, 3K3A-APC can rescue this phenotype.

Consistent with the notion that rescuing lysosome numbers in C9ORF72 ALS iMNs might enable 
autophagic flux even with increased autophagosome formation, the increase in the ratio of  GFP+m-
RFP+ vesicles to GFP–mRFP+ vesicles upon 3K3A-APC treatment was modest compared with the 
overall increase in GFP+mRFP+ vesicles in both C9ORF72 and sporadic ALS iMNs (Supplemental 
Figure 2, R and S; 3 C9ORF72 ALS patients and 5 sporadic ALS patients). Thus, 3K3A-APC treatment 
increases autophagy in C9ORF72 and sporadic ALS iMNs by rescuing both autophagosome formation 
and lysosome numbers.

for 3 days. n = 4 independent iMN conversions and treatments per condition. Each gray circle represents a single RNA sample. Mean ± SD. Two-tailed t 
test, unpaired. (E) Number of LAMP2+ vesicles in control or C9-ALS iMNs treated with 10 nM inactive 3K3A-APC or 3K3A-APC for 24 hours. iMNs from 2 
controls and 2 C9-ALS patients were quantified. n = 21 iMNs per line per condition across 2 independent iMN conversions were quantified. Each gray circle 
represents a single iMN. Mean ± SEM. One-way ANOVA. (F) Number of LAMP2+ vesicles in control or sporadic ALS iMNs treated with 10 nM inactive 3K3A-
APC or 3K3A-APC for 24 hours. Each gray circle represents a single iMN. iMNs from 2 controls and 6 sporadic ALS patients were quantified. n = 33 iMNs per 
line per condition across 2 independent iMN conversions were quantified. Median ± interquartile range. Kruskal-Wallis testing. The day of differentiation 
stated on each panel indicates the day of differentiation on which the experimental treatment or time course was initiated.
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Rescue of  autophagosome abnormalities by 3K3A-APC improves proteostasis. To determine if  the effects of  
3K3A-APC on stimulating autophagy in C9ORF72 and sporadic ALS iMNs were sufficient to lower DPR 
and cytoplasmic TDP-43 levels, we first measured levels of  glycine-arginine [poly(GR)] and proline-argi-
nine [poly(PR)] DPRs in C9ORF72 ALS iMNs with and without 3K3A-APC treatment. Treatment with 
3K3A-APC for 6 days reduced the number of  nuclear poly(GR)+ and poly(PR)+ punctae in C9ORF72 ALS 
iMNs to control levels (Figure 3, A–C, and Supplemental Figure 3, A–E; 2 controls and 2 C9ORF72 ALS 
patients). Dot blot analysis for poly(GR) confirmed the decrease in iMNs after 3K3A-APC treatment 
(Figure 3, D and E). Moreover, 3K3A-APC reduced total nuclear and cytoplasmic levels of  poly(GR)+ 
and poly(PR)+ punctae in C9ORF72 ALS iMNs (Supplemental Figure 3, F–H and J–L) and did not signifi-
cantly alter the ratio of  nuclear to cytoplasmic poly(PR)+ punctae, although it slightly lowered the ratio of  
nuclear to cytoplasmic poly(GR)+ punctae intensity (Supplemental Figure 3, I and M). These data indi-
cate that 3K3A-APC treatment decreased both nuclear and cytoplasmic levels of  DPRs. qRT-PCR using 
primers specific for C9ORF72 variants 1 and 3 (Supplemental Table 3) showed that 3K3A-APC did not 
reduce RNA levels of  the repeat expansion (Supplemental Figure 3N), excluding the possibility that the 
reduced DPR levels were caused by transcriptional repression. 3K3A-APC also did not alter the expres-
sion of  genes associated with the integrated stress response (Supplemental Figure 3O), indicating that its 
ability to lower DPR levels was independent of  this pathway.

Since 3K3A-APC treatment lowered DPR levels, we wondered if  this effect was significant enough to 
prevent DPR-induced neurodegeneration. To test this, we measured the ability of  3K3A-APC to rescue the 
degeneration caused by the overexpression of  a GR(50)-GFP fusion protein in control iMNs. 3K3A-APC 
significantly reduced the total intensity of  GR(50)-GFP and GR(50)-GFP punctae size, indicating that it 
reduced GR(50)-GFP levels (Supplemental Figure 3, P and Q). Moreover, 3K3A-APC increased the survival 
of  GR(50)-GFP–expressing iMNs, indicating that it prevents DPR-induced neurodegeneration (Figure 3F).

Because autophagy induction can enhance TDP-43 turnover in motor neurons (26), we wondered 
whether 3K3A-APC treatment could prevent the cytoplasmic accumulation of  TDP-43 in ALS iMNs. 
3K3A-APC treatment for 6 days significantly increased the nuclear-to-cytoplasmic ratio of  TDP-43 in 
C9ORF72 and sporadic ALS iMNs to control levels (Figure 3, G–J; 2 controls, 2 C9ORF72 ALS, and 6 spo-
radic ALS patients). Thus, 3K3A-APC treatment can rescue autophagosome formation, lower DPR levels 
in C9ORF72 ALS iMNs and rescue DPR-mediated neurotoxicity, and reverse the cytosolic accumulation of  
TDP-43 in C9ORF72 and sporadic ALS patient iMNs.

C9ORF72 and sporadic ALS iMNs have elevated glutamate receptor levels that are normalized by 3K3A-APC. 
Studies in patients and animal and cell models have linked neuronal hyperexcitability to ALS (6, 27–32), 
but it remains unclear if  there are common cell-autonomous mechanisms that drive hyperexcitability in dif-
ferent ALS patients. We previously found that reduced C9ORF72 levels lead to elevated surface-bound lev-
els of  glutamate receptors in C9ORF72 ALS iMNs, C9ORF72-deficient mice, and C9ORF72 patients, and 
that these differences were not caused by differential gene expression (4). We also showed that the elevated 
glutamate receptor levels increased sensitivity to glutamate-induced excitotoxicity in vitro and in vivo (4).

To determine if  increased glutamate receptor levels might be a conserved mechanism that drives hyper-
excitability in multiple forms of  ALS, we examined levels of  the NR1 NMDA receptor subunit in neurites 
of  control, C9ORF72 ALS, and sporadic ALS iMNs by immunostaining. Similarly to our previous study, 
C9ORF72 iMNs possessed significantly more NR1+ punctae on neurites than control iMNs (Figure 4, A 
and B; 2 controls and 2 C9ORF72 ALS patients, and ref. 4). Colabeling with a MAP2-specific antibody 
verified that the NR1+ punctae that were increased in abundance were localized on dendrites (Supplemen-
tal Figure 4, A and B). Interestingly, sporadic ALS iMNs also displayed more NR1+ punctae on neurites 
than control iMNs (Figure 4, A and C, and Supplemental Figure 4, C–H; 2 controls and 6 sporadic ALS 
patients). Calcium imaging confirmed that C9ORF72 and sporadic ALS iMNs experienced more calcium 
transients than controls in response to glutamate, indicating that they may be more sensitive to excito-
toxicity (Figure 4, D and E; 3 controls, 3 C9ORF72 ALS patients, 1 sporadic ALS patient). Thus, both 
C9ORF72 and sporadic ALS iMNs display increased NR1 levels, which could reflect a shared mechanism 
of  increased susceptibility to excitotoxicity.

Because glutamate receptor homeostasis is maintained in part through vesicle trafficking (33, 34) and we 
had observed that 3K3A-APC exerted potent effects on autophagosomal and lysosomal pathways in iMNs, we 
determined if  3K3A-APC could normalize glutamate receptor levels in ALS patient–derived motor neurons. 
Indeed, 3K3A-APC reduced the number of NR1+ punctae on C9ORF72 and sporadic ALS iMN neurites to 

https://doi.org/10.1172/jci.insight.127736
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd
https://insight.jci.org/articles/view/127736#sd


8insight.jci.org      https://doi.org/10.1172/jci.insight.127736

R E S E A R C H  A R T I C L E

https://doi.org/10.1172/jci.insight.127736


9insight.jci.org      https://doi.org/10.1172/jci.insight.127736

R E S E A R C H  A R T I C L E

control iMN levels (Figure 4, A–C, and Supplemental Figure 4, A and B; 2 controls, 2 C9ORF72 ALS, and 6 
sporadic ALS patients). Using surface protein biotinylation, we were able to purify surface-bound proteins 
from iMNs (Figure 4, F–I, and Supplemental Figure 4I). Immunoblottting confirmed that 3K3A-APC reduced 
membrane-bound NR1 levels on C9ORF72 and sporadic ALS iMNs (Figure 4, F–I, and Supplemental Figure 
4, J–M), but not control iMNs (Supplemental Figure 4, N–Q). 3K3A-APC treatment did not alter total NR1 
levels, but specifically reduced the amount of surface-bound NR1 on ALS iMNs (Supplemental Figure 4, J–M 
and R–W). 3K3A-APC also did not alter total NR1 levels in control iMNs (Supplemental Figure 4, X–Z). 
Thus, 3K3A-APC normalizes NR1 levels on C9ORF72 and sporadic ALS iMNs.

3K3A-APC rescues the survival of  C9ORF72 and sporadic ALS iMNs in a PAR1-dependent manner. We next 
determined if  3K3A-APC’s ability to rescue autophagosome production, increase lysosomal numbers, low-
er levels of  DPRs and mislocalized TDP-43, and lower glutamate receptor levels could rescue the degen-
eration of  ALS iMNs. We first tested the ability of  the iMN survival assay to replicate the neuroprotective 
effects previously shown for activated protein C in SOD1G93A mice (20). iMNs derived from an ALS 
patient carrying an SOD1A4V mutation degenerated significantly faster than control iMNs (Figure 5A and 
Supplemental Figure 5A; 3 controls and 1 SOD1A4V ALS patient) and 3K3A-APC rescued their survival 
(Figure 5A and Supplemental Figure 5A; 1 SOD1A4V ALS patient). Thus, the iMN model mimics disease 
biology observed in vivo.

3K3A-APC potently rescued the survival of  iMNs from all 3 C9ORF72 ALS lines in a dose-de-
pendent manner (Figure 5, B and C, and Supplemental Figure 5, B and C; 3 C9ORF72 ALS patients). 
In contrast, 3K3A-APC did not improve the survival of  control iMNs (Figure 5D and Supplemental 
Figure 5D; 3 controls). Activated protein C can mediate neuroprotective effects by activating PAR1 
receptor signaling in neurons (20, 35) and RNA-Seq data confirmed that iMNs express high levels of  
the F2R gene, which encodes PAR1 (Supplemental Figure 5E). Thus, we measured C9ORF72 ALS 
iMN survival in the presence or absence of  PAR1, PAR2, or PAR3 antisense oligonucleotides (ASOs) or 
small-molecule antagonists. Chemical inhibition of  PAR1 or PAR2 alone did not affect C9ORF72 ALS 
iMN survival (Supplemental Figure 5, F and G; 2 C9ORF72 ALS patients). However, PAR1 antagonist 
treatment blocked the ability of  3K3A-APC to rescue C9ORF72 ALS iMN survival (Figure 5E and 
Supplemental Figure 5H; 2 C9ORF72 ALS patients), while a PAR2 antagonist did not (Figure 5F and 
Supplemental Figure 5I; 2 C9ORF72 ALS patients). Consistent with these findings, ASO-mediated sup-
pression of  PAR1 significantly reduced the neuroprotective effect of  3K3A-APC on C9ORF72 ALS iMN 
survival (Figure 5G and Supplemental Figure 5, J and K; 2 C9ORF72 ALS patients, and Supplemental 
Table 3). In contrast, ASO-mediated suppression of  PAR2 or PAR3 had no effect on the ability of  3K3A-
APC to rescue C9ORF72 ALS iMN survival (Supplemental Figure 5, L–Q; 2 C9ORF72 ALS patients). 
Therefore, 3K3A-APC rescues C9ORF72 ALS iMN survival through activation of  PAR1.

3K3A-APC also rescued the survival of iMNs from all 6 sporadic ALS lines (Figure 5H and Supplemental 
Figure 6, A–F; 6 sporadic ALS patients). When we tested iMNs from separate iPSC clones of the sporadic 
patient lines, 3K3A-APC also significantly improved their survival, indicating that the rescue effects were not 
specific to iMNs derived from certain iPSC clones (Supplemental Figure 6, G–J; 3 sporadic ALS patients). 

Figure 3. Rescue of autophagosome formation by 3K3A-APC improves proteostasis. (A–C) Immunostaining (A) and quantification (B and C) to determine 
endogenous poly(GR)+ punctae in control or C9-ALS iMNs with 10 nM inactive 3K3A-APC or 3K3A-APC treatment for 6 days. Quantified values represent 
the average number of nuclear poly(GR)+ punctae in n = 30 iMNs (controls) or 40 to 44 iMNs (C9-ALS) per line per condition from 2 control or 2 C9-ALS 
patient lines. For each line, iMNs were quantified from 2 independent iMN conversions per line per condition. Median ± interquartile range. Each gray circle 
represents the number of poly(GR)+ punctae/unit area in a single iMN. Mann-Whitney testing. Solid and dotted lines in A outline the cell body and nucle-
us, respectively. Scale bars: 5 μm. (D and E) Dot blot (D) and quantification (E) of poly(GR)+ levels in iMNs from 2 C9-ALS patient lines with 10 nM inactive 
3K3A-APC or 3K3A-APC treatment for 6 days. Each gray circle represents 1 dot blot sample. Mean ± SD. n = 3 independent iMN conversions per line per 
condition. One-way ANOVA with Tukey’s correction across all comparisons. (F) Survival of control iMNs without excess glutamate with overexpression of 
eGFP or GR(50)-eGFP and 10 nM inactive or active 3K3A-APC. n = 90 iMNs per condition, iMNs quantified from 3 biologically independent iMN conversions. 
Two-sided log-rank test, corrected for multiple comparisons, statistical significance was calculated using the entire survival time course. n = 90 iMNs per 
condition. (G–J) Immunofluorescence analysis of total TDP-43 (G) and quantification of the ratio of nuclear to cytoplasmic TDP-43 in control, C9-ALS (H), 
or sporadic ALS iMNs (I and J). Ratio of nuclear to cytoplasmic TDP-43 in individual C9-ALS iMNs treated with 10 nM inactive 3K3A-APC or 3K3A-APC for 6 
days. iMNs from 2 controls, 2 C9-ALS, and 4 sporadic ALS patients were quantified. n = 30 iMNs per line (control and C9-ALS) per condition or n = 26 iMNs 
(I), 30 iMNs (J) (inactive 3K3A-APC), or n = 35 iMNs (J) (3K3A-APC) (sporadic ALS) per condition per line from 2 biologically independent iMN conversions 
were quantified. Each gray circle represents a single iMN. For H, median ± interquartile range. Kruskal-Wallis testing. For I and J, mean ± SEM. Unpaired t 
test with Welch’s correction. Scale bars: 5 μm. Dotted lines outline the nucleus and cell body. The day of differentiation stated on each panel indicates the 
day of differentiation on which the experimental treatment or time course was initiated.
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Reinforcing the notion that activating autophagosome formation in ALS iMNs could increase survival, rapa-
mycin treatment significantly improved the survival of iMNs from 4 of 5 sporadic ALS lines tested (Sup-
plemental Figure 7, A–J; 6 sporadic ALS patients). In contrast, rapamycin slightly decreased the survival of  
control iMNs (Supplemental Figure 7, K and L). These results suggest that rescuing autophagosome formation 
in sporadic ALS iMNs can increase their survival.

Treatment with the small-molecule PAR1 antagonist alone did not affect the survival of  sporadic 
ALS iMNs (Supplemental Figure 6, K–P; 6 sporadic ALS patients), but the PAR1 antagonist blocked 
the ability of  3K3A-APC to rescue sporadic ALS iMN survival (Figure 5I and Supplemental Figure 6, 
Q–V; 6 sporadic ALS patients). Thus, 3K3A-APC can rescue C9ORF72 and sporadic ALS iMN survival 
through activation of  PAR1.

3K3A-APC rescues C9ORF72 ALS proteostasis and glutamate receptor phenotypes in vivo. We next wondered if  
3K3A-APC could lower DPR levels in vivo. Baloh and colleagues previously generated C9-BAC mice that 
harbor a human C9ORF72 gene containing 100–1000 GGGGCC repeats and produce DPRs that aggregate 
in neurons (36). Forty-eight hours after direct injection into the hippocampus, 3K3A-APC–injected hippo-
campi showed a significant reduction in poly(GR)+, poly(PR)+, and poly(GP)+ punctae (Figure 6, A–D). 
Thus, in vivo, 3K3A-APC can reduce levels of  both nuclear and cytoplasmically localized DPRs, as well as 
sense- and antisense-transcript-derived DPRs.

To determine if  3K3A-APC can normalize glutamate receptor levels on neurons in vivo, we exam-
ined its ability to lower NR1 levels and NMDA-induced excitotoxicity in C9orf72+/– mice. We previously 
showed that hippocampal, cortical, and spinal cord neurons of  C9orf72+/– mice have increased NR1 levels 
compared with C9orf72+/+ mice (4). We previously developed an acute, in vivo NMDA-induced excito-
toxicity assay in the hippocampus (Figure 6E), and verified using cresyl violet staining as well as Fluo-
ro-Jade B–positive dead neuron counting in sham control mice that the operation procedure itself  does 
not result in significant injury (4). Similarly to iMN cultures, reduced C9ORF72 levels in C9orf72+/– and 
C9orf72–/– mice cause hippocampal neurons to undergo greater NMDA-induced excitotoxicity than in 
C9orf72+/+ mice, resulting in a significantly larger loss of  neurons in C9ORF72-deficient mice that could 
be detected by a reduction in cresyl violet staining (Figure 6, F and G, and ref. 4). A single injection of  
3K3A-APC into the hippocampus of  C9orf72+/– mice significantly lowered NR1 levels after 48 hours (Fig-
ure 6, H and I) (n = 3 mice). Moreover, when coinjected with NMDA, 3K3A-APC significantly reduced 
the amount of  NMDA-induced hippocampal neurodegeneration in C9orf72+/– mice (Figure 6, F and G). 
Thus, in vivo, 3K3A-APC improves proteostasis and normalizes glutamate receptors, thereby rescuing 
critical C9ORF72 ALS/FTD gain- and loss-of-function disease processes, respectively.

Discussion
Our data indicate that motor neurons derived from C9ORF72 and at least a subset of  sporadic ALS patients 
share similar defects in autophagosome formation and glutamate receptor accumulation. Importantly, 
PAR1 activation by 3K3A-APC can reverse these C9ORF72 and sporadic ALS disease processes in vitro 
and in vivo (Figure 7). We draw several key conclusions from our findings.

Figure 4. C9ORF72 and sporadic ALS iMNs have elevated glutamate receptor levels that are normalized by 3K3A-APC. (A) Immunofluorescence images 
showing NR1+ punctae on neurites of iMNs treated with 10 nM inactive 3K3A-APC or 3K3A-APC for 6 days. Scale bar: 2 μm. This experiment was repeated 
3 times with similar results. (B and C) NR1+ punctae per unit area in control, C9-ALS (B), or sporadic ALS (C) iMNs. Each gray circle represents the number 
of NR1+ punctae per area unit on a single neurite (1 neurite quantified per iMN). n = 33 (controls and C9-ALS) or 13 (sporadic) iMNs quantified per line per 
condition from 2 biologically independent iMN conversions of 2 CTRL, 2 C9-ALS, or 6 sporadic ALS lines. Median ± interquartile range. Kruskal-Wallis 
testing. (D) Number of calcium transients per 30 seconds in control or C9-ALS iMNs treated with 10 nM inactive 3K3A-APC or 3K3A-APC. n = 21 iMNs per 
line per condition from 3 biologically independent iMN conversions of 3 CTRL and 3 C9-ALS lines. For the C9-ALS plus 3K3A-APC condition, n = 19 iMNs per 
line. Median ± interquartile range. Kruskal-Wallis testing. (E) Number of calcium transients per 30 seconds in control or sporadic ALS iMNs treated with 
inactive 3K3A-APC or 3K3A-APC. n = 20 iMNs per line per condition from 3 biologically independent iMN conversions of 3 CTRL and 1 sporadic line. Median 
± interquartile range. Kruskal-Wallis testing. (F) Immunoblotting of surface NR1 after surface protein biotinylation in C9-ALS iMNs generated with NGN2, 
ISL1, and LHX3 and treated with 10 nM inactive 3K3A-APC or 3K3A-APC for 6 days. (G) Quantification of NR1 immunoblotting from F. n = 4 biologically 
independent iMN conversions. Each gray circle represents an individual sample. The ratio of surface to total transferrin receptor was used to normalize for 
the membrane protein extraction efficiency and TUJ1 was used to normalize for neuron number. (H) Immunoblotting of surface NR1 after surface protein 
biotinylation in sporadic ALS iMNs (1 patient) generated with NGN2, ISL1, and LHX3 and treated with 10 nM inactive 3K3A-APC or 3K3A-APC for 6 days. 
The full blot for total TUJ1 is shown. (I) Quantification of NR1 immunoblotting from H. n = 4 biologically independent iMN conversions. Each gray circle rep-
resents an individual sample. The ratio of surface to total transferrin receptor was used to normalize for the membrane protein extraction efficiency and 
TUJ1 was used to normalize for neuron number. The day of differentiation stated on each panel indicates the day of differentiation on which the experi-
mental treatment or time course was initiated. TF, transferrin. 
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Figure 5. 3K3A-APC rescues the survival of C9ORF72 and sporadic ALS iMNs in a PAR1-dependent manner. (A) Survival of iMNs from 3 control 
or 1 SOD1A4V ALS patient line in excess glutamate with 10 nM inactive 3K3A-APC or 3K3A-APC. n = 90 iMNs per line per condition, iMNs from all 
control lines shown in aggregate for clarity. iMNs quantified from 3 biologically independent iMN conversions per line. (B) Survival of iMNs from 2 
C9-ALS lines in excess glutamate with inactive 3K3A-APC or different concentrations of 3K3A-APC. n = 90 iMNs per line per condition, iMNs from 
both lines shown in aggregate for clarity. iMNs quantified from 3 biologically independent iMN conversions per line. (C) C9-ALS iMNs on day 12 of 
survival in excess glutamate with inactive 3K3A-APC or 3K3A-APC treatment. This experiment was repeated 3 times with similar results. Scale 
bar: 100 μm. (D) Survival of control iMNs in excess glutamate with 10 nM inactive 3K3A-APC or 3K3A-APC, n = 90 iMNs per line per condition for 3 
control and 3 C9-ALS lines, iMNs quantified from 3 biologically independent iMN conversions per line. (E–G) Survival of iMNs from 2 C9-ALS lines in 
excess glutamate with 3K3A-APC with or without 3 μM PAR1 antagonist treatment (E) or PAR2 antagonist treatment (F). n = 90 iMNs per line per 
condition, iMNs from both lines shown in aggregate for clarity. iMNs quantified from 3 biologically independent iMN conversions per line. Survival 
of iMNs from 2 C9-ALS lines in excess glutamate with 3K3A-APC with or without 9 μM PAR1 ASO treatment (G). n = 90 iMNs per line per condition, 
iMNs from both lines shown in aggregate for clarity. iMNs quantified from 3 biologically independent iMN conversions per line. Each trace includes 
neurons from 2 donors with the specified genotype. All iMN survival experiments were analyzed by 2-sided log-rank test and corrected for multiple 
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First, motor neurons derived from 6 sporadic ALS patients selected without bias toward certain genetic 
mutations or clinical symptoms display defects in autophagosome formation and accumulate NMDA recep-
tors on their neurites. Both C9ORF72 and sporadic ALS iMNs exhibit these phenotypes, revealing an import-
ant area of  mechanistic convergence between C9ORF72 ALS and at least some forms of  sporadic ALS.

A previous study found that in postmortem tissue from sporadic ALS patients, motor neurons may 
have had lower levels of  NMDA receptors (37). However, this may be because the motor neurons con-
taining the highest amounts of  NMDA receptors were most vulnerable to degeneration. Alternatively, the 
patients examined postmortem in this study may have differed from the patients in our cohort. This high-
lights the importance of  expanding the number of  sporadic ALS patient iPSC lines.

There are at least 3 potential reasons for the shared abnormalities in autophagosome formation and 
glutamate receptor levels we have observed. First, some sporadic ALS patients may harbor genetic vari-
ants that directly impair autophagosome formation. If  so, this could induce the autophagosome formation 
defects that in turn could cause excess glutamate receptor accumulation. Alternatively, genetic variants 
affecting other aspects of  proteostasis could lead to the accumulation of  unfolded proteins, which might 
impair autophagosome formation through some unknown mechanism. The accumulation of  unfolded pro-
tein could also impair overall protein turnover and lead to glutamate receptor accumulation. Third, the 
sporadic ALS patients could harbor genetic variants that affect vesicular signaling molecules, such as phos-
phatidylinositols, that regulate both endocytosis of  surface proteins and autophagosome formation (38). 
It will also be important to determine how conserved these neuronal phenotypes are in other neurodegen-
erative diseases. One study has clearly shown that a Parkinson’s disease mutation in synaptojanin impairs 
autophagosome formation in iPSC neurons (38).

A second key conclusion is that a single therapeutic approach that rescues the autophagosome and 
glutamate receptor abnormalities we discovered can slow the degeneration of  ALS patient motor neurons. 
Importantly, we show that this approach is effective for both C9ORF72 and sporadic ALS patients.

A third conclusion from our findings is that a single therapeutic approach can rescue both gain- and loss-
of-function C9ORF72 disease processes. 3K3A-APC treatment reduces levels of  NMDA receptors on iMNs 
and hippocampal neurons in vivo and rescues NMDA-induced excitotoxicity in C9orf72-deficient mice. Our 
observation that 3K3A-APC stimulates autophagosome formation indicates that 3K3A-APC can also res-
cue this aspect of  the loss of  C9ORF72 function. 3K3A-APC significantly lowers DPR levels in C9ORF72 
ALS iMNs and C9ORF72 BAC transgenic mice, thereby mitigating this gain-of-function disease process.

A fourth implication of  our study is that a single therapeutic agent can reduce levels of  DPRs produced 
from both the sense and antisense C9ORF72 transcripts as well as nuclear and cytoplasmic DPRs, suggest-
ing that it is effective against all DPR species.

Our findings provide preclinical evidence suggesting that 3K3A-APC and PAR1 activation could res-
cue neurodegeneration in C9ORF72 and sporadic ALS cases. In complex diseases such as ALS, the iden-
tification of  therapeutic strategies that are efficacious across a wide range of  cases is critical for clinical 
success. We have developed tools, including C9ORF72 and sporadic ALS iMN disease models, that enable 
the identification of  these rare, but critical therapeutic strategies.

Methods
iPSC reprogramming. Human lymphocytes from healthy subjects and ALS patients were obtained from the 
NINDS Biorepository at the Coriell Institute and reprogrammed into iPSCs as previously described (39).

Molecular cloning and viral production. The cDNA for each iMN transcription factor or the mRFP-GFP-
LC3 construct was subcloned into the pMXs retroviral expression vector (4). The Hb9::RFP lentiviral vec-
tor was previously purchased from Addgene (ID: 37081). Viruses were produced as follows. HEK 293T 
cells (ATCC, CRL-11268) were transfected at 80% to 90% confluence with viral vectors containing genes 
of  interest and viral packaging plasmids (PIK-MLV-gp and pHDM for retrovirus, pPAX2 and VSVG for 
lentivirus) using polyethylenimine (Sigma-Aldrich). HEK 293T were tested for mycoplasma before, during, 

comparisons if applicable. Statistical significance was calculated using the entire survival time course. (H and I) Survival of iMNs from sporadic ALS 
(sALS) clone 1 in excess glutamate with 10 nM inactive 3K3A-APC or 3K3A-APC (H), or with 3K3A-APC and DMSO or a PAR1 antagonist (I). n = 90 
iMNs per condition. iMNs quantified from 3 biologically independent iMN conversions. For all iMN survival experiments, significance was measure 
by 2-sided log-rank test using the entire survival time course. The day of differentiation stated on each panel indicates the day of differentiation 
on which the experimental treatment or time course was initiated.
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Figure 6. 3K3A-APC rescues C9ORF72 ALS proteostasis and glutamate receptor phenotypes in vivo. (A) Overview of the experimental procedure for 
testing the ability of 3K3A-APC to reduce DPR levels in the hippocampus of C9-BAC mice. (B–D) The effect of 10 nM inactive 3K3A-APC or 3K3A-APC 
on the level of poly(GR)+ punctae in the dentate gyrus of C9-BAC mice. Mean ± SD of the number of poly(GR)+ (B), poly(GP)+ (C), and poly(PR)+ (D) 
punctae per cell; each data point represents a single cell. Cells quantified from 3 mice per condition, 1-way ANOVA with Tukey’s correction for all com-
parisons. Scale bars: 10 μm. Dotted lines outline cell bodies. Neuronal area was determined by manual outlining in ImageJ on the basis of the staining 
pattern provided by TUJ1 or MAP2. (E) Overview of the experimental procedure for inducing NMDA injury in the hippocampus and testing the ability 
of 3K3A-APC to mitigate this injury. (F and G) The effect of 0.2 μg of 3K3A-APC delivered in a volume of 0.3 μL on NMDA-induced hippocampal injury 
in C9orf72+/+ and C9orf72+/– mice. Mean ± SEM of n = 3 mice per condition, 1-way ANOVA with Tukey’s correction across all comparisons. Red dashed 
lines outline the injury sites (F). Vehicle control conditions were published in a previous study (4). (H and I) Immunostaining (H) and quantification (I) 
of NR1 levels in C9orf72+/– mice treated with vehicle or 0.2 μg of 3K3A-APC delivered in a volume of 0.3 μL (n = 3 mice per condition, 72 cells quanti-
fied per condition). Each gray data point represents a single cell. Mean ± interquartile range. Mann-Whitney test.
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and after the study and were negative. Viruses were harvested at 48 hours and 72 hours after transfection. 
Viral supernatants were filtered with 0.45-μm filters, incubated with Lenti-X concentrator (Clontech) for 24 
hours at 4°C, and centrifuged at 1500 g at 4°C for 45 minutes. Pellets were resuspended in 300 μL DMEM 
plus 10% FBS and stored at –80°C.

Conversion of  iPSCs into iMNs. iPSCs were tested for mycoplasma before, during, and after the study and 
were negative. iPSCs were first differentiated into fibroblast-like cells to enable efficient retroviral transduc-
tion. iPSCs (1 × 106 cells/flask) were seeded in a T75 flask that was coated with Matrigel (Corning) and 
cultured in mTeSR until reaching 70% to 80% confluence. Cells were then cultured in fibroblast medium 
(20% FBS in DMEM) for 14 days. Cells were passaged 1:1 with Accutase (Innovative Cell Technologies) 
to another flask that was coated with Matrigel and cultured in fibroblast medium until they reached 90% 
confluence. Cells were then passed with 0.25% trypsin to 3 flasks that were coated with 0.1% gelatin and 
cultured in 10% FBS in DMEM. Reprogramming of  the fibroblast-like cells was performed in 96-well 
plates (8 × 103 cells/well) or 13-mm plastic coverslips (3.2 × 104 cells/coverslip) that had been sequentially 
coated with gelatin (0.1%, 1 hour) and laminin (2 to 4 hours) at room temperature. Seven iMN factors 
were added in 100 to 200 μL fibroblast medium per well of  the 96-well plate with 5 mg/mL polybrene. 
Cultures were transduced with lentivirus encoding the Hb9::RFP reporter 48 hours after transduction with 
transcription factor–encoding retroviruses. On day 5, primary mouse cortical glial cells from P1 ICR pups 
were added to the transduced cultures in glia medium containing MEM (Life Technologies), 10% donor 
equine serum (HyClone), 20% glucose (Sigma-Aldrich), and 1% penicillin/streptomycin. On day 6, cul-
tures were switched to N3 medium containing DMEM/F12 (Life Technologies), 2% FBS, 1% penicil-
lin/streptomycin, N2 and B27 supplements (Life Technologies), 7.5 μM RepSox (Selleck), and 10 ng/mL 
each of  GDNF, BDNF, and CNTF (R&D Systems). The iMN cultures were maintained in N3 medium, 
changed every other day, unless otherwise noted.

Immunocytochemistry. iMNs were fixed in 4% paraformaldehyde for 1 hour at 4°C, permeabilized with 
PBS containing 0.5% Tween 20 (0.5% PBS-T) overnight at 4°C, blocked with 10% donkey serum in 0.1% 
PBS-T at room temperature for 2 hours, and incubated with primary antibodies at 4°C overnight. Cells 
were then washed with 0.1% PBS-T and incubated with Alexa Fluor–conjugated secondary antibodies 
(Life Technologies) in blocking buffer for 2 hours at room temperature. Cells were stained with DAPI 
(Life Technologies) or Hoechst and then mounted on slides with Vectashield (Vector Labs). Neuronal area 
was determined by manual outlining in ImageJ (NIH) on the basis of  the staining pattern provided by 
TUJ1 or MAP2. Images were acquired on an LSM 800 confocal microscope (Zeiss). The following pri-
mary antibodies were used: mouse anti-HB9 (Developmental Studies Hybridoma Bank, catalog 81.5C10, 
1:10); mouse anti-TUJ1 (EMD Millipore, catalog AB9354, 1:1000); mouse anti-NR1 (EMD Millipore, 
catalog MAB363, 1:10); rabbit anti-poly(PR) (Proteintech, catalog 23979-1-AP, 1:50), rabbit anti-poly(PR) 

Figure 7. Model depicting the detrimental effects and therapeutic treatment of the autophagosome and glutamate receptor phenotypes shared 
by C9ORF72 and sporadic ALS iMNs. 
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(Proteintech, catalog 23978-1-AP, 1:50), rabbit anti–TDP-43 (Proteintech, catalog 10782-2-AP, 1:200), and 
mouse anti-LAMP2 (DSHB, catalog H4B4, 1:4000).

Preparation of  3K3A-APC. 3K3A-APC was produced as described previously (23) and was a gift from ZZ 
Biotech. Human 3K3A-Protein C (3K3A-PC) zymogen was stably transfected into Chinese hamster ovary 
(CHO) cells that were grown in suspension in CD OptiCHO medium (Invitrogen) supplemented with 2 mM 
CaCl2, 10 μg/mL vitamin K, and 2 mM GlutaMAX (Invitrogen). After the required number of  serial expan-
sions of  culture volumes using shake flask passages and WAVE culturing, the final stirred-tank bioreactor 
volume was either 200 L or 2500 L in which culture was performed for 10 days at 35°C. After 0.2-μm filtra-
tion, the clarified culture supernatant was purified using chromatography on a Q Sepharose fast-flow ion-ex-
change column and hydrophobic affinity column. The purified 3K3A-PC zymogen was then activated with 
recombinant human thrombin (Recothrom, Zymogenetics) to generate 3K3A-APC. Thrombin was removed 
from the reaction mixture using ion-exchange chromatography with a UNOsphere S flow-through resin 
(Bio-Rad). The concentration of  3K3A-APC was adjusted using tangential flow filtration. Following the 
concentration step, UNOsphere Q ion-exchange flow through was used with buffer exchange and concentra-
tion adjustment, prior to Planova filtration and addition of  polysorbate-80. 3K3A-APC was characterized by 
SDS-PAGE under reducing and nonreducing conditions, SE-FPLC, amidolytic activity by a chromogenic 
assay, and optical density at 280 nm. Inactive 3K3A-APC was generated by heat-denaturing APC.

Induced neuron survival assay. Hb9::RFP+ iMNs appeared between days 13 and 16 after retroviral trans-
duction. RepSox was removed on day 17 and the survival assay was initiated. For the glutamate treatment 
condition, 10 μM glutamate was added to the culture medium on day 17 and removed after 12 hours. Cells 
were then maintained in N3 medium with neurotrophic factors without RepSox. Cultures were treated with 
10 nM inactive or active 3K3A-APC after glutamate was removed. The inactive and active 3K3A-APC 
were maintained for the remainder of  the experiment and replenished every other day. For treatment with 
rapamycin, 10 μM DMSO or rapamycin (Sigma-Aldrich, R8781-200UL) was initiated after the 12-hour glu-
tamate treatment was completed. For PAR1 and PAR2 antagonist treatment, cultures were cotreated with 
3 μM PAR1 or PAR2 antagonist starting after glutamate treatment. For PAR1, PAR2, and PAR3 ASO treat-
ment, the cultures were pretreated one time with 9 μM ASOs for 72 hours before the pulse glutamate treat-
ment. PAR1 and PAR2 antagonists were purchased from Tocris (RWJ56110, catalog 2614 and AC55541, 
catalog 3369, respectively). PAR1, PAR2, and PAR3 ASO gapmers were designed and produced by IDT; 
they contained 2′-O-Me and phosphorothioate linkage modifications. Longitudinal tracking was performed 
by imaging neuronal cultures in a Nikon Biostation CT or Molecular Devices ImageExpress once every 24 
to 72 hours starting on day 17. Tracking of  neuronal survival was performed using SVcell 3.0 (DRVision 
Technologies) or ImageJ. Neurons were scored as dead when their soma was no longer detectable by RFP 
fluorescence. All neuron survival assays were performed at least twice, with equal numbers of  neurons from 
3 individual replicates from one of  the trials being used for the quantification shown. All trials quantified 
were representative of  other trials of  the same experiment. When iMNs from multiple independent donors 
were combined into one survival trace in the Kaplan-Meier plots for clarity, this is noted in the figure legend.

Confocal imaging of  iMNs. Confocal microscopy images were acquired using a Zeiss LSM800 microscope.
Quantification of  glutamate receptors. For neurites, ImageJ was used to automate detection of  NR1+ punc-

tae in a given area using a threshold of  30.
Calcium imaging of  iMNs. Calcium imaging was performed using Fluo-4-AM (Thermo Fisher Scientific, 

F14201) according to the manufacturer’s instructions. Cell cultures were treated with 1 μM cyclopiazonic 
acid for 30 minutes prior to the start of  calcium imaging in order to deplete calcium stores from the endo-
plasmic reticulum and therefore enable more straightforward detection of  calcium influx. At the start of  the 
calcium imaging assay, day 17 iMN/mixed glia cocultures were placed into N3 medium with an additional 
1.5 μM glutamate and at least 3 fields per culture were imaged by time lapse for 30 to 60 seconds using a 
Nikon Ti inverted microscope. Calcium transients per iMN were quantified manually.

qRT-PCR. Total RNA was extracted from sorted iMNs on day 21 after transduction with a TRIzol 
RNA Extraction Kit (Life Technologies) and reverse transcribed with an Oligo dT primer using a Pro-
toScript II First Strand Synthesis Kit (NEB). RNA integrity was checked using the Experion system 
(Bio-Rad). Real-time PCR was performed with iTaq Universal SYBR Green Supermix (Bio-Rad) using 
primers shown in Supplemental Table 3.

Generation of  Dox-NIL iMNs and biotinylation of  surface-bound glutamate receptors. A doxycycline-inducible 
(Dox-inducible) NGN2, ISL1, LHX3 (NIL) polycistronic construct was previously integrated into the AAVS1 

https://doi.org/10.1172/jci.insight.127736
https://insight.jci.org/articles/view/127736#sd


1 7insight.jci.org      https://doi.org/10.1172/jci.insight.127736

R E S E A R C H  A R T I C L E

safe harbor locus of  the C9-ALS patient iPSC line using CRISPR/Cas9 editing (4). Dox-NIL iMNs were 
generated by plating at approximately 25% confluence on Matrigel-coated plates and adding 1 mg/mL Dox 
in N3 media plus 7.5 μM RepSox 1 day after plating. Mouse primary mixed glia were added to the cultures on 
day 6, and Dox was maintained throughout conversion. iMN cultures were harvested on day 26.

Biotinylation of plasma membrane–localized glutamate receptors was performed using the Pierce Cell Sur-
face Protein Isolation Kit (Thermo Fisher Scientific). Briefly, Dox-NIL iMNs were incubated with 0.25 mg/
mL Sulfo-NHS-SS-Biotin in a cold room for 1 to 2 hours with end-to-end shaking. After quenching, cells were 
harvested by scraping and lysed with lysis buffer from the Pierce Cell Surface Protein Isolation Kit or M-PER 
mammalian protein extraction buffer (Thermo Fisher Scientific). Cell lysate was incubated with High Capacity 
NeutrAvidin Agarose beads (Thermo Fisher Scientific), and the bound protein was eluted in 2× SDS-PAGE 
sample buffer supplemented with 50 mM DTT for 1 hour at room temperature with end-to-end rotation.

Retinoic acid/purmorphamine protocol for iPSC–motor neuron differentiation and LC3 immunoblot assay. For 
quantifying LC3-II and LC3-I levels, iPSC motor neurons were generated as described previously (40). 
Cells were used for experiments after day 21 of  differentiation.

To measure the effect of  3K3A-APC on autophagosome formation, iPSC motor neuron embryoid 
bodies were treated with 50 nM bafilomycin (Cayman Chemical) and 10 nM inactive or active 3K3A-APC 
for 48 hours before harvesting.

Immunoblotting. For total lysate analyses relevant to glutamate receptor levels, Dox-NIL iMNs from 
healthy controls and ALS patients were collected on day 26 after transduction in RIPA buffer (Sigma-Al-
drich) with a protease inhibitor cocktail (Roche).

Protein quantity was measured by the BCA assay (Pierce) and the proteins were run in a 10% SDS gel at 
4°C, and the proteins were transferred onto an Immobilon membrane (Millipore). The membrane was blocked 
with 5% milk in 0.1% PBS-T (Sigma-Aldrich), incubated with primary antibodies overnight at 4°C, washed 3 
times with 0.1% PBS-T, and then incubated with horseradish peroxidase–conjugated (HRP-conjugated) sec-
ondary antibody (Santa Cruz Biotechnology). After 3 washes with 0.1% PBS-T, blots were visualized using 
an Amersham ECL Western Blotting Detection Kit (GE) or the SuperSignal West Femto Maximum Sensi-
tivity Substrate (Thermo Fisher Scientific) and developed on X-ray film (Genesee). The following primary 
antibodies were used: mouse anti-GAPDH (Santa Cruz Biotechnology, catalog sc-32233, 1:1000), mouse anti-
NR1 (Novus, catalog NB300118, 1:1000), mouse anti–transferrin receptor (Thermo Fisher Scientific, catalog 
136800, 1:1000), mouse anti-TUJ1 (Biolegend, catalog MMS-435P, 1:2000), rabbit anti-poly(GR) (Proteintech, 
catalog 23978-1-AP, 1:1000), anti-mouse–HRP (Cell Signaling Technology, catalog 7076S, 1:5000), anti-rabbit–
HRP (Cell Signaling Technology, catalog 7074S, 1:5000), and anti-LC3 (VWR, catalog 101732-348, 1:1000).

RNA-Seq. C9-ALS iMNs were cultured with 10 nM inactive 3K3A-APC or 3K3A-APC for 3 days 
and then Hb9::RFP+ iMNs were flow purified. 3′-Digital gene expression RNA-Seq of  all samples was 
performed by Amaryllis Nucleics. Briefly, mRNA was extracted using the NEBNext Poly(A) mRNA Mag-
netic Isolation Module according to the manufacturer’s instructions. 3′ RNA-Seq libraries were generated 
using the 3′-Digital Gene Expression RNAseq Library Kit (Amaryllis Nucleics). Libraries were sequenced 
on an Illumina NextSeq 500 sequencer. A total of  10 million to 25 million 80-bp, single-end reads were 
obtained for each sample. Reads were aligned to the Hg38 transcriptome using HISAT2 (41). A count table 
was obtained using FeatureCounts (42) with strand specificity enabled. Differential expression analysis was 
performed using DESeq2 (43). The DESeq2 sample description table used, count table, and DESeq2 results 
can be found in the supplemental data. The sequencing data have been deposited in NCBI’s Gene Expres-
sion Omnibus (GEO) and can be accessed using GEO Series accession number GSE133162.

IPA. To determine significant pathways, differentially expressed genes for inactive 3K3A-APC versus 
3K3A-APC treatment at 3 days were uploaded and analyzed by using the IPA tool (Qiagen). We focused 
on “Top Canonical Pathways.” Only canonical pathways with –log(P value) greater than 1.5 were retained. 
P values were calculated by using Fisher’s exact test.

Enrichr. KEGG pathway enrichment analysis was performed by providing Enrichr with a list of  all 
genes identified by DESeq2 as having a greater than 95% chance of  being deferentially expressed (44).

Code availability. Code for RNA-Seq analysis can be obtained by emailing chida@usc.edu or  
helensfalk@gmail.com.

mRFP-GFP-LC3 assays in iMNs. Retrovirus encoded by pMXs-mRFP-GFP-LC3 was transduced into 
converting iMN cultures 1 day after transduction with iMN reprogramming factors. On day 17, iMNs 
were treated with 50 nM bafilomycin and 10 nM inactive 3K3A-APC, 10 nM 3K3A-APC, 10 μM DMSO, 
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or 10 μM rapamycin (Sigma-Aldrich, R8781-200UL) in combinations described in the text and figure 
legends for 24 hours before being fixed with 4% paraformaldehyde at 4°C for 1 hour. Motor neuron cul-
tures were immunostained to detect HB9 levels using a mouse anti-HB9 antibody (Developmental Studies 
Hybridoma Bank, 1:10 dilution) at 4°C for 48 hours. Coverslips were imaged on a Zeiss LSM 800 confocal 
microscope. Quantification was performed using ImageJ.

NMDA/APC hippocampal administration and NMDA-lesion site analysis. Mice were anesthetized with i.p. 
ketamine (100 mg/kg) and xylazine (10 mg/kg), and body temperature kept at 36.9°C ± 0.1°C with a 
thermostatic heating pad. Mice were placed in a stereotactic apparatus (ASI Instruments) and the head 
was fixed accordingly. A burr hole was drilled, and an injection needle (33 gauge) was lowered into the 
hippocampus between CA1 and the dentate gyrus (anteroposterior −2.0, mediolateral +1.5, dorsoventral 
−1.8). NMDA (10 nmoles) and 0.2 μg of  3K3A-APC or vehicle in 0.3 μL of  PBS, pH 7.4 was infused over 
2 minutes using a micro-injection system (World Precision Instruments).

For the DPR experiments, inactive 3K3A-APC was used as a control for any artifacts introduced into 
the downstream immunostaining measurements. After injection, the needle was left in place for an addi-
tional 8 minutes after the injection. Animals were euthanized 48 hours later. For injury size determination, 
brains were quickly removed, frozen on dry ice, and stored at –80°C until processing. Coronal sections (30 
μm thick) were prepared using a cryostat, and every fifth section 1 mm anterior and posterior to the site of  
injection was stained with cresyl violet. The lesion area was identified by the loss of  staining, measured by 
ImageJ and integrated to obtain the volume of  injury.

Mouse immunostaining and quantification. All animal use and care were in accordance with local insti-
tution guidelines of  the University of  Southern California and the IACUC board of  the University of  
Southern California with the protocol numbers 20546 and 11938. Wild-type C57BL/6J (strain: 000664), 
and C9-BAC (C57BL/6J-Tg(C9orf72_i3)112Lutzy/J, strain: 023099) were purchased from Jackson Lab-
oratories. Mice were housed in standard conditions with food and water ad libitum in the conventional 
vivarium at the University of  Southern California.

Immunohistochemistry. C9-BAC mice (36) (>6 months old) were transcardially perfused with PBS and 
subsequently with 4% formaldehyde. Cryoprotection occurred in 20% sucrose. After snap freezing, tis-
sue was sectioned by cryostat at 20-μm thickness and stained with the following primary antibodies: anti-
poly(GP) (catalog 24494-1-AP, ProteinTech), anti-poly(GR) (catalog MABN778, Millipore), anti-poly(PR) 
(catalog 23979-1-AP, ProteinTech), anti-NR1 (catalog NB300118, Novus), and anti-MAP2 (catalog ab5392, 
Abcam). Antigen retrieval was achieved with Target Retrieval Solution (pH 9, Agilent, Dako) for the DPR 
staining. Images were collected using a Zeiss LSM800 confocal microscope. The scientist performing the 
DPR quantification was blinded to the genotype or treatment condition of  the samples. Confocal micros-
copy images of  DPR punctae were adjusted for brightness and contrast for optimal visualization of  the 
DPR punctae; this occurred to the same extent for the vehicle- and APC-treated side of  the hippocampus.

Genotyping. To provide a quantitative measure of  (GGGGCC)n hexanucleotide expansion in 
C9ORF72, 100 ng of  genomic DNA was amplified by touchdown PCR using primers shown in Sup-
plemental Table 2, in a 28-μL PCR reaction consisting of  0.2 mM each of  7-deaza-2-deoxyguanine 
triphosphate (deaza-dGTP) (NEB), dATP, dCTP, and dTTP, 7% DMSO, 1× Q-Solution, 1× Taq PCR 
buffer (Roche), 0.9 mM MgCl2, 0.7 μM reverse primer (4 GGGGCC repeats with an anchor tail), 1.4 
μM 6FAM fluorescently labeled forward primer, and 1.4 μM anchor primer corresponding to the anchor 
tail of  reverse primer (Supplemental Table 2). During the PCR, the annealing temperature was gradually 
decreased from 70°C and 56°C in 2°C increments with a 3-minute extension time for each cycle. The 
PCR products were purified by QiaQuick PCR purification kit (Qiagen) and analyzed using an ABI3730 
DNA Analyzer and Peak Scanner Software v1.0 (Life Technologies).

To detect the presence of  variants in other genes in sporadic ALS lines, whole-genome sequencing was 
performed by the New York Genome Center, or whole-exome sequencing was performed at the Children’s 
Hospital Los Angeles Genomics Facility. The genome/exome sequences were aligned to hg19 by Novoal-
ign. We used an in-house tool developed by Anton Valouev (USC) for the removal of  duplicate reads. 
Variant calling occurred by the Genome Analysis Toolkit (Broad Institute).

Statistical analysis. Analysis was performed with the statistical software package Prism Origin (Graph-
Pad Software). Statistical analysis of  iMN survival experiments was performed using a 2-sided log-rank 
test to account for events that did not occur (i.e., iMNs that did not degenerate before the end of  the exper-
iment). For each line, the survival data from 90 iMNs were selected randomly using Microsoft Excel, and 
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these data were used to generate the survival curve. If  all iMNs degenerated in a given experiment, statisti-
cal significance was calculated using a 2-tailed Student’s t test.

For all other experiments, analyses of  iMN samples were performed with the statistical software 
package Prism Origin v.7.0a (GraphPad Software). The normal distribution of  data sets was tested by the 
D’Agostino-Pearson omnibus normality test. Differences between multiple groups were analyzed using 
1-way ANOVA with Tukey’s correction for all comparisons, unless the data were non–normally distributed 
for which nonparametric Kruskal-Wallis testing was used. Mean and standard deviation or standard error 
of  the mean was used for normally distributed data sets, and the median and interquartile range were used 
for non–normally distributed data sets. Differences between 2 groups were analyzed using a 2-tailed Stu-
dent’s t test, unless the data were non–normally distributed, in which case 2-sided Mann-Whitney testing 
was used. Significance was assumed at P < 0.05.

For all experiments, sample size was chosen using a power analysis based on pilot experiments that pro-
vided an estimate of  effect size (http://ww.stat.ubc.ca/~rollin/stats/ssize/n2.html). Mice used for immu-
nohistochemical analysis were selected randomly from a set of  genotyped animals (genotypes were known 
to investigators). Mouse tissue sections used for immunohistochemical analysis were selected randomly. The 
sections were only not used if  immunostaining failed. For iMN survival assays, iMNs from 3 biologically 
independent iMN conversions were used to generate the Kaplan-Meier plot shown. iMN survival times were 
confirmed by manual longitudinal tracking by an individual who was blinded to the identity of  the genotype 
and condition of  each sample. To select 90 iMNs per condition for analysis,more than 90 neurons were 
selected for tracking randomly using the images from day 1 of  the assay. Subsequently, the survival values for 
90 cells were selected at random using the RAND function in Microsoft Excel. For quantification of  immu-
nofluorescence, samples were quantified by an individual who was blinded to the identity of  the genotype of  
each sample. All other quantification was performed by individuals blinded to the identity of  each sample.

Study approval. All experiments involving live vertebrates (cortical glial isolation) performed at USC 
were done in compliance with ethical regulations approved by the USC IACUC.
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