
Nuclear accumulation of CHMP7 initiates nuclear pore complex 
injury and subsequent TDP-43 dysfunction in sporadic and 
familial ALS

Alyssa N. Coyne1,2,*, Victoria Baskerville1, Benjamin L. Zaepfel3, Dennis W. Dickson4, 
Frank Rigo5, Frank Bennett5, C. Patrick Lusk6, Jeffrey D. Rothstein1,2,*

1Brain Science Institute, Johns Hopkins University School of Medicine, Baltimore, MD 21205, 
USA

2Department of Neurology, Johns Hopkins University School of Medicine, Baltimore, MD 21205, 
USA

3Biochemistry, Cellular, and Molecular Biology Graduate Program, Johns Hopkins University 
School of Medicine, Baltimore, MD 21205, USA

4Department of Neuroscience, Mayo Clinic, Jacksonville, FL 32224, USA

5Ionis Pharmaceuticals, Carlsbad, CA 92010, USA

6Department of Cell Biology, Yale School of Medicine, New Haven, CT 06520, USA

Abstract

Alterations in the components [nucleoporins (Nups)] and function of the nuclear pore 

complex (NPC) have been implicated as contributors to the pathogenesis of genetic forms 

of neurodegeneration including C9orf72 amyotrophic lateral sclerosis/frontotemporal dementia 

(ALS/FTD). We hypothesized that Nup alterations and the consequential loss of NPC function 

may lie upstream of TDP-43 dysfunction and mislocalization widely observed in ALS, FTD, 

and related neurodegenerative diseases. Here, we provide evidence that CHMP7, a critical 

mediator of NPC quality control, is increased in nuclei of C9orf72 and sporadic ALS induced 

pluripotent stem cell (iPSC)–derived spinal neurons (iPSNs) and postmortem human motor cortex 

before the emergence of Nup alterations. Inhibiting the nuclear export of CHMP7 triggered Nup 

reduction and TDP-43 dysfunction and pathology in human neurons. Knockdown of CHMP7 

alleviated disease-associated Nup alterations, deficits in Ran GTPase localization, defects in 
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TDP-43-associated mRNA expression, and downstream glutamate-induced neuronal death. Thus, 

our data support a role for altered CHMP7-mediated Nup homeostasis as a prominent initiating 

pathological mechanism for familial and sporadic ALS and highlight the potential for CHMP7 as 

therapeutic target.

INTRODUCTION

The motor neuron disease amyotrophic lateral sclerosis (ALS) is a devastating 

neurodegenerative disease affecting multiple neuronal and glial subtypes within the motor 

cortex and spinal cord. About 10% of ALS cases are familial (fALS), with mutations 

in more than 20 genes identified to date. The most common genetic cause of ALS is a 

hexanucleotide repeat expansion in the C9orf72 gene, accounting for about 40% of fALS 

and 8% of sporadic ALS (sALS). However, 90% of ALS cases are sALS with no known 

underlying causative genetic mutation. Despite the heterogeneous nature of ALS etiology, 

nuclear clearing and cytoplasmic mislocalization and/or aggregation of TAR DNA binding 

protein (TDP-43) has emerged as a prominent pathological hallmark of end-stage familial 

and sporadic disease (1–3).

Although studies of genetic forms of ALS including C9orf72 have provided important 

insights into underlying disease mechanisms and potential therapeutic strategies, these 

discoveries do not necessarily translate to sALS. The lack of preclinical animal 

model systems that faithfully reproduce the heterogeneous nature of human sALS 

highlights a major challenge in understanding 90% of ALS pathophysiology. However, 

the reprogramming of patient-derived fibroblasts and peripheral blood mononuclear 

cells (PBMCs) into induced pluripotent stem cells (iPSCs) allows for the controlled 

differentiation into neuronal and glial cells to model human disease (4, 5). Studies from 

our laboratory and others have shown that C9orf72 iPSC-derived motor neurons (iPSNs) 

recapitulate key pathological features of disease seen in postmortem human central nervous 

system (CNS) tissues (6, 7). As a result, iPSNs provide a useful and relevant platform for 

studying mechanisms underlying ALS and other neurodegenerative diseases.

Molecular changes to the composition of the nuclear pore complex (NPC) have been 

identified as an early and key pathomechanism in C9orf72 disease (8). The NPC 

is composed of multiple copies of ~30 distinct nucleoporins (Nups) organized into 

subcomplexes. Scaffold Nups build the eightfold radial architecture of the NPC and secure it 

to the nuclear envelope. The NPC scaffold provides anchor points for FG-Nups that fill the 

central transport channel and mediate the nucleocytoplasmic exchange of macromolecules. 

Some Nups can also function in pools outside the NPC as part of the mitotic apparatus 

and within the nucleoplasm where they affect gene transcription (9–12). Given the critical 

roles of the NPC in maintaining overall cellular function, alterations in specific Nups may 

affect neuronal viability and give rise to disease pathology. Our recent study revealed that 

a specific subset of eight Nups, beginning with POM121, is substantially reduced within 

the NPC and nucleoplasm of C9orf72 iPSN and postmortem human neuronal nuclei. The 

collective reduction in these eight specific Nups from the nucleoplasm and NPCs of C9orf72 
human neurons affects nucleocytoplasmic transport (NCT) and neuronal survival without 
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alterations to Nup mRNA metabolism (8). Collectively, these data suggest that substantial 

and early alterations in Nup protein homeostasis may underlie reduction of Nups in C9orf72 
ALS/frontotemporal dementia (FTD) pathogenesis. However, the molecular pathway that 

underlies human neuronal NPC disruption and whether this pathophysiology is more broadly 

applicable to sporadic disease remain unknown.

Work in several model systems supports the existence of molecular pathways that can affect 

Nup and NPC homeostasis within the nuclear envelope and nucleoplasm. For example, in 

budding yeast, the recruitment of the endosomal sorting complexes required for transport 

(ESCRT) machinery by LEM family inner nuclear membrane (INM) proteins has been 

implicated in the proteasomal degradation of misassembled Nups (13) and the sealing of 

defective NPCs (14, 15). Analogous mechanisms likely function in nonneuronal mammalian 

cells to facilitate the removal of Nups and NPCs (16). Recent work in yeast reveals that 

both individual Nups and NPCs can also be targets of autophagy (17, 18). Critically, 

the nuclear recruitment and/or retention of the ESCRT-III protein CHMP7 appears to 

be an initiating step in proper Nup and NPC homeostasis (14, 15, 19). Under normal 

cellular conditions, CHMP7 is predominantly localized to the cytoplasm. Recent reports 

suggest that, in nonneuronal cells, CHMP7 continually passively diffuses into the nucleus 

in a LEMD2-dependent manner. Active nuclear export via Exportin-1 (XPO1,CRM1) 

ensures that nuclear CHMP7 expression remains low (13–15), thereby preventing nuclear 

accumulation in the absence of nuclear injury. However, little is known regarding CHMP7-

mediated Nup proteostasis in human neurons and its impact on NPC and nucleoplasm Nup 

abundance in neurodegeneration.

Using iPSNs and postmortem human tissue, we show that CHMP7 expression is elevated 

in C9orf72 and sALS nuclei. Mechanistically, impaired nuclear export of CHMP7 leads 

to reduced expression of specific Nups, alterations in STMN2 splicing, and TDP-43 

mislocalization in human neurons. Antisense oligonucleotide (ASO)–mediated knockdown 

of CHMP7 mitigated the reduction of specific Nups from the nucleoplasm and NPCs 

in C9orf72 iPSNs. CHMP7 ASOs additionally alleviated defects in mRNA expression 

associated with loss of TDP-43 and downstream neuronal toxicity. Collectively, these data 

suggest that, in human neurons, aberrant nuclear expression and localization of CHMP7 is 

a substantial and early contributor to Nup alterations in ALS. In addition, our data highlight 

the potential for CHMP7 as a therapeutic target in familial and sporadic ALS/FTD and 

related neurodegenerative diseases characterized by Nup reduction and TDP-43 pathology.

RESULTS

Specific Nups are reduced in sALS iPSN nuclei

Recently, we established that decreased expression of the transmembrane Nup POM121 

affects the expression of seven additional Nups spanning multiple subcomplexes of the NPC 

(8). Given that multiple pathologies and molecular pathways are commonly linked to both 

familial and sporadic ALS (1, 3, 20), we hypothesized that Nup reduction may also be a 

prominent pathological feature in sporadic disease. Therefore, on the basis of our previous 

studies in C9orf72 ALS/FTD, we selected a subset of candidate Nups spanning multiple 

subcomplexes of the NPC and visually examined their nuclear distribution and expression 
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using super-resolution structured illumination microscopy (SIM) in nuclei isolated from 

control and sALS iPSNs. SIM is capable of providing an estimated resolution of 100 nm, 

approximating the dimensions of an individual human NPC (10, 21, 22), thus allowing us 

to evaluate the NPC localization and expression of Nups. Using this methodology, we found 

that a subset of Nups is reduced from the nucleoplasm and NPCs of NeuN-positive sALS 

iPSN nuclei (Fig. 1, A and B). In contrast, we observed no overt changes to the distribution 

or expression of the various FxFG-rich Nups recognized by mAb414 (414; Fig. 1, A and B). 

The pathological reduction in Nup50, TPR, POM121, and Nup133 in sALS neuronal nuclei 

(Fig. 1, A and B) was similar to that detected in C9orf72 nuclei (8). None of the sALS iPSC 

lines evaluated tested positive for known genetic mutations associated with ALS (for more 

information, see Materials and Methods and dataportal.answerals.org). Together, these data 

suggest that common molecular events may underlie Nup reduction in familial and sporadic 

disease.

The nuclear expression and localization of CHMP7 are increased in C9orf72 and sALS 
iPSNs and postmortem human motor cortex

Given the critical involvement of CHMP7 in NPC homeostasis in yeast (13–15), we 

investigated whether the expression of this protein was pathologically altered in C9orf72 
and sALS nuclei. Using SIM, we found a drastic increase in CHMP7 immunoreactivity in 

NeuN-positive nuclei isolated from control and C9orf72 and sALS iPSNs (Fig. 1, C and 

D). We also observed an increase in the number of CHMP7 spots in NeuN-positive nuclei 

isolated from C9orf72 and sALS postmortem motor cortex (fig. S1), thus confirming that 

our iPSN model system recapitulates true human pathology. Although CHMP7 does rarely 

localize in close proximity to Nup62-positive NPCs and spots, its increased expression, 

as evaluated by immunostaining with two independent antibodies, appears predominantly 

nucleoplasmic in C9orf72 and sALS iPSNs (fig. S2). In addition, Western blot analyses 

using two different anti-CHMP7 antibodies quantitatively confirmed an increase in CHMP7 

protein abundance in C9orf72 and sALS nuclei (Fig. 1, E to G). This increase was observed 

even at a time point (day 18 of differentiation; Fig. 1, C and D) preceding that at which Nup 

reduction was observed (day 32; Fig. 1, A and B) (8). We have previously reported that NPC 

injury can be initiated by Trim21-mediated degradation (23) of the transmembrane Nup 

POM121 (8). Here, we found that rapid reduction of endogenous POM121 from wild-type 

iPSN nuclei did not result in increased nuclear CHMP7 expression (fig. S3). Together, these 

data suggest that CHMP7 is not responding to NPC injury but may play a more direct role in 

its initiation.

Because the nuclear/cytoplasmic partitioning of multiple proteins is disrupted in multiple 

neurodegenerative diseases (24–27), we next evaluated the nuclear and cytoplasmic 

distribution of CHMP7 in our ALS iPSNs. Using immunostaining and confocal imaging, 

we observed a robust relocalization of CHMP7 from the cytoplasm to the nucleus in 

C9orf72 and sALS iPSNs (Fig. 2, A and B). Consequently, similar to our observations 

in isolated nuclei (Fig. 1, C and D), this corresponded to an increase in overall anti-CHMP7 

nuclear immunoreactivity in C9orf72 and sALS iPSNs compared to controls (Fig. 2, A 

and C). Consistent with a relocalization of CHMP7 protein from the cytoplasm to the 

nucleus, we did not observe changes in total CHMP7 protein abundance in C9orf72 or 
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sALS iPSN lysates (fig. S4). To further verify that our results in iPSNs recapitulated human 

disease pathology, we performed immunostaining in thin paraffin-embedded sections from 

postmortem motor cortex. Compared to nonneurological controls, there was a substantial 

relocalization of CHMP7 to the nucleus (Fig. 2, D and E) and overall increase in CHMP7 

nuclear intensity (Fig. 2, D and F) in Map2-positive neurons in C9orf72 and sALS motor 

cortex mimicking our data obtained in iPSNs. Using two orthogonal approaches, SIM and 

immunostaining of thin paraffin-embedded sections, we did not observe a similar increase in 

nuclear CHMP7 immunoreactivity in the occipital cortex, a brain region unaffected in ALS 

(figs. S1 and S5). Together, this suggests that nuclear accumulation of CHMP7 is specific to 

neurons affected in ALS pathogenesis.

Impaired nuclear export of CHMP7 recapitulates disease-associated reduction in specific 
Nups

Having established that increased nuclear CHMP7 is a robust and prominent molecular 

feature of sALS and fALS/FTD, we next sought to determine the mechanism by which 

this pathology occurred in human neuronal nuclei. In both yeast and human cells, CHMP7 

cannot accumulate in the nucleus because of its active nuclear export by XPO1/CRM1 

(14, 28). It is thought that perturbations to the nuclear envelope, either to the nuclear 

membranes themselves or to NPCs, leads to CHMP7 entry into the nucleus, where it 

triggers an NPC surveillance pathway (19). However, as CHMP7 accumulates in the nucleus 

before Nup reduction in iPSNs, we wondered whether this aberrant nuclear accumulation 

of CHMP7 might be a cause, not a consequence, of Nup reduction. To test this idea, 

we mimicked CHMP7 nuclear accumulation by overexpressing an allele of CHMP7 with 

a specific mutation (L to A, amino acid 430) in its NES that abrogates XPO1 binding, 

thereby allowing this CHMP7 NES* mutant to access the nucleoplasm. Overexpression of 

GFP-tagged CHMP7 NES*, but not wild-type GFP–tagged CHMP7, in wild-type iPSNs 

(Fig. 3, A and B) recapitulated C9orf72 and sALS disease-associated reductions of Nup50, 

POM121, and Nup133 abundance, as evaluated by SIM (Fig. 3, A and C to F). Consistent 

with a role for CHMP7 as an early-acting factor that mediates Nup and NPC degradation 

(13–15), these data suggest that artificially induced nuclear accumulation of CHMP7 is 

sufficient to facilitate alterations to Nup expression in iPSN nuclei. In otherwise wild-type 

iPSNs, overexpression of wild-type CHMP7 was not sufficient to promote its nuclear 

accumulation (Figs. 3, A and B, and 4A). This is likely due to the continued normal 

regulation of CHMP7’s passive diffusion into and active XPO1-mediated export out of the 

nucleus (13–15, 28). Therefore, nuclear CHMP7 abundance remains low in wild-type iPSNs 

overexpressing a wild-type CHMP7 variant that is subject to typical regulation of CHMP7 

localization.

Both the yeast and human CHMP7 orthologs are recruited to the nuclear envelope by the 

integral INM protein LEMD2 in nonneuronal cell types (15, 29). As we do not observe any 

obvious nuclear envelope accumulation of CHMP7 in iPSNs (fig. S2), we hypothesized that 

CHMP7’s interaction with LEMD2 was not required in this context. Neither a reduction in 

endogenous LEMD2 (fig. S6, A and B) nor overexpression of GFP-tagged LEMD2 had an 

effect on nuclear CHMP7, POM121, or mAb414 nuclear immunoreactivity (fig. S6, C to L).
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Impaired nuclear export of CHMP7 leads to TDP-43 mislocalization and altered mRNA 
expression

As overexpression of CHMP7 NES* could recapitulate Nup reduction in otherwise wild-

type iPSNs, we considered whether this aberrant CHMP7 localization might also trigger 

other ALS-associated phenotypes and pathologies. For example, TDP-43 is a DNA and 

RNA binding protein that is localized predominantly in the nucleus. However, within a 

subset of neurons in ~97% of ALS cases, TDP-43 is cleared from the nucleus and/or 

mislocalized (and in some cases subsequently aggregated) in the cytoplasm. It is believed 

that this nuclear clearing, thought to occur before cytoplasmic aggregation (30, 31), leads 

to a loss of TDP-43 function and is a pathogenic event in multiple neurodegenerative 

diseases including sALS (1, 32). However, the mechanisms that contribute to a reduction 

in nuclear TDP-43 expression remain poorly understood. Given that TDP-43 shuttles 

between the nucleus and cytoplasm to regulate the metabolism of its mRNA targets (30, 

33), we hypothesized that perhaps CHMP7-mediated NPC injury may at least, in part, 

contribute to TDP-43 mislocalization and dysfunction in human neurons. To test this, we 

first overexpressed GFP-tagged CHMP7 variants in wild-type iPSNs and monitored the 

localization of endogenous TDP-43 via immunostaining and confocal microscopy.

A week after Nup alterations were first observed (Fig. 3), overexpression of wild-type 

CHMP7 had no effect on the subcellular localization of endogenous TDP-43, which 

remained in the nucleus (Fig. 4, A to C). In contrast, overexpression of CHMP7 NES* 

resulted in a relocalization of TDP-43, establishing a visible cytosolic pool of TDP-43 (Fig. 

4A). This was further quantified as a nuclear/cytoplasmic ratio and overall anti–TDP-43 

nuclear fluorescence. Whereas the nuclear/cytoplasmic ratio was strongly decreased from 

10.7 to 1.9, nuclear TDP-43 immunoreactivity was more subtly reduced in GFP-tagged 

CHMP7 NES*–overexpressing cells (Fig. 4, A to C). To evaluate the functional consequence 

of this change in TDP-43 distribution, we took advantage of recent work, indicating 

that alterations in STMN2 mRNA splicing are a prominent pathological consequence of 

loss of nuclear TDP-43 function (34–36). We therefore performed quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) for full-length and truncated STMN2 
mRNA species in the context of CHMP7 and CHMP7 NES* overexpression. Consistent 

with the interpretation that mislocalization of TDP-43 affects its function, overexpression 

of CHMP7 NES*, but not GFP or wild-type CHMP7, reduced the total abundance of full-

length STMN2 mRNA with a corresponding increase in truncated STMN2 mRNA (Fig. 4, D 

and E). As an additional readout of TDP-43 functionality, we performed qRT-PCR for four 

additional mRNAs (ELAVL3, PFKP, RCAN1, and SELPLG) previously shown to decrease 

in abundance upon knockdown of TDP-43 in iPSNs (36). Similar to our observations for 

STMN2 mRNA, overexpression of CHMP7 NES*, but not wild-type CHMP7, substantially 

reduced the abundance of ELAVL3, PFKP, RCAN1, and SELPLG mRNAs compared to 

GFP overexpression (fig. S7). Together, these data indicate that nuclear accumulation of 

CHMP7 is sufficient to trigger a pathological cascade affecting nuclear Nup expression and 

TDP-43 localization and function in human neurons.

Next, to investigate whether CHMP7 and TDP-43 co-pathology could be observed in real 

human disease, we performed double immunostaining in thin paraffin-embedded sections 
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from postmortem nonneurological control, C9orf72 ALS/FTD, and sALS motor cortex (Fig. 

5A). Nuclear CHMP7 immunoreactivity remained low, supporting our previous analyses 

(Fig. 2, D to F), and as expected, TDP-43 was predominantly localized to the nucleus in 

the majority of neurons in motor cortex from nonneurological control patients. Consistent 

with reports that TDP-43 mislocalization can occasionally be observed in normal aging 

(37) or as a result of nondegenerative neuronal injury (38, 39), a small subset of neurons 

in nonneurologic control motor cortex tissue displayed a decreased nuclear/cytoplasmic 

TDP-43 immunoreactivity independent of CHMP7 pathology (Fig. 5B, blue box). In 

contrast, we found that about 80 to 90% of Map2-positive neurons in C9orf72 and 

sALS patient motor cortex display increased nuclear CHMP7 immunostaining (Fig. 5), in 

agreement with our earlier analyses (Fig. 2, D to F). A substantial subset of these CHMP7 

pathology–positive neurons also displayed a decreased nuclear/cytoplasmic ratio of TDP-43 

immunostaining (Fig. 5, A, C, and D). Cytoplasmic TDP-43 aggregation was observed in 

a handful of neurons with decreased cytoplasmic/nuclear CHMP7 immunoreactivity (Fig. 

5A). A large portion of the neurons evaluated were positive for CHMP7 pathology but 

negative for TDP-43 pathology (Fig. 5, A, C, and D), consistent with our hypothesis 

that increased nuclear CHMP7 is an early and prominent event in neuronal injury in 

neurodegeneration.

ASO-mediated knockdown of CHMP7 mitigates Nup alterations, alleviates deficits in mRNA 
expression associated with TDP-43 loss of function, and improves neuronal survival

Given our data suggesting that increased nuclear abundance of CHMP7 can affect Nup 

expression and TDP-43 localization and function, we hypothesized that therapeutically 

reducing CHMP7 could prove beneficial for neurodegenerative disease characterized by 

Nup alterations and TDP-43 dysfunction. ASOs are now used as a therapeutic strategy 

to reduce mRNA and protein expression of genes of interests (40, 41). To determine 

whether reducing CHMP7 would effectively mitigate NPC injury, ASOs were designed to 

specifically target human CHMP7 pre-mRNA and induce its degradation via ribonuclease 

H–based mechanisms. Compared to scrambled control ASOs, 2-week exposure to three 

different CHMP7 targeting ASOs substantially reduced CHMP7 protein expression in 

control, C9orf72, and sALS iPSNs in a dose-dependent manner (fig. S8). Consistent with 

our Western blot experiments using whole iPSN lysates (fig. S8), SIM analyses revealed 

that CHMP7 ASO treatment reduced nuclear abundance of CHMP7 in control, C9orf72, 

and sALS iPSNs (Fig. 6, A and B). Moreover, compared to a scrambled control ASO, 5 

μM CHMP7 ASO 2 restored POM121, Nup133, and Nup50 expression in C9orf72 and 

sALS iPSN nuclei and NPCs (Fig. 6, A and C to F), as evaluated by SIM. Consistent 

with our results in isolated nuclei, CHMP7 ASO treatment restored the nuclear expression 

of POM121, Nup133, and Nup50 in intact iPSNs (fig. S9). We did not observe any 

disruption in Nups in control iPSNs treated with CHMP7 ASOs (Fig. 6, A and C to F) 

or mAb414 immunoreactivity in C9orf72 or sALS iPSNs (Fig. 6, A and F), suggesting that 

ASO-mediated knockdown of CHMP7 protein specifically mitigates disease-associated Nup 

alterations in iPSNs.

Ran guanosine triphosphatase (GTPase) must be maintained at high concentrations within 

the nucleus to provide sufficient energy to power bidirectional NCT through the NPC 

Coyne et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2022 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(11, 42). We have previously shown that restoration of nuclear Nup expression restores 

the localization of Ran GTPase to the nucleus in C9orf72 iPSNs (8). Consistent with 

this report, knockdown and CHMP7, and subsequent restoration of Nup expression within 

the nucleoplasm and NPC, restored the proper subcellular distribution of Ran GTPase in 

C9orf72 and sALS iPSNs (fig. S10).

To determine whether ASO-mediated knockdown of CHMP7 was sufficient to mitigate 

TDP-43–mediated splicing dysfunction, we performed qRT-PCR for full-length and 

truncated STMN2 mRNAs. At day 46 of differentiation, about 2 weeks after the emergence 

of nuclear Nup reduction, we observed a substantial decrease in full-length STMN2 mRNA 

and a corresponding increase in truncated STMN2 mRNA in scrambled control ASO–

treated C9orf72 and sALS iPSNs (Fig. 6, G and H). After 3-week exposure to CHMP7 ASO 

2, 1 week longer than was necessary to restore Nup expression, full-length and truncated 

STMN2 mRNA abundance were restored (Fig. 6, G and H). Consistent with a reversal 

of defects in RNA metabolism associated with TDP-43 loss of function in iPSNs, 3-week 

exposure to CHMP7 ASO 2 restored the abundance of ELAVL3, PFKP, RCAN1, and 

SELPLG mRNAs in C9orf72 and sALS iPSNs (fig. S11).

Although we did not observe TDP-43 mislocalization in C9orf72 iPSNs (fig. S12), 

consistent with our previous study (8), a clear “molecular signature” of TDP-43 loss of 

function is exemplified by defects in mRNA metabolism (Fig. 6, G and H, and fig. S11). 

This suggests that molecular hallmarks of TDP-43 loss of function may be observed before 

overt protein mislocalization. Nonetheless, in a subset of sALS iPSC lines evaluated, we did 

observe a subtle mislocalization of TDP-43 from the nucleus to the cytoplasm at day 46 

of differentiation (fig. S12). Consistent with a role in mitigating loss of TDP-43 function, 

3-week treatment with CHMP7 ASO 2 restored nuclear TDP-43 localization in sALS iPSNs 

(fig. S11).

The combinatorial effects of our observed Nup alterations are likely to affect multiple 

cellular functions and pathways critical to neuronal survival. As a result, we next evaluated 

the efficacy of CHMP7 ASOs in alleviating deficits in stressor-induced neuronal survival. 

Two-week treatment with CHMP7 ASO 2 decreased the sensitivity of C9orf72 and sALS 

iPSNs to glutamate-induced excitotoxicity (Fig. 6I and fig. S13), as measured by propidium 

iodide (PI) incorporation, a well-established assay to measure neuronal sensitivity to stress 

(6, 8). CHMP7 ASO treatment itself was not neurotoxic (0 μM glutamate; Fig. 6I and fig. 

S13). Together, these data highlight the therapeutic potential for CHMP7 ASOs in mitigating 

Nup and NPC defects, TDP-43 dysfunction, and downstream neuronal death in C9orf72 and 

sALS iPSNs.

DISCUSSION

Pathological Nup alterations are prevalent in multiple neurodegenerative diseases including 

ALS, Alzheimer’s disease (AD), and Huntington’s disease (HD) (43–46). However, the 

molecular mechanisms by which these disruptions occur remain poorly understood. In 

contrast to the cytoplasmic Nup mislocalization observed in artificial overexpression mouse 

models of C9orf72 ALS/FTD (47–50), we have previously shown that, in human neurons, 
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there is a reduction in the NPC and nucleoplasmic expression of eight specific Nup 

proteins spanning multiple subcomplexes of the NPC without corresponding cytoplasmic 

accumulations (8). As a result, we hypothesized that altered Nup surveillance and 

homeostasis may contribute to reduced Nup expression in C9orf72 and sALS iPSNs.

Recent work in yeast and nonneuronal cellular systems has identified CHMP7 as important 

mediator of NPC, Nup, and nuclear envelope homeostasis (13, 15,16, 51). However, the 

contribution of this pathway to neuronal biology and disease pathophysiology is unknown. 

Using an iPSN model of sALS and fALS/FTD, we provide evidence that disease-associated 

increased nuclear CHMP7 expression contributes to reduced nuclear abundance of key Nups 

located within three distinct domains of the NPC as an early event in disease pathogenesis. 

Nuclear accumulation of CHMP7 does not appear to be responding to NPC injury but 

instead triggers Nup reduction in iPSNs. In human neurons, the INM protein LEMD2 

does not appear to affect the nuclear localization of CHMP7. However, the possibility 

remains that the nuclear envelope itself or another nuclear protein mediates CHMP7 nuclear 

accumulation in ALS iPSNs. Nonetheless, our data define a functional role for CHMP7-

mediated Nup homeostasis in human neurons and neurodegeneration.

A direct role for other ESCRT proteins in the removal of proteins from membranes has 

previously been defined (52, 53). However, it remains unclear as to whether CHMP7 itself 

can function similarly. Further, both proteasomal and lysosomal (autophagy) degradation 

pathways have been linked to ESCRT-III–mediated Nup proteostasis (13–18). Ongoing work 

is poised to address these critical questions and further our understanding of the role of 

CHMP7 in the initiation of early pathogenic events in ALS.

Although ESCRT-III–mediated NPC and nuclear envelope repair are initiated by the 

ESCRT-III adapter protein CHMP7 (52), the recruitment and involvement of other CHMPs 

in this process remain unknown in multiple cellular systems including human neurons. 

Given that mutations in the ESCRT-III pathway component CHMP2B have been implicated 

in FTD (54), it will be interesting to evaluate whether or not these mutations are sufficient to 

induce Nup reduction in a manner similar to that observed in C9orf72 and sALS iPSNs.

The nuclear clearance and mislocalization of TDP-43 is regarded as a prominent 

neuropathological hallmark of all sALS and related neurodegenerative diseases, including 

a substantial subset of AD and FTD (1, 37, 55–61). However, the biological events that may 

contribute to TDP-43 loss of function or pathology are poorly understood. We now provide 

multiple lines of evidence that nuclear retention of CHMP7 can at least, in part, contribute to 

TDP-43 mislocalization and dysfunction in disease. Altered TDP-43 localization and deficits 

in mRNA metabolism occur at time points well after the emergence of Nup alterations in 

C9orf72 and sALS iPSNs and control iPSNs artificially overexpressing a nuclear retained 

CHMP7. These data support our pathology analyses whereby 80 to 90% of postmortem 

disease neurons display increased CHMP7 immunoreactivity, with a subset of those that are 

also positive for TDP-43 pathology. Although the precise molecular events that occur after 

Nup reduction and ultimately lead to TDP-43 pathology remain unknown, our data provide 

evidence that CHMP7-mediated NPC injury is sufficient to initiate TDP-43 loss of function 

in ALS.
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Although this is the largest study of individual sALS patient–derived iPSC lines to date, it 

is possible that pathogenic manifestations in subsets of sALS patients may be independent 

of CHMP7 pathology and/or NPC injury. In addition, we have not yet determined whether 

CHMP7 pathology and NPC injury are also present in ALS patients with prominent FTD. 

Last, the core reason for investigating disease mechanisms of sALS in a large set of iPSC 

lines is that mouse models of authentic sALS do not yet exist. However, future development 

of new rodent models may enhance our ability to study this NPC injury cascade and 

therapeutic modulation of CHMP7 in vivo.

Collectively, our data suggest that increased nuclear CHMP7 is a critical initiator of 

pathogenic cascades affecting the nuclear abundance of specific Nups spanning multiple 

subcomplexes of the neuronal NPC within C9orf72 and sALS nuclei. Ultimately, this 

combined “injury” to the NPC appears to contribute to TDP-43 dysfunction and downstream 

deficits in neuronal survival. Thus, our data link a new pathophysiological disease pathway, 

the aberrant nuclear accumulation of CHMP7, to the known prominent pathological 

hallmark of multiple neurodegenerative diseases, TDP-43 mislocalization and dysfunction. 

Moreover, our data highlight CHMP7 as a potential therapeutic target in neurodegenerative 

diseases characterized by nuclear Nup reduction and TDP-43 pathology.

MATERIALS AND METHODS

Study design

The goals of this study were to (i) evaluate CHMP7 pathology in C9orf72 and sALS, (ii) 

determine the contribution of CHMP7 pathology to Nup alterations and downstream cellular 

dysfunction (Ran GTPase localization, TDP-43 function and localization, and neuronal 

response to glutamate stressors), and (iii) investigate the therapeutic efficacy of CHMP7 

ASOs in iPSNs. The primary analyses in our study were to (i) use SIM and confocal 

microscopy to evaluate CHMP7 pathology Nup alterations in iPSNs and postmortem human 

CNS tissues and (ii) employ confocal microscopy and qRT-PCR to evaluate downstream 

consequences of NPC injury. Our analysis was carried out using nonneurological control, 

C9orf72, and sALS (with no known causative genetic mutations) iPSC lines and postmortem 

tissues. Sample size for postmortem studies was based on availability of high-quality tissue 

samples. For iPSN experiments, sample sizes were chosen on the basis of previous expertise, 

knowledge from past experiments, and statistical considerations using similar iPSC-derived 

motor neuron model systems and current accepted standards based on journal policies 

and a review of the literature. No statistical analysis was used to predetermine sample 

size. Sample sizes were chosen to be similar or exceed those previously reported in the 

literature. Each experiment was repeated with multiple biological replicates as stated, and 

the statistical analysis demonstrates that our sample sizes revealed significant differences 

between groups. All experiments were done with a minimum number of replicates based 

on previous expertise in statistical analyses of similar experimental datasets. No data 

were excluded from the study. The findings in this study were collected from multiple 

independent experiments and were reliably reproduced. The number of independent iPSC 

lines or postmortem tissue samples is indicated in each figure legend. Investigators were 

blinded to iPSC line and genotypic information for all imaging and quantitative analysis of 
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all images (SIM, confocal, human tissue, etc.) presented in this study. iPSCs were tested 

for pluripotency by Cedars-Sinai iPSC Core. iPSNs were validated with known neuronal 

markers. C9orf72 repeat expansion was confirmed by Southern blot and qRT-PCR. All cell 

lines routinely tested negative for mycoplasma contamination. iPSC lines were available 

through the Answer ALS Project and obtained via the Cedars-Sinai iPSC repository (https://

biomanufacturing.cedars-sinai.org). Human nonneurologic control, C9orf72, and sALS CNS 

tissues were available from the Target ALS Postmortem Tissue Core and D. Dickson (Mayo 

Clinic). For Target ALS specimens, a web-based searchable database of the postmortem 

tissue inventory provides estimates of fixed and frozen postmortem tissues available that 

meet basic demographic criteria. Eligible patients and/or family members are recruited 

from our ALS clinic for voluntary participation in blood and autopsy donations. All blood 

(for iPSC generation from PBMCs) and autopsied tissue collections are Johns Hopkins 

Institutional Review Board–approved with Johns Hopkins ethics oversight. All patient 

information is Health Insurance Portability and Accountability Act (HIPAA) compliant.

iPSC-derived neuronal differentiation

C9orf72, sALS, and nonneurological control iPSC lines were obtained from the 

Answer ALS repository at Cedars-Sinai (see table S1 for demographics). All sALS 

iPSC lines are negative for the C9orf72 repeat expansion and other known ALS 

mutations. See dataportal.answerals.org for more information on ALS mutations and 

genetic variants for all iPSC lines used in this study. Feeder-free iPSCs were 

maintained on Matrigel with MTeSR and maintained according to Cedars-Sinai Standard 

Operating Procedure (SOP, https://www.cedars-sinai.edu/content/dam/cedars-sinai/research/

documents/biomanufacturing/complete-ipsc-culturing-protocol-rev-4-2020.pdf). iPSCs were 

differentiated into spinal neurons using the previously described direct induced motor 

neuron protocol (8). All cells were maintained at 37°C with 5% CO2. iPSCs and iPSNs 

routinely tested negative for mycoplasma.

ASO treatment of iPSC-derived neurons

Nontargeting scrambled control (676630) (CCTATAGGACTATCCAGGAA), 

CHMP7 ASO 1 (1508916) (GAAAACGGTTTCCACTGTAT),CHMP7 ASO 2 

(1508917) (TGTTACCCTCAGATACCGCC), and CHMP7 ASO 3 (1508918) 

(ATGTGATGCTATTAATAGGA) were provided by Ionis Pharmaceuticals. On day 25 of 

differentiation, ASOs were added to the culture media at concentrations of 1, 5, or 10 μM 

as indicated in figure legends. Medium was exchanged and ASO was replaced every 3 days 

until iPSNs were subjected to downstream analyses on day 40 of differentiation for Western 

blot, SIM, and glutamate excitotoxicity and on day 46 of differentiation for qRT-PCR, Ran 

GTPase localization, and TDP-43 localization.

Nuclei isolation

Nuclei were isolated from iPSNs and postmortem human brain tissue using the Nuclei 

Pure Prep Nuclei Isolation Kit (Sigma-Aldrich) following the manufacturer’s protocol 

as previously described (8). Briefly, iPSN lysates were prepared by rinsing iPSNs with 

1× phosphate-buffered saline (PBS), adding supplied lysis buffer supplemented with 

dithiothreitol and Triton X-100 directly to each well, and harvesting iPSNs with a cell 
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scraper. Lysates were transferred to a 50-ml conical tube and vortexed. Sucrose gradients 

were assembled following the manufacturer’s protocol. A 1.85 M sucrose gradient was used 

to enrich for neuronal nuclei. Samples were centrifuged at 15,600 rpm and 4°C using a 

Swi32T swinging bucket rotor and Beckman ultracentrifuge (Beckman Coulter) for 45 min. 

The supernatant was discarded, and the remaining nuclei pellet was resuspended in 1 ml of 

supplied nuclei storage buffer to wash the nuclei of any remaining sucrose. Resuspended 

nuclei were centrifuged at 2500 rpm and 4°C for 5 min. The supernatant was once again 

discarded, and the resulting nuclei pellet was vortexed in 1 ml of supplied nuclei storage 

buffer to resuspend for downstream imaging analysis. For Western blots, washed nuclei were 

lysed in radioimmunoprecipitation assay (RIPA) buffer as described below.

Super-resolution SIM

Nuclei staining and super-resolution imaging were performed as previously described (8). 

After nuclei isolation, 10 to 50 μl of final nuclei/storage buffer suspension were centrifuged 

onto collagen-coated (1 mg/ml; Advanced Biomatrix) slides with a CytoSpin 4 centrifuge 

(Thermo Fisher Scientific). Nuclei were immediately fixed with 4% paraformaldehyde 

(PFA) for 15 min, washed with 1ϗ PBS three times for 10 min, and permeabilized with 

1× PBS containing 0.1% Triton X-100 (PBST) for 15 min. Nuclei were then blocked with 

10% normal goat serum diluted in 1× PBS for 1 hour at room temperature and incubated 

in primary antibody diluted in block (10% normal goat serum in 1× PBS) overnight at 4°C 

(see table S2 for antibody information). After 16 to 18 hours, nuclei were washed with 1× 

PBS three times for 10 min and incubated in secondary antibody diluted in block (10% 

normal goat serum in 1× PBS) for 1 hour at room temperature (see table S2 for antibody 

information). Nuclei were washed with 1× PBS three times for 10 min and coverslipped 

using Prolong Gold Antifade Reagent (Invitrogen) and 18 mm × 18 mm 1.5 high tolerance 

coverslips (MatTek).

NeuN- or GFP-positive nuclei (see figure legends) were identified via microscope eye 

pieces. A single z section ~110 nm thick was acquired by widefield imaging to confirm 

NeuN or GFP positivity. The immunostained proteins were subsequently imaged by super-

resolution SIM using a Zeiss ELYRA S1. For each image, five grid rotations and optimal 

z sectioning parameters were used. For each immunostained protein, all images were 

acquired with identical laser power and exposure time. After image acquisition, SIM 

images were reconstructed and subjected to deconvolution using default SIM processing 

parameters with Zeiss Zen Black 2.3 SP1 software. Automated Nup spot and volume 

analysis was conducted as previously described (8, 44) using Imaris version 9.2.0 (Bitplane) 

and the three-dimensional (3D) suite plugin in Fiji version 1.52p. Nup spots were counted 

using automated spot detection. A Bayesian classifier taking into account volume, average 

intensity, and contrast features was applied to detect and segment individual spots. The 

total number of Nup spots was determined using a 3D rendering of segmented SIM images 

comprising the entire depth of each nucleus. When individual Nup spots could not be 

resolved due to limits of resolution of immunofluorescent SIM, the percent total nuclear 

volume occupied by the Nup was calculated. To calculate total nuclear volume, X and Y 
axis length was measured in the center z slice for each nucleus, and Z axis length was 

estimated from the total z depth of acquired images. To calculate Nup volume, image 
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stacks were processed with automatic thresholding and automatic thresholding the 3D 

suite plugin in Fiji was used to determine the volume of the region previously subjected 

to automatic thresholding for each nucleus. Representative images are presented as 3D 

maximum intensity projections generated in Zeiss Zen Black 2.3 SP1. Images were faux 

colored green for contrast and display.

Immunostaining and confocal imaging of iPSNs

On day 12 of differentiation, iPSNs were plated in 24-well optical bottom plates (Cellvis). 

At days 25, 32, or 46 of differentiation (see individual figure legends), iPSNs were fixed in 

4% PFA for 15 min, washed with 1× PBS three times for 10 min, permeabilized with 1× 

PBST containing 0.3% Triton X-100 for 15 min, blocked in 10% normal goat serum diluted 

in 1× PBS for 1 hour, and incubated in primary antibody for 2 hours at room temperature 

(see table S2 for antibody information). iPSNs were then washed with 1× PBS three times 

for 10 min, incubated in secondary antibody (see table S2 for antibody information) for 1 

hour at room temperature, washed in 1× PBS two times for 10 min, incubated with Hoechst 

diluted 1:1000 in 1× PBS for 10 min, and washed in 1× PBS two times for 10 min. iPSNs 

were mounted using Prolong Gold Antifade Reagent with 4′,6-diamidino-2-phenylindole 

(DAPI). iPSNs were imaged using a Zeiss LSM 800 or Zeiss LSM 980 confocal microscope. 

All images were acquired using identical imaging parameters such as laser power and gain. 

Nuclear intensity and nuclear/cytoplasmic ratios were calculated with Fiji as previously 

described (8, 46). Images presented are maximum intensity projections generated in Zeiss 

Zen Blue 2.3.

Human tissue immunofluorescence

Nonneurological control and C9orf72 patient postmortem paraffin-embedded motor and 

occipital cortex sections were obtained from D. Dickson (Mayo Clinic) and the Target ALS 

Human Postmortem Tissue Core (see table S3 for demographic information). Tissue sections 

were gradually rehydrated with xylene three times for 5 min, 100% ethanol two times for 

5 min, 90% ethanol for 5 min, 70% ethanol for 5 min, and finally dH2O three times for 

5 min. Antigen retrieval was performed with Tissue-Tek antigen retrieval solution (IHC 

World) for 1 hour in a steamer. Slides were cooled for 10 min and washed three times for 

5 min with dH2O and three times for 5 min with 1× PBS and permeabilized with 0.4% 

Triton X-100 diluted in 1× PBS for 10 min on a shaker. Slides were subsequently washed 

three times for 5 min in 1× PBS blocked with DAKO protein-free serum block (DAKO) 

overnight at 4°C. Tissue sections were incubated with primary antibody (see table S2 for 

antibody information) diluted in DAKO antibody diluent reagent with background reducing 

components for a total of two overnights at 4°C. In between the two overnight incubations, 

slides were incubated in primary antibody at room temperature with gentle agitation for 10 

hours. After primary antibody, tissue sections were washed three times for 5 min with 1× 

PBS and then incubated with secondary antibody (see table S2 for antibody information) 

diluted in DAKO antibody diluent with background reducing components (DAKO) at room 

temperature with gentle agitation for 1 hour. Slides were then washed three times for 5 min 

in 1× PBS, rinsed briefly with two to three drops of autofluorescence eliminator reagent 

(Millipore), and extensively washed five times for 5 min in 1× PBS to remove debris. Tissue 

sections were stained with Hoechst diluted 1:1000 in 1× PBS for 20 min and washed three 
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times for 5 min in 1× PBS. Slides were coverslipped using Prolong Gold Antifade Reagent 

with DAPI, and nuclei from Map2-positive Layer V neurons were imaged with a 20× 

objective and a Zeiss Axio Imager Z2 fluorescent microscope equipped with an Apotome2 

module. All images were acquired using identical exposure times.

CHMP7 and TDP-43 nuclear/cytoplasmic ratios and nuclear intensities were quantified 

using Fiji. Briefly, in-focus neurons with visible nuclei were identified by positive Map2 

and Hoechst signals. A small pixel box was used to measure fluorescent intensity in 

the CHMP7 or TDP-43 channel. Two integrated density measurements were taken from 

each cellular compartment (nucleus and cytoplasm), the average of which was used for 

subsequent analysis. Five background fluorescent intensity mean measurements were taken 

in areas devoid of cells, the average of which was used for analysis. Nuclear and cytoplasmic 

intensities were calculated as follows: Intensity = Integrated density – (Mean background 

intensity * Area measured within cell). The nuclear/cytoplasmic CHMP7 or TDP-43 ratio 

was calculated by dividing resulting nuclear intensity by cytoplasmic intensity for each 

cell. Nuclear intensities were obtained using the aforementioned calculation. Images are 

presented as default Apotome processed images generated in Zeiss Zen Blue 2.3.

Quantitative reverse transcription polymerase chain reaction

RNA from iPSNs was isolated with an RNeasy kit (QIAGEN) according to the 

manufacturer’s protocol. RNA concentrations were determined with a NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific). For CHMP7 ASO experiments, RNA was 

isolated on day 46 of differentiation after 3-week exposure to 5 μM CHMP7 ASO 2 or 

scrambled control ASO. For CHMP7 overexpression experiments, RNA was isolated on day 

32 of differentiation (2 weeks after plasmid nucleofection). One microgram of RNA was 

used for complementary DNA (cDNA) synthesis with random hexamers and the SuperScript 

IV First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific). qRT-PCRs were performed 

using TaqMan Gene Expression Master Mix (TaqMan), TaqMan Gene Expression Assays 

(see table S4), and an Applied Biosystems QuantStudio 3 Real-Time PCR Machine (Applied 

Biosystems). STMN2 qRT-PCRs were conducted as previously described (34, 35) using 

SYBR Green Master Mix (Thermo Fisher Scientific). See table S4 for primer sequences. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization in all 

experiments.

Western blots

Nuclei lysates—After nuclei isolation, nuclei pellets were resuspended in 25 μl of RIPA 

buffer (Millipore) containing 1× protease inhibitor cocktail (Roche). Homogenates were 

spun at 12,000g for 15 min and 4°C to remove debris. The supernatant was transferred to 

a new Eppendorf tube, and protein concentrations were determined using a BCA protein 

estimation assay kit (Thermo Fisher Scientific). A 4× Laemmli buffer (Bio-Rad) was added 

to each sample to a final concentration of 1×, samples were heated at 100°C for 5 min, 

and 5 μg of protein was loaded into 4 to 20% acrylamide gels (Bio-Rad). Gels were 

run until the dye front reached the bottom. Protein was transferred onto a nitrocellulose 

membrane using the Trans-Blot Turbo Transfer System (Bio-Rad). Blots were blocked for 

30 min with 5% nonfat milk in 1× TBST (tris-buffered saline with 0.1% Tween 20) and 
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incubated overnight at 4°C with primary antibody diluted in block (see table S2 for antibody 

information). The next day, blots were washed four times for 10 min with 1× TBST and 

probed with secondary antibody diluted in block (see table S2 for antibody information) for 

1 hour at room temperature. Blots were subsequently washed four times for 10 min with 

1× TBST, and an ECL substrate (Thermo Fisher Scientific, Millipore) was applied for 30 

s. Chemiluminescent images were acquired with the GE Healthcare ImageQuant LAS 4000 

system. To sequentially probe membranes without stripping, chemiluminescent signals were 

quenched by incubating blots in room temperature 30% H2O2 for 15 min (62). Analysis was 

conducted in Fiji. Lamin B1 was used for normalization.

iPSN lysates—On day 32 of differentiation, iPSNs were rinsed with ice-cold 1× 

Dulbecco’s PBS (DPBS) with Ca2+ and Mg2+. One milliliter of fresh 1× DPBS was added 

to each well, and iPSNs were harvested with a cell scraper and transferred to an Eppendorf 

tube. Cells were then pelleted at 2500 rpm at 4°C for 5 min. The supernatant was aspirated, 

and the resulting cell pellet was lysed in 50 μl of RIPA buffer containing 1× protease 

inhibitor cocktail. For ASO-treated iPSNs, cells were harvested and lysed on day 40 of 

differentiation. Western blots and analysis were performed as described above. GAPDH was 

used for normalization.

Plasmids and nucleofection for CHMP7 overexpression

The GFP-tagged CHMP7 plasmid was obtained from OriGene. To generate the CHMP7 

NES mutant (CHMP7 NES*) plasmid, a singleamino acid substitution (amino acid 430, L to 

A) was created in the CHMP7 GFP plasmid (OriGene) using a Q5 site-directed mutagenesis 

kit (New England BioLabs). A GFP control plasmid was obtained from OriGene. See table 

S5 for plasmid information. On day 18 of differentiation, iPSNs were dissociated with 

accutase to assist with single-cell dissociation and nucleofected in suspension using the 

Lonza P3 Primary Cell 4D Nucleofector Kit (Lonza) and program DC104 on the Lonza 

nucleofection system. Each cuvette contained 5 × 106 iPSNs and 4 μg of plasmid DNA. 

After nucleofection, iPSNs were plated in Matrigel (Corning)–coated cell culture dishes 

according to Lonza protocol. Medium was exchanged on days 19 and 22 of differentiation. 

For overexpression of CHMP7 variants, downstream SIM experimentation was carried out 

on day 25 of differentiation, and TDP-43 localization and qRT-PCR analyses were carried 

out on day 32 of differentiation. For overexpression of LEMD2, SIM experiments were 

carried out on day 32 of differentiation.

Knockdown of POM121 and LEMD2 by Trim Away

Knockdown of endogenous POM121 and LEMD2 was carried out using a modified Trim 

Away protocol (23) as previously described (8). POM121 (Thermo Fisher Scientific) and 

LEMD2 (Thermo Fisher Scientific) antibodies were dialyzed in 1× PBS using the Slide-A-

Lyzer MINI Dialysis Device, 20 K MWCO (Thermo Fisher Scientific). PBS was exchanged 

after 2 hours, and dialysis proceeded with gentle agitation at room temperature overnight. 

Dialyzed antibodies were concentrated with an Amicon Ulta-0.5 Centrifugal Filter Unit with 

Ultacell-100 membrane (Millipore). Resulting antibody concentration was calculated with 

a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific) as previously described 

(23). On day 18 of differentiation, iPSNs were dissociated with accutase. Suspension-based 
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nucleofection was carried out with the Lonza P3 Primary Cell 4D Nucleofector Kit (Lonza) 

and the program DC154. Each cuvette contained 5 × 106 iPSNs, 5 μg of antibody, and 4 

μg of Trim21 GFP plasmid DNA (OriGene, see table S5). After nucleofection, iPSNs were 

replated in Matrigel (Corning)–coated cell culture dishes according to Lonza protocol and 

used for downstream analysis on day 20 of differentiation.

Glutamate toxicity

On day 12 of differentiation, iPSNs were plated in 24-well optical bottom plates (Cellvis) at 

a density of 250,000 neurons per well. Neurons were rinsed with 1× PBS and fed with fresh 

stage 3 media daily remove dead cells and debris until day 25 of differentiation. On day 

25 of differentiation, ASO treatment was initiated as described above. Every 3 days, iPSNs 

were rinsed three times with 1× PBS and media and ASO were replaced. On day 40 of 

differentiation, iPSNs were washed with 1× PBS to remove any remaining debris and dead 

cells. Medium was replaced with artificial cerebrospinal fluid (Tocris) containing 0 or 10 μM 

glutamate (Sigma-Aldrich). iPSNs were incubated at 37°C with 5% CO2 for 4 hours. After 

3.5 hours, one drop of NucBlue Live ReadyProbes (Thermo Fisher Scientific) and 1 μM PI 

(Thermo Fisher Scientific) were added to each well and cells were returned to the incubator 

for 30 min. iPSNs were imaged in an environmentally controlled chamber with a Zeiss LSM 

800 confocal microscope. Five images per well were acquired with a 10× objective. PI and 

DAPI spots were counted using Fiji.

Statistical analysis

All data analysis was conducted with Imaris or Fiji as described in each experimental 

section above and was either completely automated or blinded. All statistical analyses were 

performed using GraphPad Prism versions 8 and 9 (GraphPad). For imaging experiments 

where multiple cells or nuclei per iPSC line or patient were quantified, statistical analyses 

were performed such that the average of all nuclei or cells evaluated per iPSC line or patient 

represents n = 1, with total n per experiment and group as indicated in figure legends. All 

data were normally distributed. Student’s t test, one-way analysis of variance (ANOVA) with 

Tukey’s multiple comparison test, or two-way ANOVA with Tukey’s multiple comparison 

test was used as described in figure legends. *P < 0.05, **P < 0.01, ***P < 0.001, and 

****P < 0.0001. Violin plots are used to display the full spread and variability of large 

datasets (>10 data points). Center dotted line indicates median value. Two additional dotted 

lines indicate the 25th and 75th percentiles. For smaller datasets, bar graphs displaying 

individual data points are shown, where error bars represent ±SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increased nuclear expression of CHMP7 correlates with reduction in specific Nups in 
C9orf72 and sALS iPSN nuclei.
(A) Maximum intensity projections from SIM imaging of Nups in nuclei isolated from 

control and sALS iPSNs at day 32 of differentiation. Genotype as indicated on left, antibody 

as indicated on top. (B) Quantification of Nup spots. n = 10 control and 17 sALS iPSC 

lines, 50 NeuN+ nuclei per line. Student’s t test was used to calculate statistical significance. 

****P < 0.0001. (C) Maximum intensity projections from SIM imaging of CHMP7 in nuclei 

isolated from control, C9orf72, and sALS iPSNs. Time point as indicated on left, genotype 
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as indicated on top. (D) Quantification of CHMP7 spots. n = 10 control, 8 C9orf72, and 

17 sALS iPSC lines, 50 NeuN+ nuclei per line. One-way ANOVA with Tukey’s multiple 

comparison test was used to calculate statistical significance. ****P < 0.0001. (E to G) 

Western blot (E) and quantification (F and G) for CHMP7 expression in nuclei isolated 

from day 18 control, C9orf72, and sALS iPSNs. Antibodies as indicated on right, genotype 

as indicated on bottom. Note: Two independent CHMP7 antibodies were used. Lamin B1 

was used as a loading control. n = 8 control, 8 C9orf72, and 8 sALS iPSC lines. One-way 

ANOVA with Tukey’s multiple comparison test was used to calculate statistical significance. 

***P < 0.001 and ****P < 0.0001. Scale bar, 5 μm.
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Fig. 2. The nuclear localization of CHMP7 is increased in C9orf72 and sALS iPSNs and 
postmortem patient motor cortex.
(A) Immunostaining and confocal imaging for CHMP7 in iPSNs at day 25 of differentiation. 

Genotype as indicated on left, antibody as indicated on top. (B and C) Quantification of 

nuclear/cytoplasmic (N/C) ratio (B) and nuclear intensity (C) of CHMP7 immunostaining. n 
= 7 control, 5 C9orf72, and 7 sALS iPSC lines, at least 50 Map2+ neurons per line. One-way 

ANOVA with Tukey’s multiple comparison test was used to calculate statistical significance. 

**P < 0.01 and ***P < 0.001. (D) Immunostaining for CHMP7 in paraffin-embedded 
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postmortem motor cortex. Genotype as indicated on left, antibody as indicated on top. 

Arrows indicate cytoplasmic CHMP7 immunostaining. Asterisks indicate nuclear CHMP7 

immunostaining. (E and F) Quantification of nuclear/cytoplasmic ratio (E) and nuclear 

intensity (F) of CHMP7 immunostaining. n = 13 control, 17 C9orf72, and 30 sALS cases, 

at least 100 Map2+ cells per case. One-way ANOVA with Tukey’s multiple comparison test 

was used to calculate statistical significance. *P < 0.05, ***P < 0.001, and ****P < 0.0001. 

Scale bars, 10 μm.
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Fig. 3. Inhibition of CHMP7 nuclear export in wild-type iPSNs recapitulates disease-associated 
Nup alterations.
(A) Maximum intensity projections from SIM imaging of nuclei isolated from control iPSNs 

on day 25 of differentiation after 1 week of GFP-tagged CHMP7 variant overexpression 

(OE). Overexpression as indicated on left, antibodies as indicated on top. (B to F) 

Quantification of CHMP7 spots (B), Nup50 volume (C), and POM121 (D), Nup133 (E), and 

414 (F) spots. n = 4 control iPSC lines, 50 GFP+ nuclei per line/overexpression. One-way 
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ANOVA with Tukey’s multiple comparison test was used to calculate statistical significance. 

****P < 0.0001. Scale bar, 5 μm.
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Fig. 4. Inhibition of CHMP7 nuclear export affects TDP-43 localization and function.
(A) Immunostaining and confocal imaging for TDP-43 in control iPSNs on day 32 of 

differentiation after 2 weeks of GFP-tagged CHMP7 variant overexpression. Overexpression 

as indicated on left, antibodies as indicated on top. WT, wild type. (B and C) Quantification 

of nuclear/cytoplasmic ratio (B) and nuclear intensity (C) of TDP-43 immunostaining. n = 3 

control iPSC lines, at least 50 Map2+ and GFP+ neurons per line/overexpression. One-way 

ANOVA with Tukey’s multiple comparison test was used to calculate statistical significance. 

*P < 0.05 and ****P < 0.0001. (D and E) qRT-PCR for full-length (D) and truncated (E) 
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STMN2 mRNA in control iPSNs on day 32 of differentiation after 2 weeks of GFP-tagged 

CHMP7 variant overexpression. GAPDH was used for normalization. One-way ANOVA 

with Tukey’s multiple comparison test was used to calculate statistical significance. *P < 

0.05 and ***P < 0.001. Scale bar, 10 μm.
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Fig. 5. CHMP7 and TDP-43 co-pathology is present in a subset of neurons in postmortem 
C9orf72 ALS/FTD and sALS patient motor cortex.
(A) Immunostaining for TDP-43 and CHMP7 in paraffin-embedded postmortem motor 

cortex. Genotype as indicated on left, antibody as indicated on top. Arrows indicate 

cytoplasmic CHMP7 or TDP-43 immunostaining. Asterisks indicate nuclear CHMP7 

immunostaining. (B to D) Quantification of nuclear/cytoplasmic ratio of TDP-43 versus 

cytoplasmic/nuclear ratio of CHMP7 in control (B), C9orf72 (C), and sALS (D) motor 

cortex. Individual data points for each Map2+ neuron analyzed are shown. n = 10 control, 

10 C9orf72, and 20 sALS cases. Note: Red indicates high nuclear CHMP7/low nuclear 

TDP-43, yellow indicates high nuclear CHMP7/high nuclear TDP-43, blue indicates low 

nuclear CHMP7/low nuclear TDP-43, and green indicates low nuclear CHMP7/high nuclear 

TDP-43. Scale bar, 10 μm.
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Fig. 6. ASO-mediated knockdown of CHMP7 restores the nuclear expression of specific Nups, 
mitigates TDP-43-mediated splicing defects, and reduces glutamate-induced excitotoxicity in 
C9orf72 and sALS iPSNs.
(A) Maximum intensity projections from SIM imaging of nuclei isolated from control, 

C9orf72, and sALS iPSNs on day 40 of differentiation after 2-week exposure to 5 μM 

scrambled control ASO or CHMP7 ASO 2. Treatment as indicated on left, genotype and 

antibodies as indicated on top. (B to F) Quantification of CHMP7 spots (B), Nup50 volume 

(C), and POM121 (D), Nup133 (E), and 414 (F) spots. n = 7 control, 4 C9orf72, and 6 

sALS iPSC lines, 50 NeuN+ nuclei per line per treatment. Two-way ANOVA with Tukey’s 

multiple comparison test was used to calculate statistical significance. ****P < 0.0001. (G 
and H) qRT-PCR for full-length (G) and truncated (H) STMN2 mRNA in control, C9orf72, 

and sALS iPSNs on day 46 of differentiation after 3-week exposure to 5 μM scrambled 

control ASO or CHMP7 ASO 2. GAPDH was used for normalization. n = 8 control, 6 
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C9orf72, and 6 sALS iPSC lines. Two-way ANOVA with Tukey’s multiple comparison 

test was used to calculate statistical significance. ***P < 0.001 and ****P < 0.0001. (I) 

Quantification of percent cell death as measured by propidium iodide (PI) incorporation 

after exposure to glutamate in control and C9orf72 iPSNs after 2-week exposure to 5 μM 

scrambled control ASO or CHMP7 ASO 2. n = 7 control, 5 C9orf72, and 6 sALS iPSC 

lines, five frames per well. Two-way ANOVA with Tukey’s multiple comparison test was 

used to calculate statistical significance. ****P < 0.0001. Scale bar, 5 μm.
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