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1. Summary

The most common cause of familial amyotrophic lateral sclerosis (ALS) and a frequent cause of
frontotemporal dementia (FTD) is a mutation in the non-coding region of the gene known as
CI90ORF72. The mutation is an expansion of GGGGCC hexanucleotide repeat between exons 1A
and 1B in the CO90ORF72 gene, but how this mutation causes neurodegeneration is unknown.
Three different mechanisms have been hypothesized for the role of the C9ORF72 expansion
mutation in the pathophysiology of the disease. First, the presence of the expansion reduces the
amount of full-length protein produced (haploinsufficiency). Second, the repeat DNA sequence
is transcribed into repeat RNA, which forms abnormal tertiary structures and can cause damage
by binding and sequestering RNA binding proteins. Finally, despite being in a non-coding region,
the repeat RNA is translated into five distinct dipeptide repeat proteins (DPR) from sense [poly-
GA (glycine—alanine), poly-GP (glycine—proline), poly-GR (glycine—arginine) and antisense poly-
GP (glycine—proline), poly-PR (proline—arginine), and poly-PA (proline—alanine)] strands. These
DPRs accumulate in various parts of the central nervous system of C9ORF72 ALS/FTD patients.
However, the pathogenic contribution of DPR-associated toxicity to disease progression is still
unknown. In addition, the relative contribution of each individual DPR remains unclear. This work
particularly focuses on the role of one of these dipeptides repeats, poly-GA, for several reasons.
First, poly-GA is the most abundant DPR found in postmortem tissues from C9ORF72 ALS/FTD
patients. Second, other than the arginine-containing DPRs, poly-GA is the most toxic of the five
DPRs in both in vitro and in vivo disease models. Finally, targeting poly-GA protein with an
antibody increased survival and rescued neurodegeneration in a study of transgenic mice

expressing human C90ORF72 from a bacterial artificial chromosome (BAC).

My thesis research aimed to investigate how poly-GA may cause damage to neurons in the course
of C90RF72-related ALS pathology. In particular, | examined the effect of poly-GA on elements
of nucleocytoplasmic transport machinery and nuclear membrane health in a simple cell line

system, then in a disease relevant C90ORF72 ALS patient-derived iPSC motor neuron model.



Finally, | tested the effect of an antibody-based therapeutic strategy targeting the specific
reduction of poly-GA in the COORF72 ALS motor neurons in an effort to understand how poly-GA

may impact neurodegeneration.

In the first part of my research work, | established a cellular model of poly-GA accumulation in a
HEK293 cell line. This model was used to test a hypothesized mechanism of toxicity related to the
direct impairment of nuclear pores. The study revealed that poly-GA sequesters a subset of
nucleoporins away from the nuclear membrane. | then used a more disease-relevant model of
CI90RF72 ALS patient-derived motor neurons that integrates the complexity of the CSORF72-
associated pathology. The characterization of this model led to the evidence of disruption of
nuclear membranes with ectopic nuclear pores not previously described in ALS motor neurons.
Moreover, two of the nuclear pore proteins found to be sequestered in the HEK293 cells were
positively correlated with the amount of poly-GA expressed by the C9ORF72 motor neurons.
These data suggest that poly-GA in the nuclear membrane could led to the dysfunction of nuclear
pores. In a third part, | examined the consequences of poly-GA on neurodegeneration in
C90RF72 motor neurons. Since patient-derived motor neurons did not exhibit spontaneous
neurodegeneration under basal growth conditions, the cells were treated with a protein
synthesis inhibitor, challenging the homeostatic ability of the neurons. This cellular stress
revealed an increased susceptibility of the C90ORF72 motor neurons to neurodegeneration as
compared to control cultures derived from healthy donors. In this model, chronic treatment with

an antibody targeting poly-GA DPRs did not produce a protective effect.

In conclusion, the results from these two cellular models provide some insight on cells’ abilities
to process large, mature poly-GA protein aggregates in HEK cells versus misfolded but not yet
aggresome-located poly-GA DPRs in immature neurons. Perspectives of this work speculate on
potential additional ways that C90ORF72 repeat expansion causes neurodegeneration in ALS and

thoughts about which research lines might be productive.
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2. Abbreviations

Gene and protein names and abbreviations follow conventional nomenclature, with the OMIM (Online
Mendelian Inheritance in Man) and UniProt (www.uniprot.org) as references.

ALS.......... Amyotrophic lateral sclerosis

BAC......... Bacterial artificial chromosome

C90rf72..HGNC approved gene symbol for “Chromosome 9, open reading frame 72”
C9 ALS/FTD......C90rf72-linked amyotrophic lateral sclerosis/frontotemporal dementia

CNS......... Central nervous system
CSF.......... Cerebrospinal fluid

DIV ......... Days in vitro

DPR......... Dipeptide repeat protein
ER............ Endoplasmic reticulum
fALS......... Familial ALS

GA........... Glycine—alanine
GR........... Glycine—arginine
GP...........Glycine—proline

| O Immunofluorescence
IPS........... Induced pluripotent stem

Nups....... Nucleoporins
PBS.......... Phosphate buffered saline

PLA..........Proximity ligation assay
PA............Proline—alanine
PR Proline—arginine

SALS......... Sporadic ALS

SOD1....... Superoxide dismutase 1
SQSTM1..Sequestosome 1, also known as P62
STED........ Stimulated-emission depletion (microscopy)
TBS........... Tris-buffered saline

TDP-43.....Transactive response DNA-binding protein 43


http://www.uniprot.org/

3. Introduction

Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease, is a rare, progressive,
and fatal neurodegenerative disease characterized by the degeneration of motor neurons of the
brain and spinal cord. This loss of functioning motor neurons gradually results in paralysis.
Patient survival is highly variable, but the average time from symptom onset to death is 3-4 years
(Couratier et al., 2016). There is no approved treatment to reverse damage to motor neurons or
cure ALS. However, symptomatic treatments can help prevent unnecessary complications, and

make living with the disease easier.

The first symptoms noted by patients are often muscle stiffness or weakness in the limbs,
gradually followed by increasing weakness, wasting, and paralysis of the muscles (Traxinger,
Kelly, Johnson, Lyles, & Glass, 2013). Symptoms usually begin with limb muscle weakness (spinal
onset) but can begin with difficulty speaking or swallowing (bulbar onset, referring to the brain’s
medulla, which is also known as the bulb). Rarely, symptoms begin with muscles of the torso
(Grad, Rouleau, Ravits, & Cashman, 2017). The disease is highly heterogenous in the location of
first symptom, rate of progression, and underlying neuropathology, but always involves loss of
motor neurons. In general, ALS is characterized by a loss of both upper and lower motor neurons.
Specifically, “upper motor neurons” are the Betz cells in layer V of the primary motor cortex that
are essential for voluntary movement. “Lower motor neurons” refers to the alpha motor neurons
in the anterior horn of the spinal cord and motor neurons of the motor nuclei in the brainstem.
Axonal degeneration is often detectable in the pathways projecting to the lower motor neurons
from the cell bodies of the cortex and in the lower motor neuron projections of the peripheral

nerves innervating the muscle (Grad et al., 2017).
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Figure 3 . Upper and lower motor neurons. Upper motor neurons’ cell bodies lie in the cortex and
innervate lower motor neurons. The lower motor neurons, whether in the brainstem or spinal cord,
innervate the muscles of the body.



3.1. ALS Disease overview

3.1.1. ALS Disease progression.

Early stages

Muscles

Muscles may be weak and soft, or they may be stiff and tight. Muscle cramping and
twitching (fasciculation) occurs, as does atrophy. Symptoms may be limited to a
single body region or mild symptoms may affect more than one region.

Physical effects

The person may experience fatigue, poor balance, slurred words, a weak grip, or
tripping when walking. This stage may occur before a diagnosis is made.

Middle stages

Muscles

Symptoms become more widespread. Some muscles are paralyzed, while others are
weakened or unaffected. Fasciculations may continue.

Physical effects

Unused muscles may cause contractures, in which the joints become rigid, painful,
and sometimes deformed. If a fall occurs, the person may not be able to stand back
up alone. Weakness in swallowing muscles may cause choking and greater difficulty

eating and managing saliva. Weakness in breathing muscles can cause respiratory

insufficiency, especially when lying down. Some people experience bouts of
uncontrolled and inappropriate laughing or crying (pseudobulbar affect). Despite
behavior, the person usually reports not feeling particularly sad or happy.

Late stages

Muscles
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Most voluntary muscles are paralyzed. The muscles that help move air in and out of
the lungs are severely compromised.

Physical effects

Mobility is extremely limited, and help is needed in caring for most personal needs.
Poor respiration may cause fatigue, cognitive loss, headaches, and susceptibility to
pneumonia. Speech, or eating and drinking by mouth, may not be possible.
Respiratory insufficiency is the leading cause of death in ALS.

[This stage table is modified from information provided by the muscular dystrophy
association. www.mda.org/disease/amyotrophic-lateral-sclerosis]

Table 1: Progressive disease stages in ALS

The rate at which patients suffer more severe symptoms is highly variable. Although mean
survival time is 3-4 years, approximately 10—20% of ALS patients survive longer than 10 years
(Chio et al., 2009). Substantial effort has been devoted to improving prediction of disease
progression for individual patients, and to categorizing known mutations with respect to their
implications for prognosis. There are overall trends that can be applied generally by neurologists

based on symptoms before more detailed genetic or biomarker tests are performed.
Predictors of progression include:
1) site of symptom onset, with bulbar or respiratory onset predicting faster deterioration,

2) the speed of symptom progression before neurological clinical assessment, with fast initial

progression predicting a faster decline,
3) impaired cognitive executive function, also predicting a faster decline (Elamin et al., 2015).

Several rating scales have been developed to assess patient status. Currently, the most widely
used and validated is the ALS Functional Rating Scale-Revised (ALS-FRS(R)) (Beswick et al., 2022).
Change in the ALS-FRS(R) score over time is the most frequent way of defining disease
progression. Several biomarkers have been proposed, with varying utility in diagnosis or

prognosis, including plasma siRNA from extracellular vesicles (Banack, Dunlop, Stommel, Mehta,

12



& Cox, 2022), compound muscle action potential (CMAP) in the thenar muscle of the hand (Lu et
al., 2022) and neurofilament light chain in cerebrospinal fluid (T. M. Miller et al., 2022). The latter

may have utility in drug development (Carvalho, 2022).

The disease progresses with increasingly more muscle groups affected. Over time this
progresses to muscles of respiration. Ultimately, most ALS patients die of respiratory failure (O.

Hardiman et al., 2017).

3.1.2. Treatments

In the U.S., there are three approved treatments for ALS, riluzole (Rilutek™ and other
formulations of riluzole), edaravone (Radicava™) and a combination of sodium phenylbutyrate
and taurursodiol (Relyvrio™). All are considered to have only modest efficacy (R. G. Miller,

Mitchell, & Moore, 2012; Witzel et al., 2022) (Fagan, 2022).

Riluzole is 6-(trifluoromethoxy)-2-benzothiazolamine
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Riluzole has a complex pharmacology. In vitro, it is both an indirect and a direct glutamate
antagonist and inhibitor of sodium channel NaV1.4 (Doble, 1996). It is believed to act in vivo as
sodium channel blocker, an inhibitor of glutamate release, and a blocker of glutamate receptors
(Doble, 1996; Nagoshi, Nakashima, & Fehlings, 2015). The rationale for its use in treating ALS is
its anti-glutamatergic action in preclinical models. A review of trials of the compound in about
1500 patients (across three trials) found a 9% gain in the probability of surviving one year (49%
placebo vs. 58% riluzole) and increased median survival from 11.8 to 14.8 months (R. G. Miller et

al., 2012).
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Edaravone is 3-methyl-1-phenyl-2-pyrazolin-5-one
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Edaravone is a purported free radical scavenger and inhibitor of the mitochondrial permeability
transition pore (Rajesh, Sasaguri, Suzuki, & Maeda, 2003). It was in use in Japan as a treatment
for ischemic stroke before its adoption as a potential treatment for ALS. Based on an apparent
reduction in a marker of oxidation reaction products, 3-nitrotyrosine, in the CSF of treated
patients in a small study (Yoshino & Kimura, 2006), the compound was advanced to a larger,
placebo-controlled trial. In that study (K. Abe et al., 2014), a total of 200 patients were infused
intravenously once per day with 60 mg edaravone or placebo for 24 weeks. The primary
endpoint, the revised ALS functional rating scale (ALSFRS-R), was not significantly different in the
treated group as compared with controls, but the results showed that disease progression in
controls was slower than originally anticipated, thus reducing the power of the trial to detect a
change. The sponsors then launched a new study with more strictly defined inclusion criteria,
treating with the same dose of compound (Koji Abe et al., 2017). That study did find a statistically
significant slower disease progression in edaravone-treated as compared with placebo-treated
patients. The beneficial effect of edaravone in patients as measured by the ALSFRS-R was
replicated in another study extending the treatment duration in some patients to 48 weeks.
Nevertheless, the benefit is relatively modest and there are questions about the applicability to
most ALS patients (Orla Hardiman & van den Berg, 2017) (Turnbull, 2018). Riluzole, but not

edaravone, has been shown in randomized clinical trials to prolong survival.
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The two-drug cocktail, Relyvrio™, was conditionally approved in Canada in June, 2022, and in

the U.S. by the Food and Drug Administration (FDA) on 28 September, 2022, on the basis of a
clinical trial published in 2022 (Sabrina Paganoni et al., 2022) and 2020 (S. Paganoni et al.,

2020). Relyvrio is composed of active ingredients sodium phenylbutyrate and taurursodiol.

Sodium phenylbutyrate is 4-phenylbutyric acid, sodium salt.

HO™

The proposed mechanism of action of the mixture was summarized by the company in three

sentences in an appendix to (S. Paganoni et al., 2020) as follows:

“Endoplasmic reticulum stress or dysfunction associated with protein misfolding and aggregation
has been implicated in the pathogenesis of ALS (Jaronen, Goldsteins, & Koistinaho, 2014), as has
disruption of mitochondrial function and structure (Mehta et al., 2019). Sodium phenylbutyrate is
a histone deacetylase inhibitor that has been shown to upregulate heat shock proteins and act as
a small molecular chaperone, thereby ameliorating toxicity from endoplasmic reticulum stress
(Kaur et al., 2018), (Suaud et al., 2011). Taurursodiol recovers mitochondrial bioenergetic deficits
through several mechanisms, including by preventing translocation of the Bax protein into the
mitochondrial membrane, thus reducing mitochondrial permeability and increasing the apoptotic

threshold of the cell (Rodrigues, Sold, Sharpe, Moura, & Steer, 2003).”
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There is also other support for the use of tauroursodeoxycholic acid. It has been shown to
promote the outgrowth of neurites in human iPSC-derived motor neurons and mouse motor
neurons challenged with the ER stress-inducing compound, cyclopiazonic acid (Thams et al.,
2019). It was also active in vivo at reducing denervation of the tibialis muscle in mice expressing
hSOD1%°3A, a mouse model of human ALS caused by a mutation in the SOD1 gene (Thams et al.,
2019). Other mechanisms have been proposed for a general neuroprotective effect in other
neurodegenerative disease models (Khalaf, Tornese, Cocco, & Albanese, 2022). The basis of
approval was the clinical findings produced in a trial supported by the Northeast Amyotrophic
Lateral Sclerosis Consortium and the drug sponsor, Amylyx Pharmaceuticals. In the trial (S.
Paganoni et al., 2020), the mean rate of change in the ALSFRS-R score was —-1.24 points per month
with the drug and -1.66 points per month with placebo (difference=0.42 points per month; 95%
confidence interval=0.03 to 0.81; P = 0.03). For context, the overall rate of decline in the patients
before the trial was 0.94 points per month. In an open-label extension of the trial, active drug
administration prolonged survival time free of tracheostomy or permanent assisted ventilation
by 7.3 months as compared with placebo (Sabrina Paganoni et al., 2022). A phase Il trial,
PHOENIX (NCT05021536), is ongoing as of October, 2022.

3.1.3. Causes of disease

In most patients, the cause of the disease is unknown. In approximately 10% of patients, there
is a known family history, so the disease in these cases is often called familial ALS (fALS).
Beginning with the discovery of a mutation in the gene SOD1 (Rosen et al., 1993), specific
mutations have been identified in some ALS kindreds with recognized inheritance patterns,
further establishing the idea of familial ALS. It is important to note that there can be incomplete
penetrance and an only probabilistic effect of genotype on phenotype (O. Hardiman et al., 2017),
making the understanding of inheritance pattern more difficult. The categorization into
“sporadic” and “familial” arose from the observation of clear inheritance patterns of the disease
without the knowledge of the underlying genetics. However, the use of the sporadic vs. familial
suggests a distinction that is an oversimplification. If approached from the point of view of “what

is the risk that this person will develop ALS?” there is in fact a range of risk associated with a
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variety of known genetic markers (Al-Chalabi et al., 2010), (Ryan, Heverin, McLaughlin, &

Hardiman, 2019), (Trabjerg et al., 2020), (S. Zhang et al., 2022). Recent evidence suggests that in

all ALS cases, whether categorized as sporadic or familial, about 50% of the risk of developing ALS

is heritable (Wingo, Cutler, Yarab, Kelly, & Glass, 2011), (Ryan et al., 2019), (Trabjerg et al., 2020).

An interaction of genes with environment is also possible, with some genes possibly contributing

to an increased risk factor. The role of environmental toxins, head trauma and other non-genetic

factorsin ALS generally is possible and is also an active area of research (O. Hardiman et al., 2017).

The most common genes clearly associated with ALS, as summarized in 2017 (O. Hardiman et
al., 2017), are summarized below:

Gene

symbol Name, synonym, or description Speculated role

ALS2 alsin Endosomal trafficking

ANG angiogenin RNA metabolism

ATXN2 ataxin 2 RNA metabolism

C9orf72 Chromosome 9 open reading frame 72 RNA metabolism and autophagy
CHCHD10 coiled-coil-helix-coiled-coil-helix domain-containing 10 Mitochondrial maintenance
CHMP2B charged multivesicular body protein 2B Endosomal trafficking
ERBB4 receptor tyrosine-protein kinase erbB 4 Neuronal development
FIG4 polyphosphoinositide phosphatase Endosomal trafficking

FUS fused-in-sarcoma RNA metabolism

HNRNPA1 heterogeneous nuclear ribonucleoprotein Al RNA metabolism

MATR3 matrin 3 RNA metabolism

OPTN optineurin Autophagy

PFN1 profilin 1 Cytoskeleton

SETX senataxin RNA metabolism

SIGMAR1 sigma non-opioid intracellular receptor 1 UPS and autophagy

SOD1 superoxide dismutase 1 Oxidative stress

SQSTM1 sequestosome 1 Autophagy

TARDBP TAR DNA-binding protein 43 RNA metabolism

TBK1 serine/threonine-protein kinase TBK1 Autophagy

TUBA4A tubulin a4A Cytoskeleton

UBQLN2 ubiquilin-2 UPS and autophagy

VAPB vesicle-associated membrane protein-associated protein B/C Endoplasmic reticulum stress
VCP valosin-containing protein Autophagy

Table 2: ALS risk genes
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However, using genome-wide association studies (GWAS), machine learning, and profiling of
patient-derived stem cells, a more recent analysis has detected 690 genes contributing to the
risk of ALS (S. Zhang et al., 2022).

Of familial ALS cases, the most common cause is a mutation in the gene C9orf72 (chromosome
9, open reading frame 72). This mutation is responsible for approximately 40% of fALS and 7%
of sALS (Renton, Chio, & Traynor, 2014). Not only does this mutation cause ALS, it is also
responsible for about 25% of cases of frontotemporal dementia (FTD) (Van Langenhove, van der
Zee, & Van Broeckhoven, 2012). Frontotemporal dementia is a form of early-onset dementia
caused by degeneration in the frontal and anterior temporal lobes (Bang, Spina, & Miller, 2015),
resulting in deficits in language and cognitive and executive function. In fact, C9orf72 mutations
cause a spectrum of disease, with motor neuron degeneration leading to motor dysfunction at
one end and purely cognitive and behavioral dysfunction at the other, with many patients
suffering from a combination of these symptoms (Starr & Sattler, 2018). Such patients are

typically first diagnosed with ALS or FTD depending on their presenting symptoms.

3.2. Physiology and pathology of C9orf72

3.2.1. C90rf72 Gene

The mutation in C9orf72 that causes ALS or FTD is a hexanucleotide GGGGCC (G4C2) repeat
expansion in an intron of the gene between exons 1la and 1b (Delesus-Hernandez et al., 2011;
lan R. Mackenzie et al., 2013; Renton et al., 2011). C9orf72 refers to the gene’s location on
chromosome 9 in open reading frame 72. The gene consists of 11 exons with two alternative

start sites.
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Figure 4. C90rf72 gene with repeat expansion produces at least three transcripts resulting in at least
two protein isoforms. Modified from (McEachin, Parameswaran, Raj, Bassell, & Jiang, 2020).

C90rf72 is highly conserved across vertebrate species. The human gene is 99% similar to dog
gene and 97% similar to the opossum gene ((Safran et al., 2021) www.genecards.org), 84% similar
to Xenopus; but only 15% similar to C. elegans and with no known similarity in the Drosophila
genome (Smeyers, Banchi, & Latouche, 2021). C9orf72 is expressed at similar levels in most
tissues in humans ((Uhlén et al., 2015) www.proteinatlas.org). It is expressed in the CNS, with
the highest CNS expression in the retina. Highest expression by cell type is in CD14+ monocytes
(Rizzu et al., 2016). Its expression is reduced in carriers of the hexanucleotide repeat expansion
(Rizzu et al., 2016), a fact that may be important for understanding the pathophysiology of the

disease.

3.2.2. Role of C90rf72 protein
The physiological roles of the C9orf72 proteins are incompletely understood. The longer

isoform of approximately 54 kDa forms a complex with proteins SMCR8 and WDR41. Together,
this trimer regulates autophagy at several steps in the autophagic pathway (Corbier & Sellier,
2017). The trimer also acts as a GTPase Activator Protein (GAP), which in turn regulates several
small GTPases (Tang, Sheng, Xu, Yan, & Qi, 2020). These GTPases play a role not only in

autophagy, but also other processes, such as actin dynamics and vesicular trafficking (reviewed
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by (Pang & Hu, 2021) and (Smeyers et al., 2021), thus greatly expanding the possible physiological
roles of C9orf72. One or both isoforms are also important in several processes in inflammation
(Smeyers et al.,, 2021). Knockout of C9orf72 in mouse models has repeatedly produced an
inflammatory phenotype (Burberry et al., 2016; O’Rourke et al., 2016), including splenomegaly,
increased neutrophils, increased cytokines, and premature death. The short isoform has been
reported only in humans, where it was localized to the nuclear membrane and appeared to be

mislocalized to the cell membrane in a small sample of ALS cases (Xiao et al., 2015).

3.2.3. The mutation: C90rf72 repeat expansion

In healthy individuals, the G4C2 repeat in C9orf72 comprises most frequently from two to 25
repeats (Delesus-Hernandez et al., 2011). In ALS-FTD patients with C90orf72 expansion mutation,
the number of repeated units can be in the order of hundreds to thousands (Delesus-Hernandez

et al,, 2011), (Renton et al., 2011).

(6GGGCC),
l ATG TAA
1a 1b F 3 4 5§ 6 7 8 910 1

Figure 3. Hexanucleotide repeat expansion in C90rf72. The repeat expansion is in a normally
noncoding region of the gene between exons 1a and 1b. From (Delesus-Hernandez et al., 2011).

The repeat expanded region is transcribed in the absence of an ATG start site in both the sense
and anti-sense direction. RNA transcripts from both directions accumulate in patient CNS (Zu et
al., 2013). Despite being located in an intron, these sense and anti-sense transcripts were found
to produce dipeptide repeat-containing proteins (DPRs) (Zu et al., 2011), (Zu, Liu et al. 2013). The
sense transcript (containing 5-G4C2-3' hexanucleotide repeats) was found to be translated

through repeat-associated non-ATG (RAN) translation to produce poly-(Gly-Ala) (GA), poly-(Gly-
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Pro) (GP), and poly-(Gly-Arg) (GR) proteins. The antisense transcript (containing 5-G2C4-3’
hexanucleotide repeats) was found to be translated through repeat-associated non-ATG (RAN)

translation to produce poly-(Pro-Ala) (PA), poly-(Pro-Arg) (PR), poly-(Gly-Pro) (GP) proteins.

3.2.4. Possible mechanisms of pathophysiology

There are at least three mechanisms by which an intronic repeat expansion in C9 could cause
disease. First, the intronic mutation could cause a reduction in the amount of full-length,
canonical C9orf72 gene product (haploinsufficiency). Second, the repeat region is transcribed,
forming GC-rich RNA transcripts that may cause toxicity (Xu et al., 2013). Finally, abnormal
dipeptide repeat (DPR) proteins accumulate in patient brain early in disease. There has been
much research to understand the relative roles these proteins play in the disease. We focus our
work in studying the role of poly-GA primarily because of its high expression levels in the disease.
Poly-GA was found to be the most abundant of the dipeptide repeat proteins (DPR) inclusions in
patient tissue at autopsy (Lee et al., 2017; I. R. Mackenzie et al., 2015). In addition, in two animal
models producing endogenous RAN translation of the C9 repeat sequence, poly-GA was the most
common inclusion (J. Chew, Tania F. Gendron, Mercedes Prudencio, Hiroki Sasaguri, Yong-Jie

Zhang, et al., 2015). The possible roles of poly-GA and the other DPRs will be discussed below.

3.2.4.1. Evidence for haploinsufficiency and its role in disease

Several lines of evidence show that the repeat expansion in the intron between exon 1A and 2
could cause a loss of canonical C9 mRNA and protein. The first report from Delesus-Hernandez
and collaborators (DeJesus-Hernandez et al., 2011) detected a change in transcript levels but not
in protein. These results were confirmed by other authors describing a decrease of the long
isoform of C9 protein in frontal cortex (but not motor cortex or spinal cord) of C9 ALS patients
(Saberi et al., 2018; Xiao et al., 2015) associated with an increase of the short C9 protein isoform

in frontal and temporal cortex using western blot (Xiao et al., 2015). The decreased amount of
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long form C9 protein was further validated using an antibody-free method to prevent any

uncertainty due to the lack of highly specific, validated antibodies (Viodé et al., 2018).

The question of the role of the C9 protein in the disease has been investigated using a range of
techniques from genetic human data to transgenic rodent and patient-derived iPSC models. In a
cohort of 389 ALS patients, no evidence for LOF mutations was found other than the repeat
expansion (Harms et al., 2013). Two human cases of homozygous mutations in C9 have been
reported, and their symptoms or disease progression were not substantially worse than that of
heterozygotes (Cooper-Knock et al., 2013; Fratta et al., 2013). In mice, several groups saw little
or no effect of C9 reduction on motor behavior or neuron loss, either by knock-out (Koppers et
al.) or using antisense oligonucleotides (ASO). However, the loss of C9 protein could still play a
role in the disease in the presence of repeat expansion or other insult. Dong and collaborators
created a rat model of C9 knocked down using CRISPR of portions of exon2 and intron2 (W. Dong
et al., 2021). Rats with C9 knockdown had enlarged spleens and cervical lymph nodes but no
detected motor deficit. When chronically treated with 4 mg/kg kainic acid, a glutamate agonist,
for 4 or 6 weeks, these rats suffered a loss of muscle coordination and grip strength. These deficits
were not seen in wild type rats treated with the same kainic acid protocol or in the C9 knockout
rats treated with vehicle. In fact, Shi and collaborators found that motor neurons differentiated
from induced pluripotent stem cells derived from C9 ALS patients (iPSCMN-C9) were more
susceptible to glutamate toxicity than iPSC MN derived from heathy individuals (iPSC MN-WT) (Y.
Shi et al., 2018). This phenotype could be rescued by restoring the level of C9orf72 expression
of in the iPSC MN-C9, showing that the survival deficit during the glutamate exposure was due to
a loss of C9 protein. In addition, knockdown of C9 protein in iPSC MN-WT reproduced the deficit.
Both the in vitro experiments on human iPSC MN and the rat model suggest a synergistic effect
of C9 haploinsufficiency and excitotoxicity. This is consistent with earlier attempts to model ALS
by reducing C9 protein in that loss of C9 alone did not cause deficits, but loss of C9 in combination
with another insult synergize to produce a degenerative process in neurons. The functions of
C90rf72 and evidence for its role in ALS-FTD was recently reviewed by (Smeyers et al., 2021), who

concluded that there is substantial evidence for a role of C9 loss of function in ALS.
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3.2.4.2. Evidence for the role of RNA foci in disease

Another mechanism by which a repeat expansion in the first intron of C90orf72 could harm the
nervous system is the production of RNA transcripts from the G4C2 repeat region. RNA
transcripts are produced in both the sense and anti-sense direction (Delesus-Hernandez et al.,
2011) and found in nucleus and cytoplasm of neurons and other cell types in several brain and
spinal cord areas, including frontal cortex, hippocampus and cerebellum (Mizielinska et al., 2013).
Both sense and anti-sense transcripts have been found in anterior horn neurons in cases of C9-
ALS, with (Vatsavayai, Nana, Yokoyama, & Seeley, 2019) finding 78% of anterior horn neurons

positive for antisense transcripts and a smaller proportion with sense transcripts.

There are several possible ways in which RNA foci could damage cells. One proposed
mechanism is the sequestration, and therefore depletion, of RNA binding proteins. This has
precedent in the case of myotonic dystrophy, in which RNA transcripts from a repeat CTG
expansion in the DM1 gene are known to bind and deplete MBNL1 protein (J. W. Miller et al.,
2000). In ALS, there is evidence for the binding or sequestration of ADARB2, ALYREF, nucleolin,
pur-alpha, SRSF1 and SRSF2, and Zfp106 (McEachin, Parameswaran, et al., 2020), though none of
these has been proven to be causative for ALS-FTD. The G4C2 RNA sequence also adopts a
tertiary structure that confers unusual properties. In addition to RNA hairpins, the sequence
forms a G-quadruplex, a three-dimensional aggregate that is particularly long-lasting and can
interfere with normal RNA metabolism (Reddy, Zamiri, Stanley, Macgregor, & Pearson, 2013).
G4C2 RNA in this configuration has been shown to bind RanGAP1 (K. Zhang et al., 2015), a key
regulator of nucleocytoplasmic transport. This would lead to a relative loss of RanGAP1 in the
cytoplasm near the nucleus, causing a reduction in nuclear import of proteins. This has been
shown for TDP-43 in C9 ALS-derived iPSC neurons (K. Zhang et al., 2015). On the other hand,
some have proposed that nuclear RNA foci could be protective by sequestering the repeat RNA
in the nucleus and preventing its translation into more toxic dipeptide repeat proteins in the

cytosol (Tran et al., 2015).

It is also possible that the aberrant RNA species could produce toxicity through a gain-of-toxic-

function not involving sequestration of known RNA binding proteins. It is conceivable, for
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example, that RNA transcribed from the repeat expansion forms a stable structure that inhibits
the export of properly spliced mRNA out of the nucleus, or impairs nucleolar function, possibly
by disrupting the phase separation that characterizes healthy nucleoli. In fact, nucleolin has been

found to bind G-quadruplexes (Santos, Salgado, Cabrita, & Cruz, 2022).

3.2.4.3. Evidence for the role of dipeptide repeat proteins in disease

The five RAN dipeptide repeat proteins vary in their regional expression and protein properties.

Physical /chemical properties Cellular
toxicity
GA Uncharged, forms aggregates Moderate
GP Uncharged, polar, highly soluble Non-toxic
GR Highly charged, polar High
PA Uncharged, polar Non-toxic
PR Highly charged, polar High

Table 3: Properties of dipeptide repeat proteins

(Kwon & Xian, 2014), (Gill, Wang, Levine, Premasiri, & Vieira, 2019), (Freibaum & Taylor, 2017)

There is uncertainty about which of the DPR may be the most important for the disease process.
The arginine-containing proteins (poly-GR, poly-PR) have been shown to be acutely toxic in cells
and when expressed in Drosophila eye (Mizielinska, Gronke, & Niccoli, 2014) or when added
exogenously to neurons (Wen et al., 2014). Poly-GP and Poly-PA have rarely produced toxicity
(Mizielinska et al., 2014). Poly-GA is the most abundant of the DPRs in the CNS of ALS patients
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(Mackenzie, Frick et al. 2015) (Lee, Baskaran et al. 2017). It is less rapidly toxic that GR or PR in
some systems (Mizielinska et al., 2014), but its toxicity may be more relevant for the disease. For
example, when expressed in mice, poly-GA but not poly-PR produced ALS-like symptoms (LaClair

et al., 2020).

3.2.4.4. Role of repeat proteins vs. RNA foci in the disease

Regardless of the exact species of DPR, there have been several efforts to determine the
relative importance of RAN translated proteins vs. repeat-containing RNA in the disease process.
To do this, several groups have prepared RNAs with an ATG start sequence with codons that avoid
G4C2 content, but still code for a long sequence of any one of the DPRs, sometimes called “codon
optimized” constructs. These are designed to produce DPRs with no repeat RNA. Conversely,
other sequences have been designed that contain a large amount of G4C2, but contain stop
codons in all three reading frames in both directions, so that at most short sequences of a few
amino acids could be produced, but much of the tertiary structure of the RNA remains. Using
this method in Drosophila, it was found that long repeat RNA did not produce DPR, but could
bind RNA binding proteins without any associated toxicity (Moens et al., 2018). These data
suggested that repeat RNA was unlikely to play a key role in disease. Using different methods
but still in Drosophila model, other authors reached a similar conclusion (Tran et al., 2015).
However, these results were challenged by the findings in other models such as zebrafish
(Swinnen et al., 2018) and SH-SY5Y cells (Lee et al., 2013) showing toxicity of repeat RNA in the
absence of RAN-translated DPR. Therefore, the relative roles of repeat RNA and dipeptide repeat

proteins in the progression of human ALS and FTD are still unclear.

3.2.4.5. Role of the various DPRs — Evidence of poly-GA toxicity

The relative contribution of each DPR to disease pathogenesis remains unclear. However,
several lines of evidence from both in vitro and in vivo experiments suggest that the toxicity of

poly-GA repeat peptides in particular could be a major mechanism of C9-induced pathology.
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In vitro models

When all five dipeptide proteins with 125 repeats were expressed in HEK cells, only poly-GA
produced PARP cleavage and resulted in the formation of TDP-43 fragments in a dose-responsive
manner (Lee et al., 2017). When the same constructs were electroporated into embryonic chick
spinal cord, poly-GA was the most toxic of the dipeptide repeat proteins when assessed 24 hrs.
later. Poly-GA has also been reported to cause damage in vitro in primary neurons. When a
GA149 repeat was expressed via lentivirus in rat hippocampal neurons, the poly-GA produced
not only the SQSTM-positive aggregates reported in many cell types, but also reduced the
dendritic branching of the neurons, and increased the number of caspase-positive cells in culture

(May et al., 2014).
In vivo models

In mice, the expression of moderate amounts of CFP-tagged poly-GA149 resulted in GA inclusions
in deep cerebellar nuclei, and in motor neurons and interneurons of the spinal cord and brain
stem (Schludi et al., 2017). However, there was no associated neuronal loss at six months of age.
Pathological changes included an increase in TDP-43 phosphorylation, but no modification in
motor neuron morphology or loss of choline acetyltransferase (ChAT) staining, a marker of motor
neurons. The mice developed microglial activation but no astrogliosis in the spinal cord. Despite
no apparent loss of motor neurons, the mice developed gait and balance impairments, but no
loss of grip strength or rotarod performance (Schludi et al., 2017). Vaccinating these mice with
ovalbumin-tagged poly-GA10 reduced inflammation, poly-GA aggregates in spinal cord anterior

horn, and largely protected against motor deficits (Zhou et al., 2020).

Consistent with in vitro findings of acute toxicity of arginine-containing DPR, LaClair and
collaborators compared congenic lines of mice expressing 175 repeats of poly-GA and poly-PR
(LaClair et al., 2020). The PR mice developed two distinct phenotypes: either they showed ataxia
and seizures but not muscle weakness; or they transcriptionally downregulated the transgene; in
which case had no obvious phenotype and a normal lifespan. The poly-GA mice, by contrast,
showed selective motor neuron loss, denervation of muscle and increased inflammation, all

characteristics of human ALS. All the models just mentioned rely on DPR expressed from a
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construct deliberately created to avoid G4C2 repeat RNA sequences. This methodology rules out
a contribution of RNA toxicity; but also means that phenotypes observed potentially could result

from toxic mechanisms not present in the human disease.

The most compelling evidence for the toxicity of poly-GA in an in vivo context was provided by
the results using a BAC transgenic mouse with the full human C9orf72 sequence including a 500
repeat G4C2 expansion (Y. Liu et al., 2016). The transgene included a promoter region, including
substantial flanking sequences. This mouse line developed neurodegeneration in the anterior
horn of the spinal cord, in hippocampus, and cortex. Full-length C9orf72 and both sense and
anti-sense transcripts were produced. These mice also displayed GA and GP DPR proteins and
TDP-43 deposits. The mice developed motor deficits leading to paralysis (Y. Liu et al., 2016).
When treated with an antibody against poly-GA (aGA1), these mice had reduced poly-GA protein.
The antibody also reduced inflammation, reduced neurodegeneration in the anterior horn; partly

protected against motor deficits, and prolonged survival (Nguyen et al., 2020).

In summary, Poly-GA is the most abundant DPR in the CNS of C9 expansion patients. Poly-GA
can also co-aggregate with other DPR (McEachin, Gendron, et al., 2020), and is responsible for
ALS-like degeneration in mouse models (LaClair et al., 2020). Finally, antibodies against poly-GA
reduced not only poly-GA but also GP and GR and protected against motor neuron loss in a
transgenic mouse model using a repeat-expanded human C9orf72 gene (Nguyen et al., 2020).
For all these reasons, our work focuses on the mechanism of action of poly-GA and subsequent

role in ALS disease pathology.

3.3. Poly-GA toxicity
3.3.1. Intrinsic Properties of poly-GA

Poly-GA is highly insoluble: a sequence of 100 GA units is predicted to have no probability of
aqueous solubility when expressed in E. coli as calculated by U. Oklahoma algorithm (Harrison,

2009). Synthetic poly-GA with 15 repeats (GA(15)) rapidly formed fibrils in aqueous solvent
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(Chang, Jeng, Chiang, Hwang, & Chen, 2016) which were shown to form beta pleated sheet
conformation and stain with thioflavin and Congo Red as is common for amyloid proteins.
Primary neurons transduced with a GA(175)-GFP fusion construct produced poly-GA that formed
flat, twisted ribbons of 13—15 nm thickness, 20-80 nm width and highly variable length when
examined in situ with cryo-EM (Guo et al., 2018). In human C9 patients at autopsy, (Y. J. Zhang
et al., 2014) found poly-GA aggregates in several regions of the CNS, including hippocampus,
cortex, cerebellum, thalamus, and spinal cord. In cerebellum, 15-17 nm wide GA+ filaments were

found in cerebellar granule cells, most frequently in cytoplasm but also in the nucleus.

Figure 4. Poly-GA aggregates in brain of C90rf72 repeat expansion patient. Left (a)
Immunohistochemical stain of poly-GA aggregates in the dentate fascia of hippocampus. Note
both cytoplasmic and nuclear inclusions. Right (h) Conventional EM of granule cells of
cerebellar cortex reveals 15-17 nm filaments. (i) Immuno-EM of the same tissue shows
filaments labeled with poly-GA antibody coupled to 18 nm gold beads. From (Y. J. Zhang et al.,
2014).

3.3.2. Anatomical location of poly-GA in human ALS/FTD

Poly-GA is the most abundant DPR inclusion in ALS/FTD. This is true both in frontal cortex and
in spinal cord (I. R. Mackenzie et al., 2015). DPR have been found in neurons and ependymal cells

lining the central canal, but not in astrocytes, oligodendrocytes, or microglia (Schludi et al., 2015).
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DPR, including GA, can occur in pinealocytes and SCN neurons in ALS/FTD in the absence of TDP-
43 pathology (Dedeene, Van Schoor et al. 2019). One cell can even contain more than one species

of DPR (Mori et al., 2013).

Poly-GA is found in hippocampus, particularly the dentate gyrus, frontal cortex, temporal
cortex, and granule cell and molecular cell layers of the cerebellum (Y.-J. Zhang et al., 2014); (I.

R. Mackenzie et al., 2015). It is more abundant in these regions than in anterior horn neurons.

On a regional basis, poly-GA is not well spatially correlated with areas of degenerating neurons
(Vatsavayai et al., 2019), but there is evidence of GA spreading from one cell to another
(Westergard et al., 2016), (Chang et al., 2016). In fact, poly-GA promoted the ubiquitinylation
and mislocalization of TDP-43 via a mechanism involving cell-to-cell transmission in a cell culture
system (Khosravi et al., 2020). Therefore, a lack of spatial correlation between poly-GA
aggregates and neuron loss when viewed at the end stage of the disease may not mean that poly-

GA is unrelated to the disease process.

3.3.3. Subcellular localization of poly-GA in ALS/FTD patients

In C9 ALS-FTD patients, poly-GA-positive inclusions have been found within cells either with or
without TDP-43 pathology. Inclusions occur more frequently in the cytoplasm but also in the

nucleus (Y. J. Zhang et al., 2014).

TDP-43 is mislocalized from nucleus to cytoplasm in nearly all cases of ALS, and loss or
mislocalization of nuclear transport factors have been detected in C9 ALS patients. Because the
mutation is located in a gene whose protein product is found in the nuclear membrane, and most
of the DPR proteins are found close to the nuclear membrane, there are reasons to examine the

impact of C9-related mechanisms on nucleocytoplasmic trafficking.
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3.4. Role of Nucleoporins and Transport Receptors in Cell Function

Eukaryotes must be able to move macromolecules such as proteins and RNA into and out of
the nucleus in a controlled fashion. This is achieved by selective movement through nuclear
pores, which are passageways across the double-membrane nuclear envelope (see details on
nuclear pore structure and function in section 3.5). Small molecules move freely through the
pore. Proteins smaller than about 30 KDa appear to diffuse passively through the pore, whereas
larger objects require facilitated transport to move rapidly across the nuclear envelope (Mohr,
Frey, Fischer, Guttler, & Gorlich, 2009). This facilitation is provided by the importin and exportin

families of proteins.
1- Nucleocytoplasmic transport process

Transport proteins are known as karyopherins.

Proteins destined for transport (cargo proteins) usually contain one or more specific consensus
sequences that allow binding to one of the karyopherins (Kabachinski & Schwartz, 2015).
Importins recognize a nuclear localization sequence (NLS). The NLS is a lysine-rich motif with
certain other sequence characteristics (Kalderon, Roberts, Richardson, & Smith, 1984)
Consensus sequences are not restricted to specific, sequential series of permissible amino acids,
but instead are regions that present similar binding characteristics that depend on the tertiary
structure, electronegativity, hydrophobicity, and H-bonding of the peptide. As an example, the
exporter protein XPO1 binds cargo proteins with one or more nuclear export sequences (NES).
These sequences consist of certain patterns of hydrophobic amino acids with short, intervening
residue(s) (X. Dong et al., 2009). Both NLS and NES have subcategories of these sequences that
allow for specific binding of families of cargoes to particular transporters (Fung, Fu, & Chook,

2017).

Transport through the pore itself does not require ATP, but is driven by the RAN/GDP gradient.
RAN (ras-related nuclear protein) is a small GTPase essential to nucleocytoplasmic transport. The

cell maintains a higher concentration of GTP (guanosine triphosphate) in the nucleus than in the
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cytoplasm. Conversely, GDP (guanosine diphosphate) is higher in the cytoplasm than in the

nucleus.

Transporting a protein into the nucleus proceeds according to the following process.

First, an importin or complex of importins recognizes and binds to the NLS of a cargo. The
importin(s)-cargo complex moves rapidly through the nuclear pore. Upon arriving in the nucleus,
the importin binds RAN-GTP. This binding serves a signal to the importin, causing unbinding of
the cargo, which is deposited in the nucleus. The importin-RAN-GTP complex moves back
through the pore into the cytoplasm, where the GTP is hydrolyzed to GDP. Export proceeds in a
reciprocal fashion: A cargo protein with a NES is bound by an exportin that recognizes the NES,
and by RAN-GTP. This heterotrimeric complex then moves through the pore into the cytoplasm,
where the GTP is hydrolyzed by RAN-GTPase Activating Proteins (RanGAPs) in the cytoplasm,
causing the dissociation of the complex, leaving the cargo protein in the cytoplasm. The gradient
is maintained by Ran guanine nucleotide exchange factor (GEF) that is abundant in the nucleus
and the RanGAPs that are abundant in the cytoplasm (figure 5). Thus, the transport cycle uses
the energy from GTP hydrolysis and the cell’s maintenance of the GTP/GDP gradient and the

RanGAP/RanGEF gradient. These gradients maintain the direction of import and export.
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Figure 5. Outline of nucleocytoplasmic transport. Transport is not directly dependent on ATP, but uses
RAN gradient to move proteins into and out of the nucleus. Modified from (Kuersten, Ohno, & Mattaj,
2001).

3.5. Nuclear Pores

Nuclear pores have been observed in the nuclear membrane since at least the mid-1950s
(Afzelius, 1955; Watson, 1959). The nuclear pore is a channel-like complex bridging the inner and
outer nuclear membrane (the nuclear envelope) that provides a passageway for macromolecules
between the cytoplasm and the nucleoplasm of eukaryotes. It is a roughly cylindrical structure
with radial symmetry. The total structure is approximately 125 MDa in human cells and is
composed of multiple copies of over 30 different proteins called nucleoporins, which form the
pore and the surrounding complex. The nucleoporins (Nups) are grouped into several different

structural and functional categories.
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Nuc

Figure 8. Conventional transmission EM of a nuclear pore. The inner and outer nuclear membrane are
visible as dark lines with light gap between. Red arrow indicates nuclear pore. Scale bar =200 nm.
Romao, M., Richter, K., Raposo, G., previously unpublished.

Organization of the nuclear pores

Facing the cytoplasm are the cytoplasmic Nups that form filament-like structures reaching into
the cytoplasm (Kabachinski & Schwartz, 2015). Passing through the nuclear envelope are
structural Nups that, among other functions, anchor the complex to the inner and outer nuclear
membranes, regulate the size and shape of the pore, and serve as assembly points during
reorganization of the nuclear membrane, such as during cell division (Hartono et al., 2019). Lining
the center of the pore are Nups forming a central pore that regulates the passage of molecules
between the nuclear and cytoplasmic compartments of the cell. Finally, there are Nups that
protrude from the pore into the nucleoplasm, forming what is known as the nuclear basket (Kim

et al.,, 2018).

The nuclear pore family

Cytoplasmic Nups include Nup88, Nup214 and Nup358. Structural, or scaffold Nups, include
Nup35, Nup85, Nup93, Nup107, Nup155, Nup160, and Nup205. POM121 and GP210 are two

nucleoporins that extend from the inner to the outer nuclear membranes and contain classical
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transmembrane domains found in most membrane-spanning proteins (Kabachinski & Schwartz,
2015), (Kim et al., 2018). Nuclear basket nucleoporins are critical for binding and transport of
cargo out of the nucleus. Nup50, Nup153, and Tpr are components of the nuclear basket and are

necessary for the binding and export of mRNA (Li, Aksenova, et al., 2021)

The structure and functions of nuclear pores

The structure of the individual proteins and the complex as a whole has been the focus of
research using many techniques, including crystallography, electron microscopy, atomic force
microscopy (Stanley et al.), and cryo-electron tomography (Kim et al., 2018). Some of the
functions of each of the Nups and nucleoporin categories have been elucidated, although of
course one protein or complex can serve several functions under different circumstances. One
of the key functions of the nuclear pore is its ability to selectively permit or exclude large
molecules from moving through the central channel. The central channel comprises
nucleoporins that contain long sequences of phenylalanine-glycine repeats. These FG Nups are
thought to be essential to forming the selectivity barrier of the pore (Denning, Patel, Uversky,
Fink, & Rexach, 2003), although exactly how they accomplish this remains mysterious (Aramburu
& Lemke, 2017). Movement through the pore is thought to require nuclear transport receptors
complexed with cargo to bind and release stretches of FG repeats in the pore. This must occur
extremely rapidly, as individual cargoes have been shown to move through the pore in
milliseconds (Aramburu & Lemke, 2017). These hydrophobic FG repeats are also thought to
contribute to the accumulation of nucleoporins in phase-separated membraneless organelles,

such as stress granules. FG Nups include Nup58, Nup62, and Nup98.

3.6. Nucleocytoplasmic transport is implicated in ALS

Several lines of evidence point to nucleocytoplasmic transport (NCT) as playing a role in ALS.

3.6.1. Human genetics
The protein Glel isoform B is a nuclear pore component that facilitates export of mRNA from

the nucleus, as well as translation initiation and termination. Deleterious mutationsin GLE1 gene
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were found in several individuals with ALS, resulting in a net accumulation of GLE1 away from
the nuclear membrane in the cytoplasm (Kaneb et al., 2015) and a change in isoform expression.
Mutations in GLE1 were confirmed and additional nonsense and missense mutations were

identified in another population of ALS patients (Li, Sun, et al., 2021).

Mutations in the human gene fused-in-sarcoma (FUS) were discovered to be a cause of familial
ALS in several kindreds (Kwiatkowski et al., 2009; Vance et al., 2009). As with TDP-43, FUS is an
RNA-binding protein that moves between the nucleus and the cytosol but is found mostly in the
nucleus. Many of the mutations lie in or near the NLS in the C-terminal nuclear localization
sequence of the protein where they have been shown to impair nuclear import in in vitro systems

(Dormann et al., 2010).

Thus, human genetic changes that cause ALS implicate nucleocytoplasmic transport as a

process closely involved with the pathogenesis of ALS.

3.6.2. Human pathology

In all known forms of ALS except for those caused by mutations in SOD1 or FUS (~3% of cases),
TDP-43 is found mislocalized from nucleus to cytoplasm in post-mortem CNS. TDP-43
accumulates and forms various types of inclusions. The TDP-43 modifications include
aggregation, misfolding, phosphorylation, and other post-translational modifications (reviewed
in (Keating, San Gil, Swanson, Scotter, & Walker, 2022). The ultimate cause of TDP-43
mislocalization is unknown, but, again, the finding of a nuclear protein in the cytosol suggests a

failure of proper nucleocytoplasmic sorting.

The hypothesized mechanisms of TDP-43 pathology include the loss of properly functioning
TDP-43 from the nucleus, (loss of function) and/or the extranuclear accumulation of misfolded,
phosphorylated, cleaved, or otherwise modified TDP-43, i.e. gain of toxic function. Both of
these mechanisms may play a role, but strong evidence suggest that loss of TDP-43’s nuclear

function leads to RNA mis-splicing events that cause damage to motor neurons (Melamed et al.,

36



2019). Because of the prominent mislocalization of TDP-43 observed in post-mortem
histopathological studies from ALS patients, it has been speculated that TDP-43
nucleocytoplasmic transport function might be impaired (Winton et al., 2008). Models have
been created to study the impact of mutating the Nuclear Location Signal (NLS) and Nuclear
Export Signal (NES) of TDP-43. The small size of TDP-43 (molecular weight ~43 kDa) could allow
transport through passive nuclear export (Schwartz, 2022). Indeed, recent work showed that
NES-mediated export by XPO1 plays no role in the normal movement of TDP-43 out of the
nucleus (Archbold et al., 2018), (Ederle et al., 2018), (Pinarbasi et al., 2018). Therefore, while
TDP-43 pathology may be impacted by nucleocytoplasmic transport changes, it is not directly
due to a failure of XPO1l-mediated export. Very recent evidence suggests the TDP-43 gradient
may be maintained by TDP-43’s binding to GU-rich RNA in the nucleus (Duan et al., 2022). This

may provide clues to ways to prevent the loss of TDP-43 from the nucleus of aging neurons.

Other studies have reported a potential role of the importin family proteins involved in
chaperoning protein molecules from the cell's cytoplasm to the nucleus via binding to specific
NLS region. Dysregulation of the expression levels of importin proteins have been reported to be
altered in ALS patients such as i) loss of importin 31 from the nucleus in spinal cord anterior horn
cells (Kinoshita et al., 2009), and ii) a loss of importin a4 in C9 ALS and FTD cases associated with
TDP43 pathology (Solomon et al., 2018). These data could suggest that the importin system could
participate in the mechanism(s) of TDP-43 mislocalization. However, these data have been

challenged by others who showed no changes in importin 1 in ALS patients (Saberi et al., 2018).

Abnormal expression and distribution of nucleoporins have also been observed in ALS patient
tissues. Specifically, nucleoporin Nup205 was abnormally distributed in brain tissues from ALS
patients without C9 repeat expansion, specifically one TDP-43 and 10 sporadic ALS cases, in
addition to C9 cases (Chou et al., 2018). In the motor cortex, Nup205 has been found to be
aggregated with pTDP43 suggesting nuclear pore abnormalities accompanying TDP-43 pathology

in ALS patients with and without C9ORF72 repeat expansion.

37



3.6.3. Experimental models

Several experimental models of C9orf72 ALS-FTD implicate defects in nucleocytoplasmic
transport.
3.6.3.1. Drosophila screens

Morphological abnormalities in the nuclear membrane have been found in Drosophila
expressing G4C2 repeats without an AUG start site (i.e., RAN translation (Freibaum et al., 2015).
Using this fly model as a genetic screen, they identified 18 genetic modifiers of the phenotype.
Many of those were nuclear pore components, including (gene symbols listed by human
ortholog): Nucleoporins Nup153, Nup98, Nup160, Nup107 and Nup50; nuclear export chaperone
XPO1; transport factor RAN; RNA export factors Glel, NXF1 and CHTOP; and RNA transcription

and export protein ALYREF.

Using a screen for modifiers of DPR protein PR15, Boeynaems and collaborators identified
several nucleoporins, including TPR, NUP50, NUP62, NUP93, and NUP155, among others
(Boeynaems et al.,, 2016). They also identified four exportin or importin proteins. Similarly,
nuclear transport factors were also identified in a screen of modifiers of TDP-43 and FUS toxicity

(Kankel et al., 2020).

3.6.3.2. Mammalian cell models

In rodent primary neuron cultures, low doses of XPO1 inhibitor were found to protect against cell
death induced by overexpression of wild-type or ALS mutant TDP-43 (Archbold et al., 2018).
However, the protective concentrations were below detectable XPO1 inhibition, and an
unrelated XPO1 inhibitor, leptomycin B, did not provide protection, leaving the question of
mechanism of action unresolved. The same compounds also provided some protection in vivo in

mice expressing human TDP-43 (Archbold et al., 2018).

In neurons derived from C9 ALS patient iPSC, specific loss of a subset of nucleoporins was found

(Coyne et al., 2020). Later, the authors extended this observation to sALS derived iPSC neurons
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(Coyne et al., 2021). The proposed mechanism was the following. First, a mislocalization to the
nucleus of the protein CHMP7, a member of the ESCRT (endosomal sorting complex required for
transport) system for ubiquitinated cargo. CHMP7 is known to be involved in nuclear membrane
sealing and nuclear pore maintenance (Webster et al., 2016). The mislocalization to or retention
in the nucleus results in an increased abundance of CHMP7 at or near the nuclear membrane,
where its activity causes a loss of nucleoporin POM121. The loss of POM121 then leads to a
reduction in expression of a subset of other Nups (Coyne et al., 2021). The loss of Nups then

results in, by an unknown mechanism, the mislocalization of TDP-43.

A separate line of evidence implicates nucleocytoplasmic transport in TDP-43 mislocalization. In
the brains of FTD patients, Nishimura and colleagues found not only cytoplasmic TDP-43
accumulations, but also detected a loss of importin karyopherin a2 and transporter CSE1L (also
called CAS or XP0O2) (Nishimura et al., 2010). CSE1L is involved in the return of cargo-free
karyopherin a2 to the cytoplasm (Kutay, Bischoff, Kostka, Kraft, & Gorlich, 1997). Karyopherin
a2 (a.k.a. importin alpha), in turn, is required for nuclear import of TDP-43. These data suggest

the loss of both proteins leads to a net loss of TDP-43 transport into the nucleus.
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Objectives of Experimental Work

The understanding of the toxic mechanisms of C9ORF72 expansion mutation responsible for
neurodegeneration in ALS and FTD patients is critical to the discovery of novel therapeutic
strategies. One anti-C9 strategy consisted of either active or passive immunization against poly-
GA ((Zhou et al., 2020), (Nguyen et al., 2020)). Nguyen et al. used an anti-GA antibody that
reduced soluble GFP-GA protein in a cellular system and provided neuroprotection and increased
survival in C9 BAC transgenic mice with DPR-associated pathology. The present PhD project
focused on the role of poly-GA DPRs and aimed at elucidating the activity of poly-GA on key
pathways of nucleocytoplasmic transport that could explain the beneficial effect of the anti-GA
antibody. To address this question, there was a critical need to generate and characterize reliable

in vitro cell-based system. Therefore, the three main specific objectives were:

1- The development and validation of a HEK cell model that rapidly accumulates poly-GA
protein in the absence of any repeat RNA. This model was used to characterize the structures
that the cell forms with the production of poly-GA. The model also allowed investigation of
whether the GA aggregates directly block transport through nuclear pores, as well as the
consequences of poly-GA accumulation on expression and distribution of nuclear pores, and
individual nuclear pore proteins at the nuclear membrane.

2- The characterization of a model that more closely reflects the C9 pathology in ALS by using
induced pluripotent stem cell-derived motor neurons (iPSC MN) derived from C9 ALS
patients. The formation and cellular distribution of accumulations of poly-GA was examined
in addition to potential correlation in expression levels and colocalization with nucleoporin
and TDP-43.

3- The development and validation of a model of neurodegeneration using C9 iPSC MN. Since
C9 iPSC MN did not exhibit a phenotype substantially different from control motor neurons
under basal growth conditions, | showed that specific treatment with a protein synthesis
inhibitor, puromycin, resulted in an increase sensitivity of C9 iPSC MN to neurodegeneration.
This model was used to evaluate the impact of anti poly-GA antibody to understand relative

contribution of poly-GA to the downstream degeneration.
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4. Results

4.1. Role of poly-GA in cytoplasmic transport, nuclear membrane integrity, and TDP-43
mislocalization in an inducible HEK cell model.

Objective and plans of the experimental studies:

In order to study the processing of poly-GA in a cellular context, we chose a reliable cell system
in which to express poly-GA protein only. We used HEK-293, a system used in other studies of
repeat expansion toxicity ((Mori et al., 2013),(May et al., 2014), (Frottin, Perez-Berlanga, Hartl, &
Hipp, 2021)). We created a cell line (HEK-GA161) that produced poly-GA dipeptide repeat protein
using an inducible promoter with a sequence lacking G4C2 content, precluding the possibility of
G4C2-containing RNA foci. Patient genomes contain between 70 and several thousand repeats
(Renton et al., 2011), (Delesus-Hernandez et al., 2011), therefore we chose a construct greater
than the minimum known to cause disease. The construct coded for 161 repeated GA subunits
with a V5 sequence tag at the N-terminal (figure 9) under a tet-sensitive promoter. Poly-GA
aggregates could then be labeled using either an antibody to the V5 tag or an antibody to GA
repeats. We specifically chose the V5 (14 amino acids) tag because it is much smaller than protein
tags such as GFP (238 amino acids) which could cause interactions that poly-GA alone might not
make. We validated the model by examining the location, appearance, and clearance of the poly-
GA aggregates. We further sought markers of protein degradation systems, including the

ubiquitin/proteasome and autophagy pathways.

Finally, we employed electron microscopy to dissect the molecular architecture of poly-GA

protein aggregates within intact HEK cells at high resolution.
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4.1.1. Validation of an inducible model of poly-GA production in HEK cells.

BCG044 HEK GA161 plasmid

6225 bp

Figure 9. Map of expression plasmid. The plasmid coding for tet-dependent expression of poly-GA(161
repeat) was designed to allow doxycycline-dependent expression of a poly-GA sequence of disease-
relevant length.

4.1.1.1. Appearance and subcellular localization of poly-GA aggregates after induction
When treated with doxycycline, these cells rapidly produced poly-GA that accumulated in the

cytoplasm and the nucleus of the HEK cells, without causing overt cell death. Cell death was
measured by counting healthy nuclei 48 hours after doxycycline and poly-GA induction; cell
number was normalized as a ratio of cell number in the doxycycline versus vehicle treated wells
and expressed as percentage. No difference in cell number was found after doxycycline
treatment at 105+18%. The poly-GA aggregates were labeled using either an antibody to the V5
tag or an antibody to GA repeats (figure 10A). Quantification of the GA aggregates was performed

with high-content imaging using area in microns occupied by V5 staining (figure 10B).
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Using V5 immunolabeling, we showed that poly-GA aggregates appeared as early as two hours
after treatment with doxycycline. In some instances, poly-GA accumulation appeared in both the
nucleus and adjacent cytoplasm visualized using a maker of the nuclear membrane, the anti-
lamin antibody (figure 10B). The aggregates often appeared apposed to the nuclear membrane

(figure 10C).

Figure 10. Poly-GA rapidly forms aggregates in HEK-GA161 cells in the presence of doxycycline.

A) Aggregates were detected with either an antibody directed against polymeric GA, aGA4 (green, left)
or V5 (red, middle). B) Aggregates found within both cytosol and nucleus. C) One instance of an
aggregate interacting with the nuclear membrane. Single z-plane collected with Zeiss Airyscan.

43



4.1.1.2. Poly-GA aggregates colocalized with markers of aggresomes in HEK cells

Cellular aggregates that are not membrane enclosed are usually surrounded by cages of
intermediate filaments, notably vimentin, and HDAC6. Vimentin accumulation and HDAC6 are
characteristic of so-called aggresomes (Kopito, 2000), (Watanabe et al., 2020). Therefore, to
examine the potential colocalization of poly-GA aggregates with aggresomes, we selected some
previously validated markers including 1) SQSTM1/p62 closely involved in the macroautophagy
process, 2) HDAC6 known to regulate aggresome formation, 3) vimentin that can sequester
unfolded proteins in aggresomes. At 48 hours after doxycycline induction, aggregated poly-GA
protein in the cell was highly colocalized with puncta immunoreactive for SQSTM1/p62 (figure
11A). We also found that HDACG6 (figure 11B) and vimentin (11C) were often found close to poly-

GA aggregates near the nucleus.

Conventional EM revealed electron-dense material in aggregates that were not surrounded by a
membrane (figure 11D, 11E). Immunogold labeling on ultrathin cryosections (immuno-EM) using
the Tokuyasu method revealed large aggregates of accumulated poly-GA (figure 8). Poly-GA was
also detected associated with other cell compartments, such as endoplasmic reticulum (ER), as
expected, but it was not found ubiquitously throughout the cell. For example, it was never

detected with mitochondria (not shown).
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Figure 11. Poly-GA in HEK-GA161 is found in aggresome-like structures. A) Many aggregates were also
positive for SQSTM/P62. B) HDACSG staining was found near poly-GA aggregates. C) poly-GA aggregates
near the nucleus were often found close to condensed vimentin staining.



Figure 12. Poly-GA in HEK-GA161 is found in membrane-less structures.

A) Conventional electron micrograph with electron-dense probable GA accumulation near the nucleus.
The dense area is not membrane-bound. B) higher magnification of A. N=nucleus ER=endoplasmic
reticulum NE=nuclear envelope PGA=putative GA aggregate. C) Immuno-EM using a.GA3 detected with
gold-labeled secondary antibody. M=mitochondrion, N=nucleus
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4.1.1.3. Mechanism of clearance of Poly-GA aggregates in inducible HEK cell models is still
undetermined.

The clearance mechanism, if any, of poly-GA aggregates is still unknown. Endogenously
produced poly-GA has no lysine, cysteine, serine, or threonine residues that could potentially act
as sites of ubiquitination. Aggregates of GFP-tagged poly-GA(175) have been detected associated
with the proteasome in cultured neurons (Guo et al., 2018), where it caused proteasome stalling.
Pre-aggregated poly-GA(34) tagged with V5 and labeled with Atto fluorophores, when added to
cultured neurons, was found mainly associated with lysosomes in axonal swellings (Marchi et al.,
2022). Dipeptide repeat aggregates in vitro and in vivo are often found to be positive for SQSTM1
as shown previously. From our data, both the SQSTM1 positivity and the presence of aggresome
markers suggest a possible role of autophagy in poly-GA clearance. To determine how V5-only
tagged poly-GA is cleared, HEK-GA161 cells were treated with modulators of autophagy.
Autophagy in HEK-293 cells has been previously characterized using pharmacological tools such
as bafilomycin A1 and Torinl. Bafilomycin inhibits the completion of autophagy, thus revealing
the basal autophagic flux. Torinl stimulates the initiation of (mTor dependent) autophagy

(Musiwaro, Smith, Manifava, Walker, & Ktistakis, 2013).

Treating HEK cells with bafilomycin A1 (100 nM, 2 hrs.) after 24 hrs. of induction had no effect on
the amount of poly-GA detected in the RIPA-soluble lysate (figure 11A). This result suggests no
involvement of basal autophagy in the clearance of poly-GA aggregates. To investigate the
potential contribution of mTOR-related induced autophagy and to reveal changes in clearance
that may be apparent only in the absence of new poly-GA protein synthesis, HEK cells were
induced for 24 hours followed by a 24-hour washout period during which the cells were exposed
to an mTor-mediated stimulator of autophagy, Torin1 in the absence of doxycyline. We showed
that Torinl treatment at low (20 uM) and high (40 uM) concentrations had no effect on poly-GA
aggregate levels (figure 13A). The activity of Torin1 in stimulating autophagy was confirmed by

examining the increased levels of LC3-Il, a marker of autophagic flux, using western blot analysis
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(figure 13 B). These data further indicate that induction of autophagy has no impact on the

clearance of the poly-GA aggregates in this cell model.
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Figure 13. Poly-GA is not rapidly cleared. A) HEK cells induced to express poly-GA with doxycycline for
24 hrs. followed by dox washout and Torin1 treatment for 24 hrs. Some groups were treated with a
pulse of bafilomycin A1, 100 nM for 2 hrs at the end of the incubation period in order to confirm
autophagy activation. Bafilomycin and Torin groups are not different from vehicle (Kruskal-Wallis non-
parametric ANOVA followed by Dunn’s test, p>0.999). B) Samples from a subset of A) were assayed by
western blot for LC3-Il as a marker of autophagic flux. Increased LC3 values in Torin vs vehicle and
Torin+bafilomycin vs vehicle+bafilomycin indicate stimulation of autophagy.
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4.1.1.4. Summary of the inducible poly-GA HEK cell model.

We have established a model system of poly-GA induction in HEK cells that rapidly produced
poly-GA aggregates presenting some properties of aggresomes. The poly-GA aggregates are
often found adjacent to the nucleus and are positive for SQSTM1/p62, two characteristics
present in the poly-GA aggregates in ALS patient CNS tissue (O. Hardiman et al., 2017). However,
the formation of complex SQSTM1-protein aggregates is not an indication for autophagy versus
proteasome mechanism of clearance. The further lack of the reduction of poly-GA aggregates
abundance or distribution in the conditions where cells are challenged with prototypical
modulators of autophagy suggests that, in this model, a therapeutic strategy targeting autophagy
may not be the way to impact poly-GA-related pathology. It is also possible that these results
may be explained by various experimental conditions, including: i) the model using a non
neuronal cell line, ii) the rapid kinetics of the poly-GA aggregate production, iii) the stability of

poly-GA in the cell and iv) the 24 hour time point being too early for the clearance mechanisms.

4.1.2. Poly-GA Effects on cell physiology

Context:

Poly-dipeptide repeat proteins have been proposed to interfere directly with nucleocytoplasmic
transport by binding in the pore channel. For example, Shi and collaborators found labeled PR20
bound in the nuclear pore channel adjacent to the nucleoporin GP210 in a preparation of
Xenopus oocyte nuclear envelope after incubation with PR20 (K. Y. Shi et al., 2017). They also
detected an inhibition of movement into the nucleus of U20S cell line using a GFP reporter

protein coupled to nuclear import and export sequences.
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Objective and plans of the experimental studies:

To determine whether poly-GA could modulate nucleocytoplasmic transport, our HEK-GA161
cell model was transiently transfected with a plasmid coding for a shuttle protein of tdTomato
fused to HIV-Rev-NLS and MAPKK-NES. This plasmid can induce to production of a complete
protein that was approximately 70 kDa, this large size preclude any passive movement across the
nuclear envelope (Figure 14B). This type of fluorescent reporter protein has been previously used
for a variety of experiments on nucleocytoplasmic transport (Fu, Fung, Cagatay, Baumhardt, &
Chook, 2018; Fukuda, Gotoh, Gotoh, & Nishida, 1996; K. Zhang et al., 2015). In addition, we used
an inhibitor of the exportin protein, XPO1 (also known as CRM1) to validate the functionality of
this model system. The inhibitor, KPT-335, is a compound developed by Karyopharm, Inc.
identified by structurally modeling the interaction between a natural product compound,
leptomycin B (LMB) and the nuclear export sequence recognition site of XPO1 (Lapalombella et
al., 2012). Interestingly, analogs of this compound have shown neuroprotection in some cellular
and animal models of neurological disease (Haines et al., 2015) (Silvestrini et al., 2018), although
the exact mechanism(s) by which the inhibition of XPO1 could reduce neurodegeneration has not

been clearly established.

In this section, we also aimed to characterize the relation between poly-GA and selected
nucleoporins based on their known biology related to ALS pathology in mammalian cells including
POM21, TPR, Nupl53 (see section 3.6.3.2.). In addition, we examined using
immunofluorescence and proximity ligation assay the relation between poly-GA and nucleoporin
in the context of TDP-43 pathology as revealed by TDP-43 cytoplasmic mislocalization and C-term

fragmentation.
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4.1.2.1. No change in transport at equilibrium

In our HEK-GA161 model we showed that after 48h transfection, the tdTomato fluorescence
was detected primarily in the cytoplasm (figure 14A). There was no difference between HEK
induced to express poly-GA and uninduced HEK-GA161 (Figure 14C). This suggests that
expression of poly-GA does not alter the dynamic equilibrium of the reporter protein while it is
being transported into and out of the nucleus. However, it is conceivable that the rate of
transport may be changed, so that although the equilibrium amount of shuttle protein is not

different, the speed at which the protein arrives at that equilibrium is altered.

4.1.2.2. No change in transport during export block

To address the possibility that poly-GA aggregates in HEK cells can impact the rate of
nucleocytoplasmic transport, the cells were incubated with a nuclear dye and Leptomycin B

(LMB), an inhibitor of XPO1 export chaperone (Sun et al., 2013).

The accumulation of tdTomato fluorescence in the nucleus was followed over time after LMB
treatment. There was no difference in the time course of accumulation in the nucleus between
control and poly-GA expressing cells (Figure 14D), implying no interference with nuclear import.
Thus, we conclude that, at least in this system, expression of poly-GA alone does not interfere

with nuclear import of proteins.
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Figure 14. HEK expressing shuttle protein. A) HEK immediately after (left) and 7 hrs. after (right)
LMB addition. B) Diagram of shuttle protein transfected into HEK-GA161. C) N/C ratio of shuttle protein
48 hrs. after transfection in HEK cells + expression of poly-GA. KPT=KPT-335, 1 uM. HEK is not different
from HEK+GA (ANOVA followed by Siddk's multiple comparisons test, F= 248.7, p=0.4695). KPT
increased the N/C ratio significantly (Sidak's multiple comparisons test, HEK vs. HEK+KPT, p<0.0001,
HEK+GA vs HEK+GA+KPT, p<0.0001) D) Non-linear best fit of each time course. Y= (Ymax * X)/(Th + X)
where Th = time to half maximal ratio. Extra-sum-of-squares F=0.135, p=0.7145 null hypothesis is “Th is
the same for both curves.”

4.1.3. Poly-GA colocalizes with nucleoporins in HEK-GA161

By immunofluorescent confocal microscopy, we found poly-GA aggregates colocalized with
specific nuclear pore proteins in HEK-GA161 cells. These were typically found near but outside
the nucleus (Figure 15A, 15B). Colocalization could be detected using multiple poly-GA
antibodies including either aGA3, aGA4, or V5 antibodies. Both GA and nucleoporin antibodies
for POM21, TPR and Nup153 detected these proteins in aggregates that were in the range of 0.2
to 2 microns in diameter. At the sub-micron level, there were regions of the aggregates
immunoreactive for either one but not both nucleoporin and poly-GA antibodies, meaning
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extensive but not wholly congruent colocalization. This is further evidence that the overlap
detected was specific and represented genuine colocalization, rather than artifactual
colocalization due to lack of specificity of secondary antibodies or fluorescence crosstalk. Higher
resolution microscopy using STED confirmed colocalization of nucleoporins and poly-GA within
its limit of resolution (~ 50 nm) and identified apparent ectopic expression of POM121 outside
the nuclear envelope (Figure 15B). In contrast, nucleoporin TPR was not found to be colocalized
with poly-GA (figure 15C), despite the fact that TPR and Nup153 are part of the same complex

within the nuclear pore.
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Figure 15. Nucleoporins colocalize with poly-GA in HEK. A) Nucleoporin 153 and poly-GA colocalize in
aggregates. B) STED images of colocalized, extranuclear POM121 and poly-GA. Scale bar=2 um C)
Nucleoporin TPR does not colocalize with poly-GA.
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4.1.3.1 Poly-GA colocalizes with TDP-43 C-terminal region in HEK-GA161 by
immunofluorescence.

In addition to nucleoporins, we also detected TDP-43 colocalized with poly-GA aggregates
(figure 16A). The colocalized TDP-43 typically was labeled with an antibody directed to the C-
terminal region, but not other epitopes of TDP-43, possibly reflecting that it is the a cleaved form
of TDP-43 protein found more specifically in the cytoplasm that can react with poly-GA (figure
16B). In some cases, the aggregates contained at least three species: TDP-43 C-terminal region,

Nup153 and poly-GA (figure 16C).

overlay DAPI

overlay all'with DAPI
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Figure 16. TDP-43 and poly-GA colocalize in aggregates in induced HEK-GA161 cells.

A) Antibody directed against C-terminal of TDP-43 colocalizes with poly-GA. Inset scale bar=5 um. B)
Antibody directed against mid-domain of TDP-43 does not colocalize with poly-GA. C) In some
instances, aggregates contain both TDP-43 and Nup153.
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4.1.3.2. Poly-GA colocalizes with Nup98 and TDP-43 C-terminal region in HEK-GA161 by
proximity ligation assay

To reinforce our observations, we used a proximity ligation assay that relies on secondary
antibodies coupled to DNA oligonucleotides. In the presence of a DNA ligase and polymerase, an
amplified fluorescent signal is formed only when the primary antibodies recognize epitopes
adjacent to each other (Jarvius et al., 2007). Based on an estimated immunoglobulin size of about
10 nm diameter, the maximum possible distance between two detected epitopes is about 40 nm.
Using this method, we found colocalization between poly-GA and Nup98; and poly-GA and the
C-terminus of TDP-43 (figure 17).
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Figure 17. Proximity ligation assay detects colocalization between Nup98 and poly-GA

Proximity ligation assay produced fluorescent spots representing one or more instance of colocalization
between the targets of two antibodies. A) Nup98 and poly-GA, not induced B) Nup98 and poly-GA in
induced cells. Scale bars=10 um. C) Quantification of PLA images. Nup98 and poly-GA colocalization
signal and TDP-43 C-term and poly-GA colocalization signal were significantly greater than the highest
control (both antibodies in non-induced cells), ANOVA F= 240.8 followed by Sidak's multiple
comparisons test, p<0.0001 (Nup98+poly-GA vs. not induced) and p=0.0004 (TDP+poly-GA vs. not
induced). Antibodies directed against two epitopes of TDP-43 served as a positive control.

4.1.4. Poly-GA alters TDP-43 expression in HEK-GA161

To study the potential impact of expressing poly-GA in HEK-GA161 on total TDP-43 protein
expression and distribution, we used an antibody directed against the mid-domain of TDP-43 that
generally does not detect TDP-43 aggregates. We showed that induction of poly-GA increased

both cytoplasmic and nuclear TDP-43 fluorescence intensity (figure 18). However, the relative
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expression in the two cell compartments and the nuclear/cytoplasmic ratio was not significantly
different after poly-GA expression. This result may suggest that the poly-GA/TDP-43 interaction
could impact the homeostasis of TDP-43 in this cell system potentially by slowing the clearance

of TDP43.
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Figure 18. Poly-GA expression increases TDP-43 in nucleus and cytoplasm

HEK-GA161 cells treated for 48 hrs. with doxycycline to induce poly-GA showed greater TDP-43
immunofluorescence in both nucleus and cytoplasm than untreated cells (ANOVA F=198 followed by
Sidak's multiple comparisons test, *p=0.0002 (cytoplasm), **p<0.0001 (nucleus).

4.1.5. Poly-GA sequesters nucleoporins away from the nucleus in HEK-GA161

4.1.5.1. Nuclear pore proteins are found outside nuclear membrane

Nuclear pore proteins are mainly restricted to the nuclear pore complex and present in fixed
ratios. The association of nucleoporins or TDP-43 with poly-GA aggregates suggests that some of
the nuclear proteins may be mislocalized. However, the long-lived nuclear pore proteins are

synthesized in the cytoplasm before transport to the nuclear pore, so merely detecting the
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extranuclear presence of nuclear proteins may not represent ectopic expression and a potential
role for TDP-43 in disturbing the physiological shuttling of these proteins. Therefore,
guantitative fluorescence microscopy was used to determine whether the induction of poly-GA
in the HEK-GA161 cells changed the distribution of nuclear pore proteins in HEK-GA161. All
extranuclear puncta of nucleoporin immunoreactivity in a single z-plane were counted,
regardless of whether colocalization with poly-GA was detected, in cultures of wild-type HEK,
HEK-GA161 without doxycycline (non-induced), and HEK-GA161 induced to express poly-GA.
Expressing poly-GA caused an increase in extranuclear nucleoporins POM121 and Nup153 (Figure
16). Despite Nup98 being colocalized with poly-GA aggregates (figure 17), it was not found
outside the nuclear membrane. So, at least in this system, colocalization does not always imply

sequestration away from the nuclear membrane.
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Figure 19. Expression of poly-GA causes appearance of extranuclear nucleoporins. A) Nup153 in HEK-
GA161 non-induced. B) HEK-GA161 induced. scale bar=10 um C) Cells induced to express poly-GA had a
greater number of extranuclear spots of nucleoporins POM121 (ANOVA F=14.24 followed by Tukey’s,
p<0.0001) and Nup153 (ANOVA F=19.68 followed by Tukey’s, p<0.0001)
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4.1.5.2. Extranuclear poly-GA is not exclusive to stress granules

Oxidative and other types of stress can cause the formation of stress granules, which are also
known to impact the distribution of TDP-43 and extranuclear nuclear pore proteins (Patterson,
Wood, & Schisa, 2011; K. Zhang et al., 2018). Thus, it is possible that poly-GA aggregates outside
of the nucleus could be part of stress granules. Stress granules were visualized with an antibody
to G3BP stress granule assembly factor (G3BP). We examined if the extranuclear poly-GA
accumulations could be incorporated into such granules. Stress granules were not detected
under basal conditions (figure 20A), but with exposure of a known inducer of cell stress, sodium
arsenite (500 uM 1 hr.). We found that sodium arsenite (500 uM) for 1 hr. induced G3BP-positive
puncta in the HEK-GA161 (figure 20B). In some but not all instances, they colocalized with poly-
GA (figure 20D). In absence of quantification, we also cannot conclude here if cell stress induced
by sodium arsenite can impact the production and/or cell distribution of the poly-GA aggregates

compared to non-activated cells.
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Figure 20. Poly-GA is not highly colocalized with stress granules in HEK. HEK-GA161 were immunolabeled
with antibodies against poly-GA (red) and G3BP (green). A) No induction no arsenite B) no induction,
sodium arsenite 0.5 mM 1 hr. C) induced to express poly-GA, no arsenite D) induced to express poly-GA,
sodium arsenite 0.5 mM 1 hr. Scale bar=10 um

4.1.6. Poly-GA protein expression is modulated by Nup153

Because Nup153 was found both to be coaggregated with and redistributed by poly-GA, we
wished to explore further the relationship between this nucleoporin and poly-GA expression that
is still a matter of debates. Increasing or decreasing nucleoporin expression has been found to
modulate both G4C2 toxicity and dipeptide repeat protein toxicity in fly screens (Freibaum et al.,
2015). Knockdown of Nup153 specifically was found to potentiate RNA toxicity in a model of
G4C2 repeat (58x) (Freibaum et al., 2015), although no poly-GA was reported in that model. In
our study, we transfected HEK-GA161 cells after induction with siRNA against Nup153 (OriGene)
or a control siRNA against a scrambled nucleotide sequence. We then measured the levels of

Nup153 knock-down and poly-GA at 48 hrs. after siRNA treatment (Figure 21). The siRNA
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treatment reduced expression of Nup 153 mRNA by 75%, without changing expression of the
poly-GA mRNA (Figure 21). The loss of Nup153, however, reduced the poly-GA accumulation in
the cells by 40% (Figure 21). These experiments suggest that in this model Nup153 is a significant

mediator of the accumulation of poly-GA protein in this cell model.
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Figure 21. Nup153 knockdown reduces poly-GA. Treatment of HEK-GA161 with an siRNA against
Nup153 successfully reduced Nup153 message to 26% or 24% of control, did not decrease XPO1 or poly-
GA (transgene) message, but reduced poly-GA protein to 67% (siRNA-A) or 60% (siRNA-C) of control.
ANOVA F=31.67 followed by Tukey’s test for multiple comparisons, p<0.0001

4.1.7. HEK cell model summary.

The HEK cell model allows rapid accumulation of a disease-relevant length of poly-GA strands
into aggregates in a cellular context. This model allowed us to study whether poly-GA aggregates
functionally blocks the transport of a reporter protein through the nuclear pore, it also helps
testing potential poly-GA clearance mechanism. Using this model, we discovered that expression
of poly-GA without other intervention subtly alters TDP-43 expression, and sequesters a subset
of nuclear pore proteins in the cytoplasm. This is consistent with recent reports of poly-GA
forming SQSTM+ inclusions in the nucleus and cytoplasm with little effect on cell survival (Frottin

et al., 2021). However, these results differ from Frottin and collaborators as we were not able to
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show any impact of poly-GA on the protein and mRNA export system. This model, using non-
neuronal cells also does not inform on whether the identified mechanisms associated with this
rapid poly-GA accumulation can also be found in neuronal cells, nor on the potential chronic
effect of poly-GA expression over many days in culture. To address those questions, we turned

to another cellular model system using iPSC MN.

4.2 Poly-GA in an ips-derived motor neuron model.

Because selective degeneration of motor neurons is the essential defining characteristic of ALS,
using motor neurons as a model system has been a goal of ALS research. Some previous models
aimed at achieving this included the use of a motor neuron-like cell line, a neuroblastoma/spinal
cord neuronal hybrid cell line NSC-34 ((Matusica, Fenech, Rogers, & Rush, 2008)) or primary
motor neurons from mouse or chick (Duplan et al., 2010; Horwich, Engel, & Chauvin, 1974). After
the development of a method to produce differentiated motor neurons from cells harvested
from adult or even aged patients (Dimos et al., 2008), iPSC MN became a useful model, in part
due to their face validity in understanding human neurological disease (Myszczynska &
Ferraiuolo, 2016) (Ichida et al., 2018). Here, we used a growth factor-based approach to create

cultures of human motor neurons (Maury et al., 2015).

The aims were to characterize the iPSC MN with respect to endogenous poly-GA production,
subcellular localization, and clearance before embarking on experiments to understand any
interaction between poly-GA and nucleocytoplasmic transport. For this purpose, we used iPSC
MN derived from C9-ALS patient cells. We characterized phenotypic differences associated with

C9 ALS patient-derived versus healthy donor-derived motor neurons.

4.2.1. Poly-GA is expressed in nucleus and neurites of C9-patient-derived, but not control, ips
motor neurons.

We aimed to examine the effects of poly-GA expressed via RAN translation in its endogenous

context in neurons. Therefore, we cultured motor neurons derived From a C9-ALS patient (HRE
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and an unaffected relative (Coriell Institute lines 9607E and 7189L, respectively). Using an
established, growth factor and small molecule-driven differentiation protocol to produce a
culture enriched in motor neurons, we prepared cultures that were typically > 90% [B-IlI-tubulin
positive neurons. At 34 DIV, more than 99% of the cells with nuclei > 30 um? in area were positive
for B-lll-tubulin and Islet1/2, a marker of developing motor neurons (Table 4). Approximately
0.21% of the control cells were positive for Ki-67, a marker of dividing cells (Table 4). In the C9
donor cells, more dividing cells were present with 6% positive for Ki-67 even though >99% were
positive for Islet1/2 due to physical overlap of dividing cells with cell bodies of neurons (Table 4)

during automated counting.

n(cells)

evaluated  fB-lll-tubulin + Isletl/2+ Ki67 +
control donor 6171 99.96% + 0.15% 99.69% + 0.43% 0.21% + 0.56%
C9 ALS patient donor 9001 99.95% + 0.15% 99.36% + 0.47% 6.53% + 3.18%

Table 4: Cell type abundance in ips-derived motor neuron cultures.

We used previously described antibodies to poly-GA that recognize only GA sequences greater
than ten gly-ala repeats (Nguyen et al., 2020),(M. Jambeau et al., 2022). Both antibodies aGA3
and a.GA4 robustly detected expression of poly-GA in the C9 ALS patient-derived motor neurons.
A faint signal above background was detected in healthy donor-derived motor neurons that was
visible with long exposure (figure 22 A, B). The intensity of poly-GA staining varied among C9
neurons, a property detected by either antibody (figure 22C). Poly-GA staining was
predominantly within the nucleus (figure 23A). At 30 DIV, small amounts of cytosolic poly-GA

were also detected (figure 23B).
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Figure 22. C9 ALS- but not healthy donor-derived motor neurons express poly-GA.

A) Poly-GA immunoreactivity in control (left) or C9 (right) neurons B) C9-ALS-derived ips motor neurons
labeled with isotype control or aGA4 antibodies. C) aGA3 and a.GA4 stain nuclei of C9 motor neurons

with similar pattern.
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overlay

Figure 23. C9 patient-derived motor neurons express poly-GA in nucleus and cytoplasm. A) Orthogonal
projection view of poly-GA within the nuclear membrane. Scale bar=2 um. B) poly-GA staining in
neurites as detected by aGA3. Scale bar=5 um.

Poly-GA at the ultrastructural level confirmed the immunofluorescent result. Using aGA4, we
detected some immunoreactivity in nuclei of healthy donor-derived ips motor neurons (Figure
24A), but more in the patient-derived neurons (Figure 24B). At higher magnification, poly-GA
could be detected close to the nuclear envelope and near the inner nuclear membrane region

near nuclear pores
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Figure 24. Poly-GA labeling in ips-derived motor neurons.

Background labeling in the nuclei of 30 DIV healthy control ips motor neurons (10A, top) and in nuclei of
C9 patient-derived ips motor neurons (10B, bottom). Poly-GA antibody is labeled with 10 nm gold
beads. Scale bars=500 nm. N=nucleus. Three nuclei are visible in B, right panel.
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Figure 25. Higher maghnification view of immuno-EM for poly-GA in C9 ips MN, 30 DIV. In a higher
maghnification view of figure 24B (above) poly-GA labeling is visible in the nucleus, especially near the
inner nuclear membrane. A cluster of poly-GA labeling (arrow) exists near a nuclear pore. Arrowhead
ONM-=outer nuclear membrane, arrowhead NP=nuclear pore, visible as a gap in the nuclear membrane.
Scale bar=100 nm.

4.2.2. Poly-GA is not rapidly cleared from ips-derived motor neurons.

As with the HEK-GA161, we wanted to understand how, if at all, the cultured motor neurons
dispose of poly-GA as it accumulates over time. Therefore, we tested both the autophagic and
proteasomal routes of clearance. Treatment of patient-derived motor neurons with Torin1 for
48 hours had no effect on the amount of poly-GA found in the cell lysates (figure 26). We then
tested the alternate mechanism of clearance via the proteasome. Treating motor neurons
derived from a C9 patient with a proteasome inhibitor, MG-132, or a putative proteasome
activator, chlorpromazine (Jones, Njomen, Sjogren, Dexheimer, & Tepe, 2017), also had no effect

on the amount of poly-GA recovered in the cell lysate (Figure 26.)
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Figure 26. Poly-GA is not rapidly cleared from C9 patient-derived motor neurons. A) ips-derived motor
neurons (27 DIV) were treated with Torin1 for 48 hrs. Torin-treated cells were not significantly different
from vehicle control (Welch’s t=2.681, p=0.0788. Each point represents one well, assayed for poly-GA in
duplicate. B) No evidence for clearance of poly-GA by proteasome activity. Motor neurons (35 DIV)
were treated with MG-132 or chlorpromazine (CPMZ), a proteasome activator, for 48 hrs. No group was
significantly different from control (ANOVA, F=2.52, p=0.0627).

4.2.3. Poly-GA is not exclusive to stress granules in ips-derived motor neurons.

Stress granules are RNA granules that develop in a cell in response to a variety of stressors,
including oxidative and osmotic stress. Stress granules are formed in the cytoplasm and consist
of RNA and protein that coalesce around mRNA stalled in translation initiation (Protter & Parker,
2016). Stress granules contain TDP-43, including C-terminal phosphorylated TDP-43, and have
been speculated to be a seed around which TDP-43 inclusions might form, or that the processes
that lead to stress granule formation also produce pathological forms of TDP-43 (Colombrita et
al., 2009). Formation of stress granules is also known to impair nucleocytoplasmic transport (K.

Zhang et al., 2018). Stress granule associated proteins G3BP and elF3n have been found in C9
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repeat-expressing mice (J. Chew et al., 2019). Many nucleoporins contain intrinsically disordered
regions that makes them prone to liquid-liquid phase separation involved with the formation of
several kinds of membrane-less organelles like stress granules (Taylor, Brown, & Cleveland,
2016). In our study, we wished to determine whether poly-GA endogenously expressed by the
C9 iPSC MN was localized exclusively to stress granules, as possible explanation for poly-GA

sequestration of the intrinsically disordered proteins such as nucleoporins.

Stress granules were not detected under basal conditions, but with exposure to sodium arsenite
(500 uM 1 hr.), we found G3BP-positive puncta in the ips motor neurons (figure 27A,B). In some
but not all instances, they colocalized with poly-GA (figure 27). Untreated cells did not have large
G3BP positive puncta, but poly-GA in the nucleus and in extranuclear spots was still present
(figure 27), confirming the existence of extranuclear aggregates of poly-GA in the absence of

evoked stress granules.
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Figure 27. Extranuclear poly-GA does not depend upon stress granule formation. A) 500 uM sodium
arsenite, 1hr., produced G3BP+ stress granules in C9 patient-derived ips motor neurons. B) cultures not
treated with arsenite.

4.2.4. Summary of C9 patient-derived ips motor neuron characterization

The C9 patient-derived motor neurons do not differ in appearance from the healthy donor-
derived motor neurons, but they express poly-GA both in the nucleus and in neurites. As with
the HEK-GA161, it is unclear what, if any, mechanism clears the poly-GA as modulators of the
proteasome and autophagy had little effect on the amount of poly-GA present. Also like the HEK-
GA161, poly-GA is present in evoked stress granules as detected by colocalization between
G3BP1 and poly-GA, but it is not clear whether increased cell stress impact the formation of poly-

GA.
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Using this characterized model, we then sought to understand the relationship among poly-GA,

nucleoporins, and TDP-43 in the C9 patient-derived motor neurons.

4.3 Findings in the characterized ips-derived motor neurons

4.3.1. TDP-43 in ips-derived motor neurons

Because TDP-43 mislocalization is a nearly universal characteristic of ALS pathology, we sought
to determine whether the C9 patient-derived motor neurons showed this characteristic. TDP-43
immunoreactivity was assessed in the ips-derived motor neuron cultures. We did not detect a
substantial shift of TDP-43 away from the nucleus into the cytoplasm (figure 28A). However,
both immunofluorescence and immuno-EM using antibodies directed to either the mid-domain
or the C-terminal of TDP-43 revealed TDP-43 more heterogeneously distributed within the

nucleus of C9 than healthy donor motor neurons (Figure 28B, C).
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Figure 28. TDP-43 N/C ratio is slightly increased in C9 ALS patient-derived motor neurons A) Both

nuclear and cytoplasmic intensity of TDP-43 immunoreactivity are decreased in C9 motor neurons, but
the N/C ratio is slightly increased. *Mann-Whitney U-test of N/C ratio, p<0.0001 B) TDP-43
immunofluorescence (mid-domain antibody) in ips-derived motor neurons C) Immuno-EM detection of
TDP-43 (C-term antibody) reveals clumping in C9 ALS motor neurons.
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4.3.2. CHMP7 is not relocalized to the nucleus in C9 patient-derived motor neurons

Research on nuclear pore proteins in ips-derived motor neurons has found a selective loss of a
subset of nucleoporins (Coyne et al., 2020), with POM121 the first nucleoporin lost. Cells
maintain the nuclear membrane integrity via the ESCRT pathway, and a relocalization of one of
the ESCRT proteins, called Charged Multivesicular Body Protein 7 (CHMP7), has been proposed
to be the cause of nucleoporin loss in ALS (Coyne et al.,, 2021). Specifically, a recent study
reported an accumulation of CHMP7 in nuclei isolated from C9 and sALS ips-derived motor
neurons (Coyne et al., 2021). Therefore, we examined whether nuclear CHMP7 was increased
in our C9 patient-derived motor neurons. We saw no evidence of increased CHMP7 in the
nucleus of ips motor neurons derived from C9 ALS patient (figure 29), while CHMP7 in the
cytoplasm was only slightly reduced. We did not detect a substantial loss in POM121. Infact, we
saw greater POM121 in the neuronal population identified as poly-GA positive (figure 29)

compared to neurons poly-GA negative.
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Figure 29. CHMP7 is not increased and POM121 is not lost from the nucleus of C9-derived ips motor
neurons. A) Cytoplasmic intensity of CHMP7 immunofluorescence is slightly decreased in C9 neurons.
ANOVA, F=22.7, Sidak's multiple comparisons test (nucleus) p=0.0635, *(cytoplasm) p=0.0217 B)
Nuclear POM121 is slightly decreased in C9 neurons overall, but increased in GA+ C9 neurons. ANOVA,
F=72.01 followed by Dunnett’s test *“wt all” vs. “C9 all” p=0.0372, ***“wt all” vs. “C9 GA+" p<0.0001
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4.3.3. Nup153 and POM121 expression are correlated with poly-GA expression in C9-derived
ips motor neurons

These results indicated that as previously described for the HEK-GA161 cells model, the ips
motor neurons derived from a C9 expansion carrier did not show obvious toxicity under basal
conditions. However, unlike the HEK-GA161 cells, poly-GA did not accumulate in aggresome-like
deposits within or outside the nucleus. Instead, we found that poly-GA was primarily found
within the nucleus (figures 22,23). Because nucleoporins POM121 and Nup153 were mislocalized
in HEK during poly-GA expression, we examined these nucleoporins in the motor neuron culture.
Nuclear Nup153 expression with similar in C9 ALS and control iPSC MNs, and POM121 was only
slightly decreased in the C9 cells (Figure 30). However, because poly-GA was very
heterogeneously expressed among the C9 ALS MN cells, the results were analyzed differentiating
poly-GA positive versus poly-GA negative expressing neuronal population. Both POM121 and
Nup153 abundance were increased in cells expressing more poly-GA (r-squared values of 0.686
(POM121) and 0.726 (Nup153), figure 30B). When non-poly-GA+ cells (<2000 fluorescence units
in nucleus) are omitted from the analysis, the correlation is even stronger (0.809 for POM121;
0.781 for Nup153). By contrast, neurons from healthy donor cultures did not show a strong
correlation between background GA-like fluorescence, suggesting that the correlation is not an

artifact.
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Figure 30. POM121 and Nup153 are positively correlated with poly-GA in C9-derived ips motor
neurons. A) POM121 is slightly decreased overall in the nucleus of C9 as compared with healthy donor
cells and Nup153 is unchanged. One point=mean of one well. ANOVA F=816, Siddk's multiple
comparisons test: (POM121) p=0.0032 (Nup153) p>0.05. B) Cells expressing more poly-GA also express
more POM121 and Nup153, r-squared values 0.686 (POM121) and 0.726 (Nup153), in contrast to
healthy donor cells, where the background fluorescence in the poly-GA channel is poorly correlated with
nucleoporin expression. One point=one cell.
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4.3.4. C9-derived ips neurons have disrupted nuclear membranes

As we were able to detect poly-GA within the nucleus of the C9 patient-derived motor neurons,
we searched for possible structural consequences of this expression. By conventional EM, we
found aberrant nuclear membranes in C9, but not healthy donor-derived motor neurons (figure
31). In addition to disorganized nuclear membranes, we found small, circular structures
resembling published images of nuclear pores from cells overexpressing Nup153 (Bastos, Lin,
Enarson, & Burke, 1996) (figure 31B). Nuclear membrane disruptions could be caused by any
phenotype associated with the C9-derived motor neurons, whether due to a dipeptide repeat
protein, a different consequence of C9 expansion, or something specific to the patient donor but
unrelated to the C9 expansion. However, not only did we observe disrupted nuclear membranes
and putative ectopic nuclear pores (figure 32B), we detected poly-GA located within the nuclear
envelope; that is, between the inner and outer nuclear membrane, suggesting a possible direct

physical disruption of the nuclear membrane by poly-GA aggregation (figure 32A).
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Figure 31. C9 ALS patient-derived motor neurons have disrupted nuclear membranes. Conventional
EM of ips motor neurons (30 DIV) reveals altered nuclear membrane morphology. A) Example of typical
nuclei in cross section in healthy- vs. patient-derived ips neurons. Note atypical density and loss of
membrane integrity (arrowhead). B) Enlarged area from A. Larger whorls suggest an indentation in the
nuclear membrane in the z-dimension. Small, circular, membrane-enclosed structures suggest nuclear
pores viewed in cross section (arrows).
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Figure 32 (left) Immuno-EM labeling of poly-GA (black dots) near nuclear membrane in C9 patient-
derived motor neurons N=nucleus A=artifact in sample Arrow indicates poly-GA apparently within the
nuclear envelope. (right) conventional EM showing disrupted nuclear membrane and possible ectopic
nuclear pores in C9 patient-derived motor neuron.

4.3.5. C9-derived ips motor neurons show increased vulnerability to puromycin

We used the protein translation inhibitor, puromycin, as a toxic insult to the ips-derived motor
neurons. Puromycin has been reported to activate a set of genes similar to those upregulated in
the cortex of C9 ALS-FTD patients (Klim, Pintacuda, Nash, Guerra San Juan, & Eggan, 2021). After
treatment with puromycin, 7 uM 48 hrs., cells were stained with Calcein AM/ethidium
homodimer to label both live and dead cells, a sensitive measure of cell death that avoids artifacts
from washing away dead cells during fixation. Puromycin killed 18.8% of the cells in the healthy

donor cultures and 56.8% in the C9 ALS patient-derived cells (figure 21A).
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Figure 33. A) Patient-derived ips motor neurons are more sensitive than control neurons to
puromycin. Treatment with puromycin, 7 mM, 48 hrs, killed 18.8 (+4.4)% of healthy but 56.8% (+4.6) of
C9 ALS patient-derived motor neurons (ANOVA, F=143.2, followed by Sidak's multiple comparisons test,
*healthy vehicle vs healthy vehicle+puromycin, p=0.0434; **** C9 vehicle vs C9 vehicle+puromycin,
p<0.0001; **** healthy vehicle+puromycin vs C9 vehicle+puromycin, p<0.0001).

B) a.GA1 reduces poly-GA in C9-patient-derived ips motor neurons. Motor neurons were treated for 12
days beginning at DIV 30 with antibodies aGA1 and isotype control added every two days. The 120 nM
0GA1 treatment reduced poly-GA by 26% (+8.56%) vs. vehicle (ANOVA, F=6.950, followed by Siddk's
multiple comparisons test, **20 nM p=0.0013, *60 nM p=0.0238, ***120 nM p<0.0001)

4.3.6. Treating C9-derived ips motor neurons with antibody reduces poly-GA but does not

protect against puromycin

Because scavenging of poly-GA with an antibody provided neuroprotection in mice expressing
a repeat expansion in C9orf72 (Nguyen et al., 2020), the possible protective effect in the C9-

patient-derived ips motor neuron culture was investigated. We treated motor neurons for 12
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days beginning at DIV 30 with antibodies added every two days, using human aGA1 from Nguyen
et al. and isotype control antibodies. We evaluated the number of dead cells as a percent of total
and the poly-GA content of the cells in the same wells. The aGA1 treatment led to a reduction
in poly-GA, whereas the isotype control antibodies did not (figure 21B). The highest
concentration of aGA1, 120 nM, reduced the amount of poly-GA by 26% (+8.56%). Nevertheless,
the antibody treatment did not protect the cells as measured by percent cell death (Figure 21C).
Similarly, the average intensity of staining for cleaved caspase, a marker of activation of

apoptosis, was also unchanged by antibody treatment (figure 36).

Thus, we conclude that removing at least 24% of poly-GA from the C9 ALS patient-derived

motor neuron cultures does not provide protection against puromycin insult.
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Figure 34. a.GA1 does not protect C9 ALS patient-derived motor neurons from puromycin-induced cell
death. The same motor neurons as in figure 33 were treated for 12 days beginning at DIV 30 with
antibodies aGA1 and isotype control added every two days. Puromycin increased the number of dead
C9 cells from 8.8 +6.8% to 42.4 +8.8% of total cells per well. Nonparametric analysis was used because
of the substantial scatter in the data. (Kruskal-Wallis statistic=51.2 followed by Dunn's multiple
comparisons test, vehicle vs. vehicle+puro p<0.001; vehicle+puro vs. iso 120+puro p>0.999;
vehicle+puro vs. aGA1 120+puro p>0.999; iso 120+puro vs. aGA1 120+puro p>0.999)
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Figure 35. a.GA1 does not protect live C9 ALS patient-derived motor neurons from puromycin

The same motor neurons as in figures 34 and 33 were treated for 12 days beginning at DIV 30 with
antibodies aGA1 and isotype control added every two days. Puromycin reduced the number of live C9
cells from 52.1+31% to 23.0+20% of total cells per well. Nonparametric analysis was used because of
the substantial scatter in the data. (Kruskal-Wallis statistic=16.19 followed by Dunn's multiple
comparisons test, **vehicle vs. vehicle+puro p=0.0082; *vehicle+puro vs. iso 120+puro p=0.0280;
vehicle+puro vs. aGA1 120+puro p>0.999; *iso 120+puro vs. aGA1 120+puro p>0.0392. Although

aGAl+puro was marginally significantly different from iso J+puro, in light of the dead cell results and the

fact that the iso control differed significant from vehicle, this was not considered to be compelling
evidence of protection.
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Figure 36. aGA1 does not protect C9 ALS patient-derived motor neurons from puromycin.

Motor neurons were treated for 12 days beginning at DIV 30 with antibodies aGA1 and isotype control
added every two days. Cleaved caspase staining was greater in the C9 than in healthy control donor
neurons treated with puromycin, but none of the antibody treatments was different from C9 vehicle +
puromycin. (ANOVA, F=9.570, ***vehicle+puro vs. C9 vehicle+puro, p<0.0001; C9 vehicle+puro vs. iso
120+puro p=0.9657; C9 vehicle+puro vs. aGA1 120+puro p=0.9978; iso 120+puro vs. aGA1 120+puro
p=0.9991)
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5. Discussion

5.1. Summary of major findings
In our models of C9 patient-derived motor neurons and poly GA-expressing HEK cells, we

detected a distribution of poly-GA accumulation at the nuclear membrane that was associated
with the appearance of disrupted nuclear membranes. In the case of HEK-GA161, we showed
that the poly-GA aggregated into SQSTM1/P62-positive, aggresome-like bodies. We confirmed
colocalization of poly-GA with TDP-43 (C-terminal) and nucleoporins using a proximity ligation
assay (PLA). We identified mislocalized nucleoporins aggregated with poly-GA, including
POM121, which has been identified as the earliest nucleoporin lost in C9 ips-derived motor
neurons (Coyne et al., 2020). However, we saw in our ips MN model no evidence for loss of
POM121 coupled with an increase in nuclear CHMP7 as previously described by (Coyne et al.,
2021). In C9 ips-derived motor neurons and HEK-GA161, we showed that the poly-GA aggregates
were not due purely to stress granule formation. We detected at the ultrastructural level
apparently disrupted nuclear membranes and possibly ectopic nuclear pores. We then validated
a model of neurodegeneration in C9 ALS patient-derived motor neurons by modulating protein
homeostasis using puromycin. Using this model, we showed that the treatment with a specific
antibody targeting poly-GA (aGA1) effectively reduced the poly-GA content of the cells by 30%

but this treatment had no impact on neurodegeneration.

Although the ips-derived motor neurons model could more closely reflect than HEK cell line the
neurons of the human nervous system, they remain immature neurons, unlike the aged neurons
of the aging adult human. It is possible that the HEK cell system, with its quick accumulation of
poly-GA into SQSTM-positive aggregates, may represent a rapid route to the type of SQSTM1-
positive inclusions seen in patient tissue at autopsy (Vatsavayai et al., 2019). It is also possible
that the C9-derived ips motor neuron cultures represent a stage similar to a disease prodromal

state in human, with DPR accumulating in or near the nuclear membrane, but not yet aggregated.

We identified sequestration of nuclear pore proteins by poly-GA. Sequestration of Nups has
been reported by others (Freibaum et al., 2015; Y. J. Zhang et al., 2016), but not in the context of

poly-GA only expression. In vivo, identified POM121 in accumulations of poly-GA in the brains of
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poly-GA50-expressing mice(Y. J. Zhang et al., 2016). We extended that by finding that poly-GA
expression resulted in ectopic accumulation of POM121, Nup153 and TDP-43. We did not find a
substantial loss of POM121 as has been reported by others (Coyne et al., 2020). The disparate
result could be due purely to technical factors, because Coyne and colleagues first isolated nuclei
from the cells, then imaged immunofluorescence using structured illumination microscopy, two
techniques not applied here. Nevertheless, it is intriguing that both POM121 and Nup153 were
positively correlated with poly-GA expression in our C9 ips-derived motor neuron cultures.
Because there was no substantial loss of these nucleoporins throughout the cell, it is possible
that the ectopic nucleoporin expression seen in HEK cells could be due to increased synthesis or
slower turnover of nucleoporins, rather than relocalization of the same pool of existing protein.
It cannot be ruled out that in the C9 motor neurons, increased GA expression is associated with
additional expression of nucleoporins. This could be tested in future experiments by
biochemically quantifying the total amount of nuclear and cytoplasmic nucleoporins, or by

examining the difference when protein synthesis is inhibited.

5.2. Parallels with disease pathology

To what extent do the model cell systems reveal changes similar to those found in patient tissue
post-mortem? Nuclear pore changes have been detected in patient tissue. For example, a loss
of POM121 has been reported in C9orf72 patient motor cortex, both in isolated nuclei extracted
from cortex and in paraffin-embedded thin sections of motor cortex (Coyne et al., 2020). After
the loss of POM121, the authors detected decreased expression of an additional cohort of six
nucleoporins, including TPR and Nup50. In this study, they did not, however, see such a change
with Nup153. Increases, rather than decreases, of nucleoporins are typically not detected in ALS
tissue. However, cytoplasmic upregulation of RanGAP1, GP210 and NUP50 have been found in
SALS lumbar motor neurons (Shang et al.,, 2017). In addition to these expression changes,
colocalization of Nup205 and TDP-43 were also detected. Despite lacking extensive intrinsically
disordered domains that are proposed to be a mechanism of TDP-43 interaction, Nup205 was
also found to interact with TDP-43 insoluble fraction in an in vitro system (Chou et al., 2018).

(Chou et al., 2018)
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5.3. Nuclear membrane structure

At the microstructure level, several groups have reported apparently malformed nuclear
membranes in neurons in patient tissue. Kinoshita et al. found irregular nuclear membranes in
anterior horn cells of sALS patients but not control cases (Kinoshita et al., 2009). Distorted
nuclear membranes have been reported in Alzheimer’s disease (Napoletano et al., 2021) where
they were associated with PIN1 dysfunction. Distorted nuclear membranes and cytoplasmic
mislocalization of FG Nups were also reported in Alzheimer’s disease by (Eftekharzadeh et al.,
2018), where Nup98 was found with tau protein. The presence of nuclear membrane pathology
in ips-derived neurons remains controversial. Paonessa et al. reported misfolded membranes in
tau-associated FTD and ips neurons(Paonessa et al., 2019). Increased nuclear membrane
distortion in (G4C2)-149 mice has been reported (J. Chew et al., 2019), but others have not seen
membrane changes in ips neurons specific to ALS (Coyne & Rothstein, 2021), but rather to aging
in general. Therefore, it remains possible that nuclear membrane distortion occurs, but only in
specific circumstances. Detecting such changes alone in the absence of another marker must be

done in a very well-controlled fashion with a large cohort of age-matched tissue.

5.4. Poly-GA persistence

The endogenous clearance mechanism(s), if they exist, have not been determined for DPR.
(Nguyen et al., 2020) also found no change in poly-GA in their HEK cell system when treated with
autophagy blocker 3-MA or protease inhibitor MG-132. On the other hand, Guo and colleagues
(Guo et al., 2018), found engagement with the proteasome by poly-GA; resulting in stalling of the
proteasome, and others (Yamakawa et al., 2014) found poly-GA inhibited proteasome activity. It
is also unclear how cells deal with a long polypeptide lacking any of the amino acids with the
reactive side chains lysine, cysteine, serine, or threonine. Relatively short, 15-repeat peptides of
poly-GA have been shown to form B-pleated sheet structures that aggregate into amyloid fibrils
(Chang et al., 2016), which are toxic and can be transmitted from cell to cell. Degradation of the
fibrils was not investigated. In fact, sequence similarity searching detects the protein FIBH,
fibroin heavy chain, as the most similar, validated protein (UniProt.org/blast). FIBH is a silk
protein, which has repeated sequences of GAGAGS (Chang et al., 2016), hinting at the properties

of such sequences.
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We observed poly-GA aggregates adjacent to the nuclear membrane, similar to those described
by (Lee et al., 2017) in a similar context, and a striking interaction of the poly-GA aggregates with
nucleoporins outside the nuclear membrane. The C-terminal region of TDP-43 has been found
to interact with nucleoporins via their FG-rich regions (Chou et al., 2018). These regions are
important for the barrier-forming properties of the pore, but may also be responsible for
pathological interactions with other hydrophobic proteins in disease. Several attempts to use
poly-GA as a bait protein for co-immunoprecipitation experiments failed in our lab. However,
very recently, the protein interactome of poly GA, GR and PR was investigated using a proximity
labeling technique (F. Liu et al., 2022). They found the interactomes of GR and PR were quite
similar, and both distinct from poly-GA. The arginine containing DPR were more associated with
nuclear pore proteins, and poly-GA with proteasome components. Poly-GA did, however,
associate with RANBP1 (F. Liu et al., 2022). Poly-GA has been found to sequester a variety of
proteins, including HR23 (RAD23 homolog) (Y. J. Zhang et al., 2016), Unc-119 (May et al., 2014)
and others. It has been reported to impair importin-a function (Khosravi et al., 2017), which may
reduce TDP-43 import. Many of the same groups also find toxicity of poly-GA, but what
properties are responsible for the toxicity in cell models and which may be relevant for motor
neuron death are unclear. Recent reports have found that poly-GA in fibrillar form differs from
the oligomeric form in how they are taken up and transmitted from cell to cell (Marchi et al.,

2022).

5.5. Interaction with TDP-43

In nearly all cases of ALS except for those caused by mutations in SOD1 or FUS, TDP-43
pathology is present. Instead of diffuse staining throughout the nucleoplasm, aggregates of TDP-
43 immunoreactivity are found in the cytoplasm or as fiber-like wisps in the cytoplasm.
Accompanying these are nuclei that appear relatively depleted of TDP-43 (I. R. A. Mackenzie et
al.,, 2007). The loss of TDP-43 could be due to impaired import, excessive export, or to the
appearance of a cytosolic sink for TDP-43, removing it from the cell’s pool of TDP-43 under
regulation. The latter mechanism is supported by findings of TDP-43 or fragments of TDP-43
found in liquid-liquid phase separated structures, whether stress granules (P. Zhang et al., 2019)

or other structures (Gasset-Rosa et al., 2019).
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By immunofluorescence, we detected TDP-43 C-terminal in the cytoplasm of HEK in aggregates
with poly-GA and nucleoporins. This may reflect the formation of either stress granules that later
capture nucleoporins, or aggregates of poly-GA and nucleoporins that later serve as a sink for
cytoplasmic TDP-43. Either could serve as a possible starting point for TDP-43 extranuclear
aggregation. It is not known whether the TDP-43 identified here as interacting with poly-GA is a
C-terminal fragment or the complete protein. The C-terminal region, which contains the
intrinsically disordered domain, of TDP-43 is known to be prone to aggregation and can form
droplet-like accumulations both as a component of stress granules or in a stress granule-
independent fashion (Chen & Cohen, 2019). Further work is needed to understand whether this
is due to a cleavage event before accumulation in the aggregates. In any case, the existence of
poly-GA protein in the cytosol is likely either to initiate or to aggravate the accumulation of TDP-
43 away from the nucleus. The sequestration away from the nucleus may result in an initial
increase in TDP-43 synthesis as the cell responds to less TDP-43 moving into and out of the
nucleus. This could account for the apparent increase in total TDP-43 seen in the HEK on
induction of poly-GA (Figure 15). We did not find a net decrease in the TDP-43 nuclear to
cytoplasmic ratio in ips-derived motor neuron cultures, but we did see evidence of possible

clumping or aggregation of TDP-43 within C9-derived nuclei.

5.6. Role of Nup153

Genetic screens have identified certain nucleoporins as regulators of either G4C2 or dpr
toxicity. For example, Freibaum and colleagues (Freibaum et al., 2015), using a genetic screen in
Drosophila expressing G4C2, identified knockdown of the following nucleoporins provided a
protective effect against the neurodegeneration elicited by expression of the hexanucleotide
repeats (human ortholog names): Nup107, Nup160, and Nup98. All three of these nucleoporins
are pore-forming members with FG sequences. Reduction of ALYREF, a protein coupling RNA
transcription to export, also provided protection. Knockdown of Nup50, Nup153, or XPO1, on
the other hand, enhanced the degeneration (Freibaum et al., 2015). Protective or pro-
degenerative effects of Nups have been detected against both expression of the hexanucleotide
repeat and against dpr production in the absence of potentially toxic G4C2 RNA. Nup50 and

Nup153 are members of the nuclear basket and are essential for the binding and transit of mRNA
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to the cytosol. NES-containing proteins, in contrast, require binding to XPO1 which chaperones

them through the hydrophobic central pore.

In the present work, we found knockdown of Nup153 reduced the amount of poly-GA found in
the HEK-GA161. There was no effect on the mRNA (Figure 21), which would have suggested an
artifactual suppression of the transgene. Instead, without affecting message, knockdown of
Nup153 diminished the amount of poly-GA protein through an unknown mechanism. Although
Nup153 plays a role in nuclear export, it is also essential for the reassembly of the nuclear pore
complex after cell division (LaJoie et al., 2022). In the dividing HEK-GA161, knockdown of Nup153
for 48 hours may result in cells with incompletely assembled nuclear pores, reducing overall cell
health and reducing the ability to express the large amount of poly-GA detected in the cells. In
fact, recent experiments on nuclear pore function avoid the use of RNA knockdown to silence

Nup153 for this reason (Li, Aksenova, et al., 2021).

It is also possible that reducing the amount of Nup153 leads to less poly-GA/nucleoporin
aggregation, leaving more poly-GA in a non-aggregated state, and therefore more accessible to
some form of degradation. Finally, it is known that overexpression of Nup153 alone causes
Nup153 to accumulate at the inner nuclear membrane, rather than throughout the nucleus as
occurs with other nuclear proteins including other nucleoporins (Bastos et al., 1996). The
insertion into the membrane is driven by the amino-terminal portion of the protein, in contrast
to the carboxy terminal which is critical to mRNA binding and translocation. In addition, the
overexpression of Nup153 alone causes elongated nuclear membranes and the appearance of
Nup153 in complex with lamins (Bastos et al., 1996). This results in ectopic nuclear pores as seen
by EM (Bastos et al., 1996). Combining this information with our observation of a possible ectopic
nuclear pores and the positive correlation between poly-GA and Nup153 in the ips-derived motor
neurons suggests that poly-GA at the nuclear membrane may itself drive Nup153 expression,
subsequently leading to formation of aberrant pores or pore-like structures. Biochemically
assessing whether there is an induction of Nup153 or a redistribution of existing Nup153 will
clarify whether there is indeed increased expression of the nucleoporin in the presence of poly-

GA. Assessing this possible relationship is a promising area for additional research.
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5.7. Effect of antibody treatment

We found an approximately 25% reduction in RIPA-extractable poly-GA after 12 days
treatment with 120 nM of aaGA1. This is similar to the 31% reduction found by Nguyen et al. after
13 days of treatment with the same antibody in their ips motor neurons, although they did not
show a protection against a neurotoxic insult in that system (Nguyen et al., 2020). It is not clear
why there was no protection in our model. It is possible that the poly-GA reduction was
insufficient and that a higher antibody concentration or longer treatment time would provide
some protection. There are alternative explanations, however. Puromycin halts protein
synthesis by causing premature termination of the nascent polypeptide chain by acting as an
analog of the 3'-terminal end of the aminoacyl-tRNA. This produces many small, puromycylated
polypeptides, which are usually targeted for degradation (Aviner, 2020). One possibility is that
the peptides overwhelm a proteolytic system already compromised by poly-GA. Another, similar,
possibility is that the C9 genotype already means that the cells have a compromised system of
protein degradation, making them more susceptible to puromycin independent of poly-GA. In
fact, the partial haploinsufficiency of C9 and its role in autophagy make this a promising

hypothesis.

In summary, both cell models provide information on the mechanisms by which the dipeptide
repeat protein, poly-GA, disrupts cellular processes. This work confirms the effect of exogenously
applied poly-GA antibody reducing poly-GA in cell culture, but does not capture the therapeutic
effect suggested by the in vivo experiments in (Nguyen et al., 2020). The results also suggest that
there may be a role for Nup153 in the generation of nuclear pore pathology in C9 ALS-FTD that
deserves further research. The goals of this work included the characterization and validation
of the HEK-GA161 model as a system to understand certain elements of the effect of poly-GA.
Despite being a non-neuronal cell line, the HEK-GA161 produced poly-GA inclusions physically
resembling those found in patient neurons post-mortem (compare figures 4, 11, and 12). It was
used successfully to test the hypothesis that poly-GA can directly block the nuclear pore. In

addition, it provided evidence that poly-GA alone, in the absence of repeat RNA or ALS genotype,
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can bind and sequester nuclear pore proteins away from the nuclear membrane. It remains a

useful and valid system for exploring the biochemistry of poly-GA.

On the other hand, the HEK cell system does not provide information about neuron-specific
processing of poly-GA. The patient-derived stem cell system provides such a model. There, |
found robust poly-GA expression that was found primarily in the nucleus and, to a lesser extent,
in neurites. These cells also showed an unanticipated positive correlation between poly-GA
expression and at least two nucleoporins. The ultrastructure of these cells confirmed a
speculated existence of poly-GA within the nuclear envelope itself (figures 10, 25, and 32). EM
and immuno-EM also showed the existence of disrupted nuclear membranes and possibly
ectopic nuclear pores or pore-like structures. Because Nup153 is already known to regulate the
formation of pores (Bastos et al., 1996), the role of Nup153 and GA in promoting the formation
of these mislocated pores is a promising area for further research. These results also prompt
guestions of why the poly-GA is found in the nucleus of the motor neurons and whether
movement of poly-GA or other DPRs from the nucleus to aggregates in cytosol and nucleus is part

of the disease process.

Finally, this system allowed an exploration of the utility of poly-GA antibodies as a therapeutic
approach. As previously shown by Nguyen and colleagues, chronic administration of the poly-GA
antibody reduced RIPA-soluble GA found in the cultures. However, that provided little protection
against a puromycin insult. There are many possible reasons for this. Poly-GA may, in fact, not
be relevant in the context of protein synthesis inhibition in C9 ALS genotype cells. Other
possibilities include insufficient reduction of poly-GA or the great variability across wells and
experiments. Notably, this was much greater in the patient-derived than the healthy donor-
derived ips motor neurons. Additionally, challenges other than puromycin may better reveal
protective effects of antibody treatment. This cell system, which includes other aspects of C9-
ALS such as haploinsufficiency of C9orf72 protein(s), RNA foci, and DPRs other than poly-GA,

remains a highly valuable model system for developing possible therapies.

89



6. Perspectives

This work highlights a role of poly-GA in disrupting the structure of the nuclear membrane.
Previous work identified several pathways by which the C9 expansion mutation interferes with
nucleocytoplasmic transport (Y. J. Zhang et al., 2016), (Jovicic et al., 2015), (Fallini, Khalil, Smith,
& Rossoll, 2020). The present works adds to our body of knowledge in several ways. We
described an in vitro system in which poly-GA alone specifically binds nucleoporins, sequesters
them outside of the nuclear envelope, and alters TDP-43 expression. Evidence at the
ultrastructural level suggests a direct interaction between poly-GA and the nuclear envelope in
both the cell line model and in ips-derived motor neurons. Evidence of ectopic nuclear pores is
particularly striking. Previous models have considered a variety of ways in which repeat
expansion-derived RNA or proteins might interfere with nucleocytoplasmic transport by
sequestering a needed factor or blocking transport. One possibility suggested by the present
data is that something in the C9 patient-derived motor neurons actually induces the formation
of ectopic or non-functioning nuclear pores or pore-like assemblies. These could interfere with
transport in a number of ways, including binding of the ectopic pores to endogenous
nucleoporins, reducing their availability to functional pores. Because this was detected in the ips
motor neurons in the context of the C9 expansion genotype, it cannot be attributed solely to
poly-GA, but could be the result of any of the phenotypic changes that these neurons display.

This suggests future experiments to explore the factors leading to the ectopic pore formation.

Another fact highlighted by the present experiments is the substantial difference in appearance
between the aggregated poly-GA found in the HEK cells in SQSTM/P62-positive inclusions and
the more dispersed poly-GA found in the C9 patient-derived motor neurons. Although the cell
types are very different, they could be modeling different stages of poly-GA accumulation in the
human nervous system. The motor neurons still represent an immature stage of neuronal
development whereas the HEK-GA161, despite being non-neuronal, may process the poly-GA in

a way that more closely resembles the adult stage.

Several of the dipeptide repeat proteins form amyloids in the CNS. The fact that neither

modulators of the proteasome nor of autophagy had an effect on poly-GA, at least in the short
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term, highlights the difficulty of clearing this highly unusual protein. Wild-type C9 protein
interacts with Rab GTPases, including those involved in the initiation of autophagy (Sellier et al.,
2016; Sullivan et al., 2016). Thus, in the case of C9 ALS, the survival of neurons may be challenged
on several fronts: the reduction of a protein essential for proper endosomal trafficking and
autophagy; and the build-up of toxic proteins in the form of the DPRs, causing a double stress to

cellular proteostasis. This is another promising area of research in understanding C9 ALS.
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7. Methods

7.1. Generation of HEK cell line

HEK cells harboring lacZ-Zeocin fusion gene and tet repressor (Thermofisher Flp-In T-Rex) were
transfected with the expression plasmid shown in Figure 5, including V5-tagged, codon optimized
sequence encoding poly-GA161 after a CMV promoter. Clones were selected based on robust

expression of the transgene with no detectable constitutive expression.

7.2. Maintenance of cultures

HEK cells were maintained at 37 °C with 5% CO2 in Dulbecco’s Modified Medium (ThermoFisher
11965-092) supplemented with 10% tet-approved fetal calf serum (Takara Bio 631106), glutaMax
(ThermoFisher), antibiotic/antimycotic (Invitrogen 15240-062), Hygromycin B (GIBCO 10687010),
and Blasticidin (GIBCO A11139-03). All HEK were used between passages 4 to 30.

7.3. iPSC-derived neuronal differentiation

Lymphoblastoid cell lines from ALS-affected (NDO9607E) or ALS-unaffected (ND70189) were
obtained from Coriell, Inc. and reprogrammed using episomal reprogramming. iPSCs were
cultured in mTesrl+ Media (Stem Cell Technologies 05826, 05827) on ESC-qualified Matrigel
(Corning 354277), bulk passaged using ReLeSR (Stem Cell Technologies 05872) and grown until
80-90% confluency. iPSCs were treated with 0.5 mM EDTA (ThermoFisher 15575020), detached
using a cell scraper and grown as embryoid body (EB) suspension for 14 days in the presence of
small molecules as previously described in Maury et al. 2015 (Maury et al., 2015). Briefly, EBs
were grown in the presence of 5 uM Y-27632 (R and D Systems 1254-50MG) on differentiation
day 1, 40 uM SB431542 (SIGMA 301836418) and 3 uM CHIR99021 (Tocris Biosciences 252197-
06-9) on differentiation days 1-3, 0.2 uM LDN193189 (StemCell Technology 72142) on
differentiation days 1-5, 1 uM Retinoic Acid (SIGMA R2625-50MG) and 0.5 pM Smoothened
Agonist (Millipore 566660) on differentiation days 2-12, and 10 uM DAPT (SIGMA D5942- 25 mg)
on differentiation days 8-14. At day 14, EBs were enzymatically dissociated with Papain/DNase
(Worthington Biochemical LK003176, LK003170 ) and plated in Neurobasal medium
(ThermoFisher 21103049) containing N2 supplement (ThermoFisher 17502048), B27 supplement
(ThermoFisher 17504044), Knock-out serum (ThermoFisher 10828010), Y27632 (R and D Systems
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1254/50), 10 ng/mL BDNF (Tocris 248-BDB-01M), 10 ng/mL GDNF (R and D Systems 212-GD-
01M), 10 ng/mL CNTF (R and D Systems 257-NT-050), 10 uM DAPT (Sigma 208255805). 48 hours
after plating, the medium was replaced iPSC-MN feed medium (Neurobasal medium containing
N2 supplement, B27 supplement, 10 ng/mL BDNF, 10 ng/mL GDNF, 10 ng/mL CNTF). Media was

replaced with 50% conditioned medium 1-2 times weekly.

7.4. Immunofluorescence

Cells were processed for immunofluorescence by washing in PBS followed by fixation with
paraformaldehyde (4%)/sucrose (4%) in TBS for 15 min at room temperature, followed by
permeabilization in 0.1% Triton X-100 in TBS. Cells were blocked in blocking buffer before adding
antibodies diluted in blocking buffer. Blocking buffer consisted of 1% BSA (Sigma A6003) 5% goat
serum (Abcam 7481) and 0.3M glycine in TBS. Secondary antibodies were anti-species-specific
Ig as appropriate, coupled to AlexaFluor labels. Highly cross-adsorbed antibodies were used

whenever possible.

7.5. Confocal imaging

Images were collected using either a Zeiss 710 or 980 laser scanning confocal microscope
equipped with a Zeiss AxioCam 503 camera and processed with Zen software. In some instances,
confocal images were acquired and processed using Zeiss’ “Airyscan” hardware and software, an

enhancement to ordinary confocal imaging.

7.6. High-content imaging
Cultures were imaged in 96-well Cell Carrier Ultra plates using Perkin-ElImer Opera Phenix system
operating in confocal mode with a 40x NA 1.1 water-immersion objective. Fluorescence at

adjacent wavelengths was collected sequentially.

7.7. STED imaging
STED images were collected using an Abberior STEDYCON device with a Zeiss Axio Observer 71
microscope body equipped with a 100x oil-immersion objective. Images were processed using

Abberior’s proprietary software and Imagel.
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7.8. Proximity Ligation Assay (PLA)

Cells were processed as for immunofluorescence, followed by proximity ligation according to the
manufacturer’s instructions. Briefly, samples were incubated with PLA secondary antibody
probes then treated with ligase at 37 degrees, followed by amplification for 100 minutes at 37
degrees before counterstaining with DAPI. Cells were imaged in a high-content imaging system
for spot counting of fluorescent reaction product at Texas Red wavelengths. Images of PLA

shown in this work are single z-planes.

7.9. Poly-GA ELISA

Poly-GA was measured in RIPA lysates of cells using a sandwich ELISA with Meso-Scale Discovery
(MSD) electrochemiluminescent detection as described in (Melanie Jambeau et al., 2022).
Samples were treated with heat, SDS and reducing agent to denature any treatment antibody

that might be present.

7.10. siRNA

Nucleoporin 153 was suppressed using Origene 27-mer oligonucleotide duplexes, catalog
number SR322948. The siRNA sequences were: (A)
rArArGrGrUrCrArCrArUrUrGrGrUrGrUrUrGrUrArCrUrCAA and (C)
rGrCrGrCrUrArArArCrUrUrUrUrCrUrGrArUrArGrArGrGAA. Duplexes were prepared in sterile
buffer and mixed with Origene “siTran” transfection reagent before being added to cells at a

final concentration of 2 nM. Culture medium was changed 5 hr after transfection.

7.11. Electron microscopy

For immunocytochemistry: Cell samples were fixed in a mixture of 2% PFA and 0.125%
glutaraldehyde in a 0.1M phosphate buffer pH7.4 and processed for ultracryomicrotomy as
described in (Slot & Geuze, 2007). Ultrathin cryosections were prepared with an
ultracryomicrotome Ultracut FCS (Leica) and immunogold labeled with anti- Poly-GA or anti-
TDP43 antibodies followed by protein A conjugated to 10 nm gold particles (Cell Microscopy
Center, Department of Cell Biology, Utrecht University). Sections were analyzed on a Tecnai Spirit
G2 electron microscope (FEI, Eindhoven, The Netherlands) and digital acquisitions were made

with a 4k CCD camera (Quemesa, Olympus, Minster, Germany)
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For conventional EM: Cell samples were fixed in 2.5% glutaraldehyde in a 0.1M cacodylate buffer,
post fixed with 1% osmium tetroxide supplemented with 1.5% potassium ferrocyanide,
dehydrated in in ethanol and embedded in Epon resin. Thin sectioned samples of 60-70nm were
post stained with 4% aqueous uranyl acetate for 10 minutes and lead citrate for 1 minute as

described (Hurbain, Romao, Bergam, Heiligenstein, & Raposo, 2017).

Electron micrographs were acquired on a Tecnai Spirit G2 electron microscope (FEI, Eindhoven,

The Netherlands) equipped with a 4k CCD camera (Quemesa, Olympus, Minster, Germany)

7.12. Antibodies used

Target protein Clone Vendor Product # Dilution
CHMP7 Protein Tech 16424-1-AP | 1:100
COX-IV 3E11 Cell Signaling 4850 1:250
cleaved Caspase-3 Cell Signaling 9661 1:400
G3BP Abcam ab181149 1:200
HDAC6 Cell Signaling 7558S 1:200
Lamin A/C Active Motif 39288 1:1000-1:250
LC3B Abcam ab48394 1:5000
b-1lI-tubulin Abcam ab107216 1:400
Nup 153 QE5 Abcam ab24700 1:200
Nup 98 C39A3 Cell Signaling 2598S 1:500
poly-GA aGA1l Nguyen et al., 2020

poly-GA aGA3 Nguyen et al., 2020

poly-GA aGA4 Nguyen et al., 2020

POM121 Protein Tech 15645-1-AP | 1:400
SQSTM Abcam ab109012 1 ug/mL
TDP-43 (mid) Abnova H00023435 | 1:1000
TDP-43 (C-term) Protein Tech 12892 1:500
TDP-43 (N-term) Protein Tech 10782-2-AP | 1:500
TPR Abcam ab84516 1:200
vimentin Abcam ab24525 1:1000
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7.13. Statistical analysis
Quantitative results were analyzed statistically with GraphPad Prism software using t-test or

ANOVA when appropriate, followed by Sidak's multiple comparisons test for selected group
comparisons. In instances when one control group was compared against all others, Dunnett’s
test was used (Motulsky, 2022). When ANOVA was not appropriate, the nonparametric Kruskal-

Wallis test followed by Dunn’s multiple comparisons test was used.
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Abbreviations

ALS.......... Amyotrophic lateral sclerosis

BAC......... Bacterial artificial chromosome

C90rf72..HGNC approved gene symbol for “Chromosome 9, open reading frame 72”
C9 ALS/FTD......C90rf72-linked amyotrophic lateral sclerosis/frontotemporal dementia
CNS......... Central nervous system

CSF.......... Cerebrospinal fluid

DIV ......... Days in vitro

DPR......... Dipeptide repeat protein

ER...cco..e. Endoplasmic reticulum
fALS......... Familial ALS

GA.......... Glycine—alanine
GR.......... Glycine—arginine
GP...........Glycine—proline

| O Immunofluorescence
IPS........... Induced pluripotent stem

Nups....... Nucleoporins
PBS.......... Phosphate buffered saline

PLA..........Proximity ligation assay
PA............Proline—alanine
PR....cvu... Proline—arginine

SALS......... Sporadic ALS

SOD1....... Superoxide dismutase 1
SQSTM1..Sequestosome 1, also known as P62
STED........ Stimulated-emission depletion (microscopy)

TBS....co... Tris-buffered saline
TDP-43.....Transactive response DNA-binding protein 43
Introduction

A hexanucleotide repeat expansion in the gene C90rf72 is the most common cause of familial
amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND) and the cause of a spectrum of disease
that includes symptoms of ALS and frontotemporal dementia?. The (G4C2) repeat lies in an intron
between exon 1A and 1B and causes a reduction in canonical C9 protein expression, the accumulation of
RNA foci transcribed from the repeat region, and the repeat-associated non-ATG (RAN) translation of
five different dipeptide repeat proteins GA, GP, and GR (in the sense direction) and PA, PR, and GP (in
the antisense direction)®*. Any one or a combination of these consequences may be responsible for the
disease.

In mice, expressing poly-GA, but not PR, produces an ALS-like syndrome that includes selective neuron
loss in hippocampus, cortex, and spinal cord; denervation of muscle; and inflammation °. Expression in



mice of the entire C9 gene containing the full-length C9orf72 gene and substantial flanking sequences
driven by endogenous human promoters causes the production of both sense and antisense transcripts
and all 5 dipeptide repeat proteins ©. These mice develop a phenotype that includes neurodegeneration
in cortex and hippocampus, progressive loss of motor neurons resulting in motor deficits, TDP-43
inclusions in degenerating CNS regions, paralysis, and shortened lifespan ©. In patient tissue, the most
abundant of the five DPR is poly-GA 7. An antibody against poly-GA, when administered systemically,
enters the brain of the BAC transgenic mice and reduces poly-GA, GP, and GR proteins, improves
behavioral deficits, decreases neuroinflammation and neurodegeneration, and increases survival & even
without direct targeting of RNA foci. Therefore, we explored the localization and function of poly-GA in
a model cellular system and in patient-derived ips motor neurons.



Results
Poly-GA accumulates in aggresomes in HEK cells

In order to study the processing of poly-GA in a cellular context, we created a cell line that produced
poly-GA dipeptide repeat protein using a tet-sensitive promoter with a sequence lacking G4C2 content,
precluding the possibility of G4C2-containing RNA foci. When treated with doxycycline, these cells
rapidly produced poly-GA that accumulated in the cytoplasm and the nucleus of the HEK cells, without
causing overt cell death (figure 1a). Aggregated poly-GA protein in the cell was highly colocalized with
spots immunoreactive for SQSTM (figurelb). Vimentin and gamma-tubulin were often found close to
poly-GA aggregates near the nucleus. In some instances, a single poly-GA accumulation appeared in
both the nucleus and adjacent cytoplasm (figure 1c). Conventional and immuno-EM confirmed that
poly-GA was found largely in aggregates that were not membrane-bound (figure 1d,e). All of these
properties are characteristic of aggresomes®.

Figure 1.




Poly-GA is expressed in C9-patient-derived, but not control, ips motor neurons

In a line of ips cells from a C9ALS patient donor, poly-GA was expressed to a variable degree among
neurons (figure 2a), but not in neurons from a healthy donor. A sandwich ELISA that detects poly-GA
dipeptide repeat proteins® was used to determine apparent concentration of poly-GA in cultures of HEK
and human motor neurons derived from a C9orf72 ALS patient (figure 2b).
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Figure 2. C9 ALS patient-derived motor neurons and HEK-GA161 express poly-GA.

a) Healthy- (left) and C9 ALS (right) patient-derived immunostained for poly-GA.

b) RIPA-soluble lysates of HEK (left) or ips motor neurons (right) contain 127 (HEK) or 85
(ips MN) fold background concentrations of poly-GA.

Poly-GA colocalizes with nucleoporins

By immunofluorescence and standard confocal microscopy, we found poly-GA aggregates colocalized
with nuclear pore proteins (figure 3a). Because oxidative and other types of stress can cause the
formation of stress granules, which are also known to accumulate nuclear pore proteins!®, we examined
the cells for markers of stress granules to determine if the poly-GA accumulations were incorporated
into such granules. Stress granules were not detected under basal conditions, but with exposure to
sodium arsenite (500 uM 1 hr), we found G3BP-positive puncta in the ips motor neurons (figure 3b).
Only a portion were colocalized with poly-GA aggregates (figure 3b). Higher resolution microscopy using
STED confirmed colocalization of nucleoporins and poly-GA within its limit of resolution (~ 50 nm) (figure
4a) and identified apparent ectopic expression of Nup153 outside the nuclear envelope (figure 4b). Not
all nucleoporins tested colocalized with poly-GA. For example, nucleoporin TPR did not (figure 4c). To
confirm nucleoporin colocalization with poly-GA using a different method, we performed a proximity
ligation assay using antibodies to poly-GA and to nucleoporin 98 (figure 5).
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Figure 5. Proximity ligation assay detects colocalization between Nup98 and poly-GA

Proximity ligation assay produced fluorescent spots representing one or more instance of colocalization between the
targets of two antibodies. A) Nup98 and poly-GA, notinduced B) Nup98 and poly-GA in induced cells C)
Quantification of PLA images. Nup98 and poly -GA colocalization signal and TDP-43 C-term and poly-GA colocalization
signal were significantly greater than the highest control (both antibodies in norinduced cells), ANOVA F=240.8
followed bySidék's multiple comparisons test, p<0.0001 (Nup98+poly-GA vs. not induced) and p=0.0004 ( TDP+poly-
GA vs. not induced). Antibodies directed against two epitopes of TDR43 served as a positive control.

Poly-GA expression increases extranuclear nucleoporins in HEK-GA161

Nuclear pore proteins are typically mainly restricted to the nuclear pore complex and present in fixed
ratios. We quantified the number of immunostained nucleoporin puncta found outside the nucleus.
Although the number of extranuclear nucleoporin spots was not different in the parental HEK cell line
and non-induced HEK with the expression cassette, induced HEK-GA161 cells expressing poly-GA had
increased numbers of POM121 and Nup153 spots in the cytoplasm (figure 6).
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Figure 6. Expression of poly-GA causes appearance of extranuclear nucleoporins. A) Nup153 in HEK-GA161
non-induced B) HEK-GA161 induced C) Cells induced to express poly-GA had a greater number of
extranuclear spots of nucleoporins POM121 (ANOVA F=14.24 followed by Tukey’s, p<0.0001) and Nup153
(ANOVA F=19.68 followed by Tukey’s, p<0.0001)




Poly-GA protein expression is modulated by Nup153

Because Nup153 was found both to be coaggregated with and redistributed by poly-GA, we wished to
explore further the relationship between this nucleoporin and poly-GA expression. Increasing or
decreasing nucleoporin expression has been found to modulate both G4C2 toxicity and dipeptide repeat
protein toxicity in fly screens (Freibaum et al., 2015). Knockdown of Nup153 specifically was found to
potentiate G4C2x58 RNA toxicity (Freibaum et al., 2015), although no poly-GA was reported in that
model. After induction, we transfected HEK-GA161 cells with siRNA against Nup153 (OriGene) or a
control si against a scrambled nucleotide sequence and measured gene expression and poly-GA 48 hrs
later (figure 7). The si treatment reduced expression of Nup 153 mRNA by 75%, without changing
expression of the poly-GA message (figure 7). The loss of Nup153, however, reduced the poly-GA
accumulation in the cells by 40% (figure 7).
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Figure 7. Nup153 knockdown reduces poly-GA
Treatment of HEK-GA161 with an siRNA against Nup153 successfully reduced Nupl53 message to
26% or 24% of control, did not decrease XPO1 or poly-GA (transgene) message, but reduced poly-GA
protein to 67% (siRNA-A) or 60% (siRNA-C) of control. ANOVA F=31.67 followed by Tukey's test for
multiple comparisons, p<0.0001

Nup153 and POM121 expression are correlated with poly-GA expression in C9-derived ips
motor neurons

Like the HEK-GA161 cells, the ips motor neurons derived from a C9 expansion carrier did not
show obvious toxicity under basal conditions. Unlike the HEK-GA161 cells, poly-GA did not
accumulate in aggresome-like deposits within or outside the nucleus. Instead, poly-GA was
primarily found within the nucleus (figures 2, 3b). Because nucleoporins POM121 and Nup153
were mislocalized in HEK during poly-GA expression, we examined these nucleoporins in the
motor neuron culture. Nuclear Nup153 was not different between the two lines, and POM121
was only slightly decreased in the C9 cells (figure 8A). However, poly-GA is very
heterogeneously expressed among the cells, so the results were analyzed on a cell-by-cell basis
for a random sample of wells. Both POM121 and Nup153 abundance were increased in cells



expressing more poly-GA (r-squared values of 0.686 (POM121) and 0.726 (Nup153), figure 8B).
When non-poly-GA+ cells (<2000 fluorescence units in nucleus) are omitted from the analysis,
the correlation is even stronger (0.809 for POM121; 0.781 for Nup153). By contrast, neurons
from healthy donor cultures did not show a strong correlation between background GA-like
fluorescence, suggesting that the correlation is not an artifact.
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Figure 8. POM121 and Nup153 are positively correlated with poly-GA in C9-derived ips motor neurons.

A) POM121 is slightly decreased overall in the nucleus of C9 as compared with healthy donor cells and Nup153 is
unchanged. One point=mean of one well. ANOVA F=816, 5idik's multiple comparisons test: (FOM121) p=0.0032 (Nup153) p=0.05 B) Cells
expressing more poly-GA also express more POM121 and Nupl53, r-squared values 0.686 (POM121) and 0.726 (Nup153),
in contrast to healthy donor cells, where the background fluorescence in the poly-GA channel is poorly correlated with
nucleoporin expression. One point=one cell.

Figure 9. C9 ALS patient-derived motor neurons have disrupted nuclear membranes.

Conventional EM of ips motor neurons (30 DIV) reveals altered nuclear membrane morphology. A) Example
of typical nuclei in cross section in healthy- vs. patient-derived ips neurons. Note atypical density and loss of
membrane integrity (arrowhead). B) Enlarged area from A. Larger whorls suggest an indentation in the
nuclear membrane in the z-dimension. Small, circular, membrane-enclosed structures suggest nuclear pores
viewed in cross section (arrows).




Figure 9 C, D. Poly-GA is deposited in nuclear membrane of C9 ALS patient-derived motor neurons.
Immuno-EM of ips motor neurons (30 DIV) reveals poly-GA within the nuclear envelope. C) Arrow indicates
gold-labeled a.GA4 (arrow) between inner and outer nuclear membrane near a nuclear pore (arrowhead)
N=nucleus. D) Arrow indicates example of poly-GA labeling in the nuclear envelope of nucleus (N1).
N2=nucleus of another cell, A=artifact in sample.

C9-derived ips neurons have disrupted nuclear membranes

We detected poly-GA within the nucleus of the C9 patient-derived motor neurons. Therefore,
we searched for possible structural consequences of this expression. By conventional EM, we
found aberrant nuclear membranes in C9, but not healthy donor-derived motor neurons (figure
9A,B). In addition to disorganized nuclear membranes, we found small, circular structures
resembling published images of nuclear pores from cells overexpressing Nup153*L.

Poly-GA can be found within the nuclear envelope

Nuclear membrane disruption in the C9 patient-derived motor neurons could be due to any
consequences of the C9 hexanucleotide repeat expansion, not necessarily a dipeptide repeat
protein. Immuno-EM confirmed that poly-GA was found within the nuclear envelope (figure
9C), thus providing evidence for one possible explanation of nuclear membrane disruption.

C9-derived ips motor neurons show increased vulnerability to puromycin

We used the protein translation inhibitor, puromycin, as a toxic insult to the ips-derived motor
neurons. Puromycin has been reported to activate a set of genes similar to those upregulated
in the cortex of C9 ALS-FTD patients!2. After treatment with puromycin, 7 uM 48 hrs, cells were
stained with Calcein AM/ethidium homodimer to label both live and dead cells, a sensitive
measure of cell death that avoids artifacts from washing away dead cells during fixation.
Puromycin killed 18.8% of the cells in the healthy donor cultures and 56.8% in the C9 ALS
patient-derived cells (figure 10a).



Treating C9-derived ips motor neurons with antibody reduces poly-GA but does not protect
against puromycin

Because scavenging of poly-GA with an antibody provided neuroprotection in mice expressing
a repeat expansion in C9orf72 &, the possible protective effect in the C9-patient-derived ips
motor neuron culture was investigated. We treated motor neurons for 12 days beginning at
DIV 30 with antibodies added every two days, using human aGA1 from Nguyen et al. and
isotype control antibodies. We evaluated the number of dead cells as a percent of total and the
poly-GA content of the cells in the same wells. The aGA1 treatment led to a reduction in poly-
GA, whereas the isotype control antibodies did not (figure 10b). The highest concentration of
aGA1l, 120 nM, reduced the amount of poly-GA by 26% (+8.56%). Nevertheless, the antibody
treatment did not protect the cells as measured by percent cell death (figure 10c). Similarly,
the average intensity of staining for cleaved caspase, a marker of activation of apoptosis, was
also unchanged by antibody treatment (10d).

Thus, we conclude that removing at least 24% of poly-GA from the C9 ALS patient-derived
motor neuron cultures does not provide protection against puromycin insult.
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Figure 10a. Patient-derived ips motor neurons are more sensitive than control neurons to puromycin.

a) Treatment with puromycin, 7 uM, 48 hrs, killed 18.8 (+4.4)% of healthy but 56.8% (+4.6) of C9 ALS patient-
derived motor neurons (ANOVA, F=143.2, followed by Sidak's multiple comparisons test, *healthy vehicle vs healthy
vehicle+puromycin, p=0.0434; **** (9 vehicle vs C9 vehicle+puromycin, p<0.0001; **** healthy vehiclespuromycin vs C9 vehicle+puromycin,
p<0.0001).
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Figure 10b. o.GA1 reduces poly-GA in C9-patient-derived ips motor neurons

Motor neurons were treated for 12 days beginning at DIV 30 with antibodies aGA1 and isotype
control added every two days. The 120 nM aGA1 treatment reduced poly-GA by 26% (+8.56%)
vs. vehicle (ANOVA, F=6.950, followed by Sidak's multiple comparisons test, **20 nid p=0.0013, *60 nh p=0.0238,
#+*120 nM p«0.0001)
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Figure 10c. «GA1 does not protect C9 ALS patient-derived motor neurons from puromycin
The same motor neurons as in panel B were treated for 12 days beginning at DIV 30 with
antibodies @GA1 and isotype control added every two days. Puromycin increased the number of
dead C9 cells from 8.8 +6.8% to 42.4 +8.8% of total cells per well. Nonparametric analysis was

used because of the substantial scatter in the data. (Krukal-Wallis statistic=51.2 followed by Dunn's multiple
comparisens test, vehicle vs. vehicle+puro p<0.001; vehicle+pure vs. iso 120+pure p=0.999; vehicle+puro vs, aGAL
120+pure p=0.999; iso 120+pure vs. aGALl 120+puro p>0,999
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Figure 10d. ®GA1 does not protect C9 ALS patient-derived motor neurons from puromycin
Motor neurons were treated for 12 days beginning at DIV 30 with antibodies @GA1 and isotype
control added every two days. Cleaved caspase staining was greater in the C9 than in healthy
control donor neurons treated with puromycin, but none of the antibody treatments was

different from C9 vehicle + puromycin. (ANOVA, F=9,570, ***vehiclespuro vs. C9 vehicle+puro, p<0.0001; C9
vehicle+pure vs, iso 120+puro p=0,9657; C9 vehicle+puro vs, @GAl 120+pure p=0.9978; iso 120+puro vs. aGAl 120+puro
p=0.9991)

Discussion

In C9 patient-derived motor neurons and HEK cells, we detected a close association between
poly-GA and the nuclear membrane and the appearance of disrupted nuclear membranes. In



the case of HEK, the poly-GA aggregated into SQSTM1/P62-positive, aggresome-like bodies.
We confirmed colocalization of poly-GA, TDP-43 C-terminal, and nucleoporins with PLA. We
identified mislocalized nucleoporins aggregated with poly-GA, including POM121, which has
been identified as the earliest nucleoporin lost in C9 ips-derived motor neurons3. In C9 ips-
derived motor neurons, we showed that the colocalizations were not due purely to stress
granule formation. We detected at the ultrastructural level apparently disrupted nuclear
membranes and possibly ectopic nuclear pores. Treating the motor neuron cultures with aGA1
reduced the poly-GA content of the cells but did not protect against a challenge of protein
synthesis inhibition.

Although the ips-derived motor neurons model more closely than HEK the tissues of the
human nervous system, they remain immature neurons, unlike the aged neurons of the aging
adult human. It is possible that the HEK system, with its rapid accumulation of poly-GA into
SQSTM-positive aggregates, may represent a rapid route to the type of SQSTM1-positive
inclusions seen in patient tissue at autopsy.!* It is also possible that the C9-derived ips motor
neuron cultures represent a stage similar to a disease prodromal state in human, with DPR
accumulating in or near the nuclear membrane, but not yet aggregated. We identified
sequestration of nuclear pore proteins by poly-GA. Sequestration of Nups has been reported
by others!® ¢, but not in the context of poly-GA only expression. In vivo, Y. ). Zhang et al. 1°
identified POM121 in accumulations of poly-GA in the brains of poly-GA50-expressing mice.
We extended that by finding that poly-GA expression resulted in ectopic accumulation of
POM121, Nup153 and TDP-43.

Parallels with disease pathology

The sequestration of nuclear pore proteins in cellular assays may provide insight into the
situation in patients. Nuclear pore changes have been detected in patient tissue. For example,
(Coyne et al., 2020) found a loss of POM121 in C90rf72 patient motor cortex, both in isolated
nuclei extracted from cortex and in paraffin-embedded thin sections of motor cortex. After the
loss of POM121, they detected the loss of an additional cohort of six nucleoporins, including
TPR and Nup50. They did not, however, see such a change with Nup153. (Shang et al., 2017)
found cytoplasmic upregulation of RanGAP1, GP210 and NUP50 in sALS lumbar motor neurons,
and colocalization of Nup205 and TDP-43.

Nuclear membrane structure

At the microstructure level, several groups have reported apparently malformed nuclear
membranes in neurons in patient tissue. Kinoshita et al. found irregular nuclear membranes in
anterior horn cells of sALS patients but not control cases'’. Distorted nuclear membranes have
been reported in Alzheimer’s disease'® where they were associated with PIN1 dysfunction.
Distorted nuclear membranes and cytoplasmic mislocalization of FG Nups was also reported in
Alzheimer’s disease by (Eftekharzadeh et al., 2018), where Nup98 was found with tau protein.
The presence of nuclear membrane pathology in ips-derived neurons remains controversial.



(Paonessa et al., 2019) reported misfolded membranes in tau-associated FTD and ips neurons.
(J. Chew et al., 2019) found increased nuclear membrane distortion in (G4C2)-149 mice, but
others have not seen membrane changes in ips neurons specific to ALS®, but rather to aging in
general.

Poly-GA persistence

The endogenous clearance mechanism(s), if they exist, have not been determined for DPR.
(Nguyen et al., 2020) also found no change in poly-GA in their HEK cell system when treated
with autophagy blocker 3-MA or protease inhibitor MG-132. On the other hand, (Guo et al.,
2018), found engagement with the proteasome by poly-GA; resulting in stalling of the
proteasome, and (Yamakawa et al., 2014) found poly-GA inhibited its activity. In the HEK cells,
the aggregated poly-GA is accumulated into aggresomes, but we did not observe its fate after
such formation.

We observed poly-GA aggregates adjacent to the nuclear membrane, similar to those
described by (Lee et al., 2017) in a similar context; and a striking interaction of the poly-GA
aggregates with nucleoporins outside the nuclear membrane. The C-terminal region of TDP-43
has been found to interact with nucleoporins via their FG-rich regions (Chou et al., 2018), and a
similar interaction may exist with poly-GA. The FG regions are important for the barrier-
forming properties of the pore, but may also be responsible for pathological interactions with
other hydrophobic proteins in disease. Several attempts to use poly-GA as a bait protein for co-
immunoprecipitation experiments failed in our lab. However, very recently, the protein
interactome of poly GA, GR and PR was investigated using a proximity labeling technique (F. Liu
et al., 2022). They found the interactomes of GR and PR were quite similar, and both distinct
from poly-GA. The arginine containing DPR were more associated with nuclear pore proteins,
and poly-GA with proteasome components. Poly-GA did, however, associate with RANBP1 (F.
Liu et al., 2022). Poly-GA has been found to sequester a variety of proteins, including HR23
(RAD23 homolog) (Y. J. Zhang et al., 2016), Unc-119 (May et al., 2014) and others. It has been
reported to impair importin-a function (Khosravi et al., 2017), which may reduce TDP-43
import. Many of the same groups also find toxicity of poly-GA, but what properties are
responsible for the toxicity in cell models and which may be relevant for motor neuron death
are unclear.

Role of Nup153

Genetic screens have identified certain nucleoporins as regulators of either G4C2 or dpr
toxicity. For example, (Freibaum et al., 2015), using a genetic screen in Drosophila expressing
G4C2, identified knockdown of the following nucleoporins provided a protective effect against
the neurodegeneration elicited by expression of the hexanucleotide repeats (human ortholog
names): Nup107, Nup160, and Nup98. All three of these nucleoporins are pore-forming



members with FG sequences. Reduction of ALYREF, a protein coupling RNA transcription to
export, also provided protection. Knockdown of Nup50, Nup153, or XPO1, on the other hand,
enhanced the degeneration (Freibaum et al., 2015). Protective or pro-degenerative effects of
Nups have been detected against both expression of the hexanucleotide repeat and against dpr
production in the absence of potentially toxic G4C2 RNA. Nup50 and Nup153 are members of
the nuclear basket and are essential for the binding and transit of mRNA to the cytosol. XPO1,
however, is a transport chaperone for NES-containing proteins.

In the present work, we found knockdown of Nup153 reduced the amount of poly-GA found
in the HEK-GA161. There was no effect on the mRNA (figure 7), which would have suggested an
artifactual suppression of the transgene. Instead, without affecting message, poly-GA protein
was diminished through an unknown mechanism. Although Nup153 plays a role in nuclear
export, it is also essential for the reassembly of the nuclear pore complex after cell division
(LaJoie et al., 2022). In the dividing HEK-GA161, knockdown of Nup153 for 48 hours may result
in cells with incompletely assembled nuclear pores, reducing overall cell health and reducing
the ability to express the large amount of poly-GA detected in the cells. In fact, recent
experiments on nuclear pore function avoid the use of RNA knockdown to silence Nup153 for
this reason (Li, Aksenova, et al., 2021).

It is also possible that reducing the amount of Nup153 leads to less poly-GA/nucleoporin
aggregation, leaving more poly-GA in a non-aggregated state, and therefore more accessible to
some form of degradation. Finally, it is known that overexpression of Nup153 alone causes
Nup153 to accumulate at the inner nuclear membrane, rather than throughout the nucleus as
occurs with other nuclear proteins including other nucleoporins (Bastos et al., 1996). The
insertion into the membrane is driven by the amino-terminal portion of the protein, in contrast
to the carboxy terminal which is critical to mRNA binding and translocation. In addition, the
overexpression of Nup153 alone causes elongated nuclear membranes and the appearance of
Nup153 in complex with lamins (Bastos et al., 1996). This results in ectopic nuclear pores
(Bastos et al., 1996) seen by EM. Combining this information with our observation of a possible
ectopic nuclear pores and the positive correlation between poly-GA and Nup153 in the ips-
derived motor neurons suggests that poly-GA at the nuclear membrane may itself drive Nup153
expression, subsequently leading to formation of aberrant pores or pore-like structures.
Biochemically assessing whether there is an induction of Nup153 or a redistribution of existing
Nup153 will clarify whether there is indeed increased expression of the nucleoporin in the
presence of poly-GA. Assessing this possible relationship is a promising area for additional
research.

Effect of antibody treatment

We found an approximately 25% reduction in RIPA-extractable poly-GA after 12 days
treatment with 120 nM of aGA1. This is very similar to the 31% reduction found by Nguyen et
al. after 13 days of treatment with the same antibody in their ips motor neurons, although
(Nguyen et al., 2020) did not show a protection against a neurotoxic insult in that system. It is



not clear why there was no protection in our model. It is possible that the poly-GA reduction
was insufficient and that a higher antibody concentration or longer treatment time would
provide some protection. There are alternative explanations, however. Puromycin halts
protein synthesis by causing premature termination of the nascent polypeptide chain by acting
as an analog of the 3'-terminal of the aminoacyl-tRNA. This produces many small,
puromycylated polypeptides, which are usually targeted for degradation. One possibility is that
the peptides overwhelm a proteolytic system already compromised by poly-GA. Another,
similar, possibility is that the C9 genotype already means that the cells have a compromised
system of protein degradation, making them more susceptible to puromycin independent of
poly-GA. In fact, the partial haploinsufficiency of C9 and its role in autophagy make this a
promising hypothesis.

In summary, both cell models provide information on the mechanisms by which the dipeptide
repeat protein, poly-GA, disrupts cellular processes. This work confirms the effect of
exogenously applied poly-GA antibody reducing poly-GA in cell culture, but does not capture
the therapeutic effect suggested by the in vivo experiments in (Nguyen et al., 2020).

Methods
Generation of HEK cell line

HEK cells harboring lacZ-Zeocin fusion gene and tet repressor (Thermofisher Flp-In T-Rex) were transfected with
the expression plasmid shown in the supplement including V5-tagged, codon optimized sequence encoding poly-
GA161 after a CMV promoter. Clones were selected based on robust expression of the transgene with no
detectable constitutive expression.

Maintenance of cultures

HEK cells were maintained at 37 °C with 5% CO: in Dulbecco’s Modified Medium (ThermoFisher 11965-092)
supplemented with 10% tet-approved fetal calf serum (Takara Bio 631106), glutaMax (ThermoFisher),
antibiotic/antimycotic (Invitrogen 15240-062), Hygromycin B (GIBCO 10687010), and Blasticidin (GIBCO A11139-
03). All HEK were used between passages 4 to 30.

iPSC-derived neuronal differentiation

LCLs from ALS-affected (NDO9607E) or ALS-unaffected (ND70189) were obtained from Coriell, Inc. and
reprogrammed using episomal reprogramming. iPSCs were cultured in mTesr1l+ Media (Stem Cell Technologies
05826, 05827) on ESC-qualified Matrigel (Corning 354277), bulk passaged using ReLeSR (Stem Cell Technologies
05872) and grown until 80-90% confluency. iPSCs were treated with 0.5 mM EDTA (ThermoFisher 15575020),
detached using a cell scraper and grown as embryoid body (EB) suspension for 14 days in the presence of small
molecules as previously described in Maury et al. 2015 2. Briefly, EBs were grown in the presence of 5 uM Y-27632
(R and D Systems 1254-50MG) on differentiation day 1, 40 uM SB431542 (SIGMA 301836418) and 3 uM CHIR99021
(Tocris Biosciences 252197-06-9) on differentiation days 1-3, 0.2 uM LDN193189 (StemCell Technology 72142) on
differentiation days 1-5, 1 uM Retinoic Acid (SIGMA R2625-50MG) and 0.5 uM Smoothened Agonist (Millipore
566660) on differentiation days 2-12, and 10 uM DAPT (SIGMA D5942- 25 mg) on differentiation days 8-14. At day
14, EBs were enzymatically dissociated with Papain/DNase (Worthington Biochemical LK003176, LK003170 ) and
plated in Neurobasal medium (ThermoFisher 21103049) containing N2 supplement (ThermoFisher 17502048), B27



supplement (ThermoFisher 17504044), Knock-out serum (ThermoFisher 10828010), Y27632 (R and D Systems
1254/50), 10 ng/mL BDNF (Tocris 248-BDB-01M), 10 ng/mL GDNF (R and D Systems 212-GD-01M), 10 ng/mL CNTF
(R and D Systems 257-NT-050), 10 uM DAPT (Sigma 208255805). 48 hours after plating, the medium was replaced
iPSC-MN feed medium (Neurobasal medium containing N2 supplement, B27 supplement, 10 ng/mL BDNF, 10
ng/mL GDNF, 10 ng/mL CNTF). Media was replaced with 50% conditioned medium 1-2 times weekly.

Immunofluorescence

Cells were processed for immunofluorescence by washing in PBS followed by fixation with paraformaldehyde
(4%)/sucrose (4%) in TBS for 15 min at room temperature, followed by permeabilization in 0.1% Triton X-100 in
TBS. Cells were blocked in blocking buffer before adding antibodies diluted in blocking buffer. Blocking buffer
consisted of 1% BSA (Sigma A6003) 5% goat serum (Abcam 7481) and 0.3M glycine in TBS. Secondary antibodies
were anti-species-specific Ig as appropriate, coupled to AlexaFluor labels. Highly cross-adsorbed antibodies were
used whenever possible.

Confocal imaging

Images were collected using either a Zeiss 710 or 980 laser scanning confocal microscope equipped with a Zeiss
AxioCam 503 camera and processed with Zen software. In some instances, confocal images were acquired and
processed using Zeiss’ “Airyscan” hardware and software, an enhancement to ordinary confocal imaging.

High-content imaging

Cultures were imaged in 96-well Cell Carrier Ultra plates using Perkin-Elmer Opera Phenix system operating in
confocal mode with a 40x NA 1.1 water-immersion objective. Fluorescence at adjacent wavelengths was collected
sequentially.

STED imaging

STED images were collected using an Abberior STEDYCON device with a Zeiss Axio Observer Z1 microscope body
equipped with a 100x oil-immersion objective. Images were processed using Abberior’s proprietary software and
Imagel.

Proximity Ligation Assay (PLA)

Cells were processed as for immunofluorescence, followed by proximity ligation according to the manufacturer’s
instructions. Briefly, samples were incubated with PLA secondary antibody probes then treated with ligase at 37
degrees, followed by amplification for 100 minutes at 37 degrees before counterstaining with DAPI. Cells were
imaged in a high-content imaging system for spot counting of fluorescent reaction product at Texas Red
wavelengths. Images of PLA shown in this work are single z-planes.

Poly-GA ELISA

Poly-GA was measured in RIPA lysates of cells using a sandwich ELISA with Meso-Scale Discovery (MSD)
electrochemiluminescent detection as described in 21. Samples were treated with heat, SDS and reducing agent to
denature any treatment antibody that might be present.

SiRNA

Nucleoporin 153 was suppressed using Origene 27-mer oligonucleotide duplexes, catalog number SR322948.
Duplexes were prepared in sterile buffer and mixed with Origene “siTran” transfection reagent before being added
to cells at a final concentration of 2 nM. Culture medium was changed 5 hr after transfection.



Electron microscopy

For immunocytochemistry: Cell samples were fixed in a mixture of 2% PFA and 0.125% glutaraldehyde in a 0.1M
phosphate buffer pH7.4 and processed for ultracryomicrotomy as described in 22. Ultrathin cryosections were
prepared with an ultracryomicrotome Ultracut FCS (Leica) and immunogold labeled with anti- Poly-GA or anti-
TDP43 antibodies followed by protein A conjugated to 10 nm gold particles (Cell Microscopy Center, Department
of Cell Biology, Utrecht University). Sections were analyzed on a Tecnai Spirit G2 electron microscope (FEl,
Eindhoven, The Netherlands) and digital acquisitions were made with a 4k CCD camera (Quemesa, Olympus,
Miunster, Germany)

For conventional EM: Cell samples were fixed in 2.5% glutaraldehyde in a 0.1M cacodylate buffer, post fixed with
1% osmium tetroxide supplemented with 1.5% potassium ferrocyanide, dehydrated in in ethanol and embedded in
Epon resin. Thin sectioned samples of 60-70nm were post stained with 4% aqueous uranyl acetate for 10 minutes
and lead citrate for 1 minute as described 2.

Electron micrographs were acquired on a Tecnai Spirit G2 electron microscope (FEI, Eindhoven, The Netherlands)
equipped with a 4k CCD camera (Quemesa, Olympus, Miinster, Germany)

Antibodies used

Target protein Clone Vendor Product # Dilution
CHMP7 Protein Tech 16424-1-AP | 1:100
COX-IV 3E11 Cell Signaling 4850 1:250
cleaved Caspase-3 Cell Signaling 9661 1:400
G3BP Abcam ab181149 1:200
HDAC6 Cell Signaling 7558S 1:200
Lamin A/C Active Motif 39288 1:1000-1:250
LC3B Abcam ab48394 1:5000
b-1lI-tubulin Abcam ab107216 1:400
Nup 153 QE5 Abcam ab24700 1:200
Nup 98 C39A3 Cell Signaling 2598S 1:500
poly-GA aGA1l Nguyen et al., 2020

poly-GA aGA3 Nguyen et al., 2020

poly-GA aGA4 Nguyen et al., 2020

POM121 Protein Tech 15645-1-AP | 1:400
SQSTM Abcam ab109012 1ug/mL
TDP-43 (mid) Abnova H00023435 | 1:1000
TDP-43 (C-term) Protein Tech 12892 1:500
TDP-43 (N-term) Protein Tech 10782-2-AP | 1:500
TPR Abcam ab84516 1:200
vimentin Abcam ab24525 1:1000




Statistical analysis

Quantitative results were analyzed statistically with GraphPad Prism software using t-test or ANOVA when
appropriate; nonparametric Kruskal-Wallis test when needed. Post hoc test used in most instances was Sidak's
multiple comparisons test for selected group comparisons.
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RESUME

Chez les patients atteints de SLA familiale et porteurs d'une mutation du géne C9ORF72, cinq
types de protéines a répétition dipeptidique s'accumulent dans les tissus du systeme nerveux.
Parmi ces protéines toxiques, la plus abondante est la poly-GA, une glycine-alanine répétée
amyloidogene. Ce travail examine le poly-GA dans des modéles cellulaires de SLA et constate
que le poly-GA peut entrer dans I'enveloppe nucléaire, séquestrer les protéines nucléoporines et
altérer la dynamique du TDP-43. Dans les motoneurones C9 dérivés de patients atteints de SLA,
des membranes nucléaires perturbées et des pores nucléaires potentiellement ectopiques ont été
détectés. Le traitement avec un anticorps contre le poly-GA dans ces cellules a réduit le poly-GA
soluble mais n'a pas protégé contre I'activation des caspases ou la neurodégénérescence causée
par l'inhibition de la synthése des protéines. Je discute des implications de ces résultats pour la
pathophysiologie de la SLA C9 et propose de nouvelles directions de recherche.

MOTS CLES

sclerose laterale amyotrophique, transport nucleaire, aggregation des protéines,
nucleoporin, poly-glycine-alanine

ABSTRACT

In patients with familial ALS who carry a mutation in the gene COORF72, five types of dipeptide-
repeat proteins accumulate in nervous system tissue. Of these toxic proteins, the most abundant
is poly-GA, an amyloidogenic glycine-alanine repeat. This work examines poly-GA in cellular
models of ALS and finds that poly-GA can enter the nuclear envelope, sequester nucleoporin
proteins, and alter TDP-43 dynamics. In C9 ALS patient-derived motor neurons, disrupted
nuclear membranes and potentially ectopic nuclear pores were detected. Treatment with an
antibody against poly-GA in these cells reduced soluble poly-GA but did not protect against
caspase activation or neurodegeneration caused by protein synthesis inhibition. | discuss the
implications of these results for C9 ALS pathophysiology and propose new directions for
research.
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