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Summary

Cytoplasmic mislocalization and aggregation of the RNA-binding protein TDP-43 is a
pathological hallmark of the motor neuron (MN) disease amyotrophic lateral sclerosis (ALS).
Furthermore, while mutations in the TARDBP gene (encoding TDP-43) have been associated
with ALS, the pathogenic consequences of these mutations remain poorly understood. Using
CRISPR/Cas9, we engineered two homozygous knock-in iPSC lines carrying mutations in
TARDBP encoding TDP-43%%2T and TDP-43%**¥¢ two common yet understudied ALS TDP-43
variants. MNs differentiated from knock-in iPSCs had normal viability and displayed no
significant changes in TDP-43 subcellular localization, phosphorylation, solubility, or aggregation
compared with isogenic control MNs. However, our results highlight synaptic impairments in both
TDP-43%%2T and TDP-43%3*% MN cultures, as reflected in synapse abnormalities and alterations
in spontaneous neuronal activity. Collectively, our findings argue that MN dysfunction precedes
the occurrence of TDP-43 pathology and neurodegeneration in ALS, and further implicates

synaptic and excitability defects in the pathobiology of this disease.

Highlights

e MNs differentiated from knock-in iPSCs do not display a neurodegenerative phenotype.
e Mutant MNs do not show TDP-43 pathology.
e TDP-43 variants lead to a progressive decline in spontaneous neuronal activity.

e Functional impairments are accompanied by abnormal synaptic marker expression.

eTOC blurb

Using CRISPR/Cas9-edited iPSCs, Lépine et al. demonstrate that ALS TDP-43 variants (TDP-

437327 gnd TDP43%3**%) |ead to alterations in spontaneous neuronal activity and synaptic
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abnormalities in the absence of TDP-43 mislocalization, aggregation, or neurodegeneration.
These findings imply that TDP-43 pathology is not required to induce MN dysfunction and

support the presence of early synaptic impairments prior to MN loss in ALS.

Keywords: TDP-43; TARDBP; amyotrophic lateral sclerosis; CRISPR/Cas9; gene editing;

induced pluripotent stem cells; disease modeling; motor neuron; synapse; multielectrode array
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the
progressive loss of motor neurons (MNSs) in the brain and the spinal cord, resulting in weakness
and paralysis that is usually fatal within two to four years after onset (Moura et al., 2015). While
about 10% of ALS cases follow a pattern of inheritance (termed familial ALS (fALS)), the majority
of cases occur in the absence of a clear family history (sporadic ALS (SALS)). Overall, it is
estimated that 15-20% of cases have a known genetic cause (Kenna et al., 2013). The TARDBP
gene (encoding TDP-43) is among the most commonly mutated ALS-associated genes after
C90RF72, SOD1 and FUS, with nearly 40 missense mutations identified in patients to date

(ALSoD database; https://alsod.ac.uk/). At the neuropathological level, the cytoplasmic

mislocalization and aggregation of TDP-43 is a signature feature of ALS. These pathological
changes, known as TDP-43 pathology, are observed in post-mortem tissues of >95% of patients
(Arai et al., 2006; Mackenzie et al., 2007; Neumann et al., 2006), suggesting that convergent
mechanisms of TDP-43 dysfunction are involved in both familial and sporadic disease. Thus,
identifying the mechanisms through which TDP-43 dysregulation contributes to disease

pathogenesis is of foremost importance in developing new therapeutics for ALS.

TDP-43 is a DNA/RNA binding protein involved in several steps of RNA processing including
transcription, splicing, RNA transport, and translation (Alami et al., 2014; Buratti and Baralle,
2001; Coyne et al., 2014; Ou et al., 1995). Early efforts to decipher the pathological roles of
TDP-43 in ALS have primarily focused on overexpression and loss-of-function models and
demonstrated that TDP-43 levels must be tightly regulated for it to exert its normal cellular
functions. Indeed, genetic ablation of TARDBP is lethal during embryogenesis (Kraemer et al.,
2010; Sephton et al., 2010), and acute TDP-43 depletion (i.e., via conditional knockout or RNA
interference) leads to neurodegeneration and ALS-like manifestations in mice (Iguchi et al.,

2013; Wu et al., 2012; Yang et al., 2014). Similarly, overexpression of ALS-associated TDP-43
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variants, or even the wild-type protein, exerts deleterious effects across species, including motor
deficits, shortened lifespan, and MN loss (Armstrong and Drapeau, 2013; Estes et al., 2011;
Kabashi et al., 2010; Mitchell et al., 2015; Shan et al., 2010). Given the potential confounding
effects of overexpression strategies, discerning the pathological contributions of TARDBP

mutations has been challenging.

Progress in induced pluripotent stem cell (iPSC) and gene editing technologies now offer an
unprecedented opportunity to model ALS with human disease-relevant cells. Our group and
others have established robust workflows for quality control, gene editing, and differentiation of
iPSCs into several cell types, including MNs (Chen et al., 2021; Deneault et al., 2022; Du et al.,
2015). In recent years, a number of iIPSC-derived models have been generated to assess the
effects of TARDBP mutations expressed at endogenous levels in vitro (reviewed in (Hawrot et
al.,, 2020)). Although both gain- and loss-of-function mechanisms have been proposed, the
pathogenic properties of ALS TDP-43 variants remain poorly understood. In particular, the
pathologic manifestations of the TDP-43"*%2T and TDP-43%%*¢ variants - the first and third most

frequent ALS variants of TDP-43, respectively (ALSoD database; https://alsod.ac.uk/) - have not

yet been fully characterized in a human model system.

To address this gap, we utilized CRISPR/Cas9 to generate two homozygous knock-in iPSC lines
carrying point mutations in TARDBP coding for TDP-43"%%T or TDP-43%**%¢, We found that these
mutations did not cause overt neurodegeneration nor TDP-43 aggregation or cytoplasmic
mislocalization. Furthermore, mutant MNs did not recapitulate other biochemical hallmarks of
pathologically altered TDP-43, including phosphorylation, C-terminal cleavage, and
accumulation of detergent-insoluble species. Despite the apparent absence of TDP-43
pathology, our results highlight synaptic abnormalities and decreased neuronal activity in mutant

MNs, pointing to synaptic dysfunction as an early event in ALS pathogenesis.
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Results

Generation of TARDBP knock-in iPSCs lines using CRIPSR/Cas9

The vast majority of TARDBP mutations cluster in exon 6 of the gene, which encodes the
protein’s C-terminal domain. Using CRISPR/Cas9 technology, we edited a well characterized
healthy control iPSC line (i.e., AIW002-02) (Chen et al.,, 2021) to generate two homozygous
knock-in TARDBP iPSC lines expressing TDP-43%%?T or TDP-43%**%¢ (Table S1). Gene editing
was performed by nucleofection of (i) the Cas9 nuclease, (ii) the single guide RNA (sgRNA)
targeting the edit site of TARDBP (exon 6), and (iii) the single-stranded donor oligonucleotide
(ssODN) carrying the mutation and the homology arms to enable integration into the genome via
homology-directed repair (Figure 1A; Table S2). Successful introduction of the mutations and
homozygosity of the iIPSC lines were confirmed by digital droplet PCR (ddPCR) and Sanger
sequencing (Figures 1B, S1A and S1B; Table S3). The pluripotency of gene-edited iPSCs was
verified by performing immunocytochemistry for pluripotency-associated markers Nanog, TRA-1-
60, SSEA-4, and Oct-3/4 (Figure S2B). Genome stability testing confirmed that TARDBP knock-
in iPSC lines maintained normal karyotypes and chromosome copy numbers (Figures S2C and
S2D). Isogeneity with the parental control iPSC line was verified using short-tandem repeat

(STR) profiling (Figure S2E).

TARDBP mutations do not impair normal differentiation of iPSCs into MNs

The two knock-in iPSC lines (TDP-43"%%"T and TDP-43°***¢) and the AIW002-02 parental
isogenic control line were differentiated into MNs using a previously published protocol that
mimics MN differentiation during development (Deneault et al., 2022) (Figure 1C). Cells were
harvested at multiple timepoints to characterize the differentiation process and validate their

identity. iIPSCs were initially induced into neuroepithelial progenitors (NEPs) via dual-SMAD
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signaling inhibition, followed by specification into MN progenitor cells (MNPCs). MNPCs showed
immunoreactivity for progenitor markers OLIG2, PAX6, and Nestin without significant differences
between mutant and isogenic control cultures (Figure S3A-S3D). MNPCs were then
cryopreserved or plated for final differentiation into MNs (Video 1). After two- and four-weeks
post-plating of MNPCs, immunocytochemical analyses revealed a similar proportion of HB9* and
ISL1/2" MNs as well as comparable expression of cholinergic markers ChAT and VAChT among
mutant and isogenic control cultures (Figure 1E-1l). Quantitative PCR (gPCR) analysis
examining longitudinal transcript levels of developmental markers confirmed that mutant and
isogenic control cultures downregulated MNPC markers and upregulated MN markers as they
differentiated into MNs (Figure 1D). Additionally, differentiating MNs upregulated FOXP1 and
downregulated LHX3 (Figure 1D), consistent with limb-innervating lateral motor column (LMC)
MN identity (Amoroso et al., 2013). LMC MNs (FOXP1*/LHX3) are most susceptible to
neurodegeneration in the majority of ALS patients, where disease typically first manifests by
focal weakness in distal limb muscles (Masrori and Van Damme, 2020). Lastly, immunostaining
with two neuronal markers (NF-H and Blll-tubulin) revealed that TDP-43 MN cultures formed a
dense axonal network with similar morphological features relative to control conditions, including
comparable total axonal area and branching (Figure 2A-2F). Overall, these results indicate that

TDP-43"%%?T and TDP-43%***¢ do not impair the normal differentiation of iPSCs into MNs.

TDP-43 MN cultures maintain viability

Neurodegeneration is a core feature of ALS. For this reason, we examined whether MNs derived
from TARDBP knock-in iPSCs were more vulnerable to cell death. We analyzed the viability of
MNs differentiated for 2, 4 and 6 weeks using an ATP-based luminescent viability assay (Figure
2G). TDP-43 MN cultures survived at comparable levels to the isogenic control under basal
conditions. Given that neurotrophic factors (NFs) are known to promote cell survival, we
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hypothesized that withdrawal of NF supplementation from the differentiation medium might
reveal a specific vulnerability of ALS MNs, as reported by another group with COORF72 iPSC-
derived MNs (Shi et al., 2019). The overall survival of MN cultures decreased by approximately
40% at 6-weeks post-plating when cells were differentiated in medium without NFs compared
with complete medium, highlighting the importance of NF supplementation for long-term culture
of iPSC-derived MNs. However, viability remained comparable between the mutant and control

cell lines.

Next, we tested the hypothesis that TDP-43 MNs might be more vulnerable when challenged
with a cellular stressor, such as glutamate. Glutamate excitotoxicity has been proposed to play a
role in the pathogenesis of ALS (Blasco et al., 2014; Rothstein et al., 1992, 1995). Thus, we
analyzed the viability of MN cultures treated with glutamate for 24 hours (Figure 2H). As
expected, glutamate treatment induced MN death, as shown by a significant decrease in viability
compared with vehicle-treated cultures. When comparing the survival of glutamate-treated TDP-
43 MNs and isogenic control, we observed a trend towards reduced viability in both TDP-43"%%2T
and TDP-43%%**¢ MNs indicative of a potentially enhanced susceptibility to glutamate, although

this effect did not reach statistical significance. Taken together, these results indicate that TDP-

43 MNs did not display a neurodegenerative phenotype up to the latest timepoint investigated.

Mutant MNs do not accumulate insoluble or phosphorylated TDP-43

TDP-43 aggregates constitute the pathological hallmark of ALS, with a biochemical signature
that consists of detergent-insoluble phosphorylated TDP-43 as well as C-terminal fragments of
the protein (Arai et al., 2006; Mackenzie et al., 2007; Neumann et al., 2006). To assess TDP-43
levels and solubility, we performed protein fractionation of mutant and control MN cultures into
total, soluble, and insoluble fractions (Figure 3A). Western blot analysis of total lysates showed

similar TDP-43 levels between mutant and isogenic control MNs (Figures 3G and 3H).
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Accordingly, TARDBP transcripts levels were also unchanged between mutant and control
samples at all tested timepoints (Figure S4A), indicating that the mutations do not cause
impairments in the autoregulatory function of TDP-43, where TDP-43 regulate levels of its own
TARDBP transcript via a negative feedback loop (Ayala et al., 2011). When analyzing the
soluble (RIPA) and insoluble (urea) protein fractions, mutant and control lysates showed
comparable levels of soluble and insoluble TDP-43 (Figures 3B-3D), indicating a similar
solubility of TDP-43"3%2T and TDP-43%**%° to the wild-type protein. The C-terminal fragment of 35
kDa (CTF-35) was markedly enriched in insoluble fractions, although no differences in insoluble
CTF-35 levels were observed mutant and control MNs (Figure 3E). Additionally, the CTF-
35/TDP-43 ratio did not significantly differ (Figure 3F), indicating that the TDP-43 variants do not

display enhanced C-terminal cleavage compared with control.

Next, we analyzed the phosphorylation state of TDP-43 using an antibody targeting
phosphorylated TDP-43 (pTDP-43) (Ser409/410). Using western blotting, we found similar levels
of total pTDP-43 in unfractionated lysates of mutant and control MNs (Figures 31 and 3J).
Immunostaining showed abundant punctate pTDP-43 in the cytoplasm, with no notable
differences in the abundance of pTDP-43" puncta between mutant and control MNs (Figure

S4B).

TDP-43"%2T and TDP-43%**%¢ do not exhibit changes in nucleocytoplasmic localization

Another prominent feature of TDP-43 pathology is mislocalization of TDP-43 in the cytoplasm.
Thus, we performed nuclear/cytosolic protein fractionation experiments to quantify the
distribution of TDP-43 (Figures 4A and 4B). Western blot analysis indicated no significant
differences in TDP-43 levels in nuclear and cytosolic fractions of TDP-43 MNs compared with

control (Figures 4C and 4D). CTF-35 was mainly recovered in cytosolic fractions, at similar
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levels between samples (Figure 4E). The CTF-35/TDP-43 ratio was also comparable,
confirming the absence of increased C-terminal cleavage in TDP-43 MNs compared with control

(Figure 4F).

To further assess TDP-43 subcellular localization, we performed immunocytochemistry (Figures
4G). TDP-43 was predominantly nuclear with some signal detected in the cytoplasm.
Immunocytochemical analyses revealed comparable nuclear-to-cytosolic ratios and TDP-
43/Hoechst correlation coefficients between TDP-43 MNs and control, indicating similar
nucleocytoplasmic localization (Figures 4H and 4l). These observations were recapitulated with
a second TDP-43 antibody targeting the protein’s N-terminus (rather than its C-terminus)
(Figures S5A-S5C). Compared with C-terminal immunostaining, N-terminal immunostaining
showed a more prominent cytosolic signal and TDP-43" puncta could be observed, as previously
described (Weskamp et al., 2020). However, it is worthy noting that TDP-43" puncta were not
detected more frequently in mutant MNs compared with control and did not co-localize with
pTDP-43" puncta, in line with recent findings (Ratti et al., 2020). As such, we hypothesize that
TDP-43" puncta may represent RNA granules rather than proper aggregates. Taken together,
these results indicate that mutant MNs do not exhibit TDP-43 pathology as observed in post-

mortem tissues.

Progressive decline in spontaneous neuronal activity in TDP-43 MNs

To assess the activity and functionality of MNs, we performed electrophysiological profiling of
MN cultures using multielectrode array (MEA) over a span of 8 weeks post-plating. We observed
progressive alteration of spontaneous neuronal activity in TDP-43"%2T and TDP-43%**¥¢ MNs
with prolonged time in culture, as shown by a significant decline in mean firing rate compared

with isogenic control MNs 5 weeks post-plating (Figure 5B). Additionally, we noted fewer active
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electrodes in TDP-43 MN cultures compared with control cultures despite a similar distribution of
cells over the electrodes (Figure 5A and 5C; Video 2), indicating that they are more
electrophysiologically silent. Among active electrodes, however, the burst frequency, number of
spikes per burst, and burst duration remained unchanged between TDP-43 and control MN
cultures (Figure S5A, S5B and S5C). Treatment with the sodium-channel blocker tetrodotoxin
(TTX) abolished neuronal activity, thereby confirming that the recorded signals are due to action

potentials and not artifacts (Figure 5D).

TDP-43 MNs exhibit abnormal pre- and postsynaptic puncta

To further study the mechanisms underlying altered neuronal activity, we examined whether
TDP-43 MNs would display changes in synapse number and morphology. We performed co-
immunostaining for presynaptic (synapsin I) and postsynaptic (PSD95) compartments in MN
cultures differentiated for 6 weeks (Figure 6A) and analyzed mean puncta count, size, and
signal intensity. We found no significant change in the number of synapsin I” puncta between
TDP-43 MNs and control (Figure 6B). However, the average size of synapsin I” puncta was
increased in TDP-43"%%2T MNs, but not TDP-43%3*¥¢ MNs, compared with control (Figure 6C).
We also observed a significant decrease in synapsin I* puncta mean intensity in TDP-43%345¢
MNs compared with TDP-43"%%2T and control MNs (Figure 6D). When analyzing PSD95
immunostaining, the number of PSD95" puncta was significantly decreased in TDP-43%%?T MNs
and we observed a trend towards fewer PSD95" puncta in TDP-43%3**¢ compared with control
(Figure 6E). Both TDP-43*%?T MNs and TDP-43%%*¢ MNs displayed significantly larger PSD95*
puncta sizes than control MNs (Figure 6F). The mean intensity of PSD95" puncta was not
significantly different between TDP-43 MNs and control, although a trend towards decreased
PSD95" puncta intensity was observed in TDP-43°**¢ MNs (Figure 6G). We also analyzed the

colocalization of both synapsin | and PSD95 markers. We found no significant change in the
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number of synapsin I'/PSD95" puncta between TDP-43 MNs and control (Figure 6H). However,
the size of synapsin I'/PSD95"* puncta was significantly larger in TDP-43%%?T MNs, but not TDP-
43%%%8C MINs, compared with control (Figure 61). Based on these observations, we conclude that

TDP-43 MNs exhibit synaptic defects.

TDP-43 variants perturb the expression of synaptic proteins post-transcriptionally

Earlier MEA experiments implied that alterations in activity manifest after prolonged time in
culture, leading us to analyze protein levels of presynaptic (synapsin I, synaptophysin) and
postsynaptic (PSD95) markers at several timepoints (Figure 7A). Western blot analysis
indicated increased levels of PSD95 at 2 weeks post-plating in both TDP-43 MN cultures
compared with control, but those levels were not significantly different at other timepoints
(Figure 7B). We observed comparable levels of synaptophysin between samples at all
timepoints (Figure 7D). Levels of synapsin |, however, were significantly depleted at 6-weeks
post-plating, coinciding with the observed decline in mean firing rate (Figure 7C). We next
sought to determine whether dysregulation of synaptic marker expression occurs at the
transcriptional level (Figure 7E-7G). Despite the prominent decrease in synapsin | protein at 6-
weeks post-plating, SYN1 transcript levels, however, remained unchanged between TDP-43 and
control MNs at this timepoint (Figure 7F). These results imply that TDP-43 variants perturb the
expression of synapsin | post-transcriptionally. In summary, we find that impairments in

spontaneous neuronal activity are reflected by abnormal synaptic marker expression.

Discussion

The detection of TDP-43 pathology in almost all ALS cases, along with the identification of
disease-causing mutations in the TARDBP gene, underscores a central role of TDP-43

dysregulation in ALS pathobiology. Yet, the mechanisms by which TARDBP mutations
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contribute to MN dysfunction and neurodegeneration remains poorly understood. In this study,
we harnessed iPSC and CRIPSR/Cas9 gene editing technologies to study the impact of
TARDBP mutations in a more physiological context. Due to our lack of TDP-43 patient samples,
we edited a healthy control iPSC line to generate two homozygous knock-in iPSC lines with
TARDBP mutations encoding the TDP-43"%%T and TDP-43%**%¢ variants, respectively, thereby
allowing the comparison of cellular phenotypes between gene-edited cells and their parental cell
line. This isogenic experimental design (where cell lines share the same genetic information
except for the mutation of interest) is critical to eliminate variability due to genetic background,
reprogramming, and differentiation efficiencies, which can affect the reproducibility of
experiments in iPSC studies (Kilpinen et al., 2017; Rouhani et al., 2014). One limitation of this
study, however, is that since the mutant iPSC lines were not derived from patient cells, they may
lack ALS genetic modifiers naturally present in patients’ genotypes, which could be important

contributors to the disease phenotypes.

With these edited lines, we tested the hypothesis that MNs differentiated from the TARDBP
knock-in iPSCs would manifest features of ALS in vitro when cultured for a prolonged period. We
found that TDP-43 MNs did not exhibit a cell death phenotype up to 6 weeks of maturation, the
latest timepoint investigated. These observations are consistent with earlier reports in which
differences in viability between MN cultures derived from TARDBP mutant and control iPSC
lines were not detected under basal culture conditions (Devlin et al., 2015; Egawa et al., 2012;
Krach et al., 2022; Seminary et al., 2018; Zhang et al., 2013). Some noted enhanced stress-
induced neuronal death following treatment with compounds such as sodium arsenite,
staurosporine, MG-132 or LY294002 (a selective PI3K inhibitor) (Bilican et al., 2012; Egawa et
al., 2012; Sun et al., 2018; Zhang et al., 2013), suggesting some inherent vulnerability conferred
by the mutations. Our work showed only trends towards increased susceptibility of mutant MNs

to glutamate toxicity. The absence of overt MN loss may reflect the immaturity of MNs at the
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timepoints examined. In future studies, overcoming the challenges associated with long-term
culture of MNs in monolayers (i.e., cell clumping and detachment) or use of three-dimensional
culture models (i.e., spheroids, organoids) (Castellanos-Montiel et al., 2023; de Majo et al.,
2023; Pereira et al., 2021) may enable neurodegeneration to be observed after several months
of culture, without the need for exogenous treatments with stressors to elicit a phenotype.
Alternatively, transcription factor-mediated transdifferentiation towards specific neurons, avoiding
intermediate proliferative pluripotent stem cell stage, may help retaining specific age-related and

epigenetic features involved in neurodegenerative disorders (Mollinari et al., 2018).

As aging is a strong risk factor for ALS, enhancing the maturation of MN cultures may also
accelerate the manifestation of end-stage disease features, such as TDP-43 pathology. Here,
we show that mutant MNs did not robustly display cytoplasmic mislocalization, aggregation, or
accumulation of insoluble TDP-43 under basal conditions, in line with most recent reports of
iPSC-derived MNs carrying TARBDP mutations (Bossolasco et al., 2018; Dafinca et al., 2020;
Imaizumi et al., 2022; Klim et al., 2019; Krach et al., 2022; Kreiter et al., 2018; Ratti et al., 2020;
Wang et al.,, 2013). Some studies, in contrast, found that mutant MNs recapitulate partial
aspects of TDP-43 pathology in vitro (Bilican et al., 2012; Egawa et al., 2012; Fazal et al., 2021;
Fujimori et al., 2018; Smith et al., 2021; Sun et al., 2018), sometimes reporting enhanced
cytoplasmic distribution of TDP-43 (albeit without nuclear depletion), increased levels of
insoluble TDP-43 and lower molecular weight species and/or, in few instances, detection of
“preinclusion-like aggregates” by immunocytochemistry or electron microscopy. These
discrepancies, together with the absence of overt neurodegeneration, suggest that iPSC-derived

MNs may model early stages of ALS.

One prominent finding of the present study is the progressive decline in spontaneous neuronal
activity in TDP-43"%?T and TDP-43%**®¢ MNs after several weeks in culture. Although we noted

abnormal pre- and postsynaptic puncta, we found no significant changes in the number of
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synapsin I'/PSD95" puncta between TDP-43 MNs and control, indicating that altered neuronal
activity is not due to a failure of synaptogenesis nor synaptic loss. These results suggest that
functional alterations in synaptic activity may arise before the physical disruption of synapses in
ALS. Indeed, previous studies of animal models and ALS patients have implicated excitability
defects in this disease (Martinez-Silva et al., 2018; Vucic et al., 2008). Additionally, neuronal
hypoexcitability, sometimes preceded by transient early hyperexcitability, has been described in
iPSC-derived neurons with mutations in TARDBP (Dafinca et al., 2020; Devlin et al., 2015;
Zhang et al.,, 2013). A possible progression from initial hyper- to hypoexcitability is also
supported by studies in ALS mouse models (Delestrée et al., 2014; Fuchs et al., 2013) and
iPSC-derived models carrying mutations in C9ORF72 (Dafinca et al., 2020; Devlin et al., 2015;
Sareen et al., 2013; Zhao et al., 2020), SOD1 (Kim et al., 2020; Naujock et al., 2016; Wainger et
al., 2014) and FUS (Guo et al., 2017; Naujock et al., 2016), depending on the timepoint

examined.

Accumulating evidence suggests that TDP-43 is involved in synaptic functions, both at central
and neuromuscular synapses (reviewed in (Gulino, 2023; Lépine et al., 2022; Ling, 2018)).
Pathologically altered TDP-43 has been shown to perturb the expression of synaptic genes in
ALS mouse models and patients (Brown et al., 2022; Ma et al., 2022; Mishra et al., 2007;
Polymenidou et al., 2011). Here, we found that synapsin | protein levels, but not SYN1 transcript
levels, were depleted in TDP-43"%%T and TDP-43%**%¢ MNs after 6 weeks post-plating, which
was coincident with the decline in neuronal activity. These results imply that differences in
synapsin | levels result from a post-transcriptional mechanism, such as impairments in mRNA
transport, translation and/or mRNA sequestration by TDP-43, as described by several groups
(Alami et al., 2014; Altman et al., 2021; Coyne et al., 2017; Zuo et al., 2021). Further research

will be required to elucidate the molecular mechanisms by which TARDBP mutations lead to
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decreased synapsin | expression, potentially contributing to functional defects (Baldelli et al.,

2007; Rosahl et al., 1995).

Overall, our findings indicate that TDP-43 pathology is not required to induce MN dysfunction
and support the presence of early synaptic impairments prior to MN loss in ALS. As the synapse
emerges as a promising therapeutic target for ALS, neuronal activity and synapse integrity may

serve as disease-relevant phenotypic readouts for drug discovery.
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Experimental Procedures

See further details in the Supplemental Experimental Procedures.

Resource Availabilities

Corresponding author. Further information and requests should be directed to the lead

contact, Thomas M. Durcan (thomas.durcan@mcaqill.ca).

Materials availability. Cell lines generated in this study will be made available on request,

under the open science framework of the Neuro, and through a cost recovery model.

Data and code availability. Derived data supporting the findings of this study are available from

the lead contact upon request.

iPSC lines and culture

The use of human cells in this study was approved by McGill University Health Center Research
Ethics Board (DURCAN_IPSC / 2019-5374). To knock-in selected mutations, we used the
previously characterized control cell line AIW002-02, reprogrammed from peripheral blood
mononuclear cells (PBMCSs) of a 37-year-old Caucasian male, as previously described (Chen et
al., 2021). A summary of the iPSC lines used can be found in Table S1. iPSCs were maintained
on dishes coated with Matrigel (Corning Millipore) in mTeSR1 (StemCell Technologies) and
passaged at 80% confluence using Gentle Cell Dissociation Reagent (StemCell Technologies).
Cultures were routinely tested for mycoplasma using the MycoAlert Mycoplasma Detection kit

(Lonza).
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CRISPR/Cas9 genome editing and validation

To genetically edit TARDBP, CRISPR reagents were transfected into iPSCs using the P3
Primary Cell 4D Nucleofector™ X Kit S (Lonza), as previously described (Deneault et al., 2022).
Briefly, iPSCs at 50% confluency were dissociated with Accutase (StemCell Technologies) and
500,000 cells were resuspended in 25 uL of Cas9: sgRNA ribonucleoprotein (RNP)-ssODN-
buffer mix, consisting of 1 puL of Cas9 protein (stock 61 uM), 3 pL of sgRNA (stock 100 uM), and
1 pL of ssODNSs (stock 100 pM) in 20 pL of nucleofection buffer P3. The reaction mixture was
then electroporated using the CA137 program in a Nucleofector 4D device. The sequences of

the sgRNAs and ssODNs used are provided in Table S2.

After limiting dilution, gene-edited clones were identified by ddPCR (QX200™ Droplet Reader,
Bio-Rad). The detection of the modified nucleotide by ddPCR was based on a TagMan® assay
including two PCR primers and two DNA probes fused with different fluorophores (FAM and
HEX), with one probe specific to the original allele and the other probe to the edited allele.
Locked Nucleic Acid (LNA®) probes were designed following the manufacturer’'s criteria.
Sequence integrity of successful clones was assessed using Sanger sequencing. The
sequences of the primers and probes used for ddPCR, and Sanger sequencing are provided in

Table S3.

Statistical tests

Biological replicates were defined as independent differentiations unless otherwise specified.
Statistical analyses were performed with the GraphPad Prism 9.3.0 software. Data distribution
was assumed to be normal although this was not formally tested. Differences between multiple

groups were analyzed using one-way or two-way analysis of variance (ANOVA) tests. Means

18


https://doi.org/10.1101/2023.03.22.533562

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.22.533562; this version posted March 24, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and standard errors of the mean were used for data presentation. Significance was defined as

p<0.05.
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Figure 1. Generation of TARDBP knock-in iPSC lines and differentiation into MNs.
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(A) Schematic representation of CRISPR/Cas9-mediated genome editing via homology-directed

repair.

(B) iPSC lines genotyping using Sanger sequencing.

(C) Schematic representation of the protocol for sequential differentiation of IPSCs into
neuroepithelial progenitors (NEPs), MNPCs, and MNs with representative phase-contrast
images of cells along differentiation. Scale bar, 250 pm. For time-lapse movie depicting
maturation of MNPCs into MNs, see Video 1.

(D) gPCR heatmap showing normalized transcripts levels of MNPC (green), MN (purple), and
LMC (pink) markers during differentiation of MNPCs into MNs. Mean plotted. n=3 independent
experiments.

(E-l) Representative images (E) and quantification (F-1) of MNs differentiated for 2 weeks (D14)
and 4 weeks (D28) subjected to immunocytochemistry for the common MN markers Hb9,
ISL1/2, ChAT and VACHT. Scale bar, 50 um. Data shown as mean + SEM. n=5 independent
experiments.

See also Figures S1 to S3.
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Figure 2. TDP-43 MN cultures form a normal axonal network and maintain viability.

(A,D) Representative images of MNs differentiated for 6 weeks subjected to
immunocytochemistry for neuronal markers BlliI-tubulin (A) and NF-H (D). Scale bar, 100 pm.
(B,C) Quantification of total area (B) and number of branches (C) of Blll-tubulin® axons. n=3
independent experiments.

(E,F) Quantification of total area (E) and number of branches (F) of NF-H' axons. n=3
independent experiments.

(G) Viability of MN cultures differentiated with and without neurotrophic factor (NF)
supplementation over a span of 6 weeks post-plating. n=4 independent experiments.

(H) Effect of glutamate treatment (0.1 mM glutamate, 24 h) on viability of MNs differentiated for 6

weeks. n=4 independent experiments.
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All data shown as mean £ SEM. *p<0.05, *p<0.01, ***p<0.001.
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Figure 3. Quantification of TDP-43 levels in total, soluble, and insoluble protein fractions.

(A) Schematics representing the fractionation workflow into total (unfractionated), soluble

(RIPA), and insoluble (urea) protein fractions.
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(B-F) Immunoblot (B) and quantification of TDP-43 (C, D) and C-terminal fragment of 35 kDa
(CTF-35) (E, F) levels in soluble and insoluble fractions. Vinculin (soluble) and BllI-tubulin were
used as fractionation and loading controls, respectively.

(G-J) Immunobilot (G, 1) and quantification of total levels of TDP-43 (H) and phosphorylated TDP-
43 (Serd409/410) (J) in unfractionated lysates. Actin was used as loading control.

All data shown as mean = SEM. Extractions were performed in in MNs harvested at 6 weeks

post-plating. n=4 independent experiments. See also Figure S4.
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Figure 4. Subcellular distribution of TDP-43 in MNSs.
(A) Schematics representing the fractionation workflow into nuclear and cytosolic fractions.
(B-F) Immunoblot of nuclear and cytosolic fractions (B) and quantification of nuclear (C) and

cytosolic (D) TDP-43 levels, and cytosolic C-terminal fragment of 35 kDa (CTF-35) levels (E and
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F). Histone H3 (nuclear marker) and actin (cytosolic marker) were used as both loading and
fractionation controls. n=6 extractions from 4 independent differentiations. Pooled data from
MNs harvested 4- and 6-weeks post-plating.

(G) Representative images of MNs differentiated for 6 weeks subjected to immunocytochemistry
for TDP-43 (C-terminal antibody). Scale bar, 50 um.

(H, ) Quantification of TDP-43 distribution using the nuclear/cytosolic ratio of TDP-43
fluorescence signal intensity (H) and the TDP-43/Hoechst correlation coefficient (I). Individual
data points represent per-frame mean values from 5 independent experiments.

All data shown as mean + SEM. See also Figure S5.
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Figure 5. TDP-43 MNs show progressive alterations in spontaneous neuronal activity.

(A) Representative phase-contrast images of MNs differentiated for 6 weeks on 24-well MEA
plates. Scale bar, 250 pm.

(B) Longitudinal changes in mean firing rate of MNs recorded weekly over a span of 8 weeks
post-plating. n=11 independent experiments.

(C) Spontaneous neuronal activity of MN cultures differentiated for 6 weeks recorded for 300s
shown as raster plot and spike histogram. Individual spikes are shown in black and bursts are

shown in blue.
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(D) Effect of TTX treatment on mean firing rate in MNs differentiated for 6 weeks. n=7
independent experiments.
All data shown as mean = SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. See also Figure

S6.
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Figure 6. TDP-43 MNs exhibit synaptic abnormalities.

(A) Representative images of 6 weeks post-plating MN neurites subjected to
immunocytochemistry for synapsin | and PSD95. Scale bar, 10 pm.

(B-D) Quantification of the average number (B), size (C), and intensity (D) of synapsin I" puncta.
(E-G) Quantification of the average number (E), size (F), and intensity (G) of PSD95" puncta.
(H,)) Quantification of the average number (H), and size (1) of synapsin I"'/PSD95" puncta.
Individual points represent per-frame values from 3 independent experiments.

All data shown as mean + SEM. *p<0.05, *p<0.01, ***p<0.001.
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Figure 7. TDP-43 variants lead to decreased synapsin | protein levels but not SYN1
transcript levels.

(A-D) Immunoblot (A) and quantification of protein levels of PSD95 (B), synapsin | (C), and
synaptophysin (D) in MNPCs and MNs harvested after 2, 4, and 6 weeks of differentiation. pllI-
tubulin was used as loading control.

(E-G) Longitudinal quantification of relative transcript levels of DLG4 (encoding PSD95) (E),

SYNL1 (F), and SYP (G) using gPCR.
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All data shown as mean + SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n=3 independent

experiments.

Videos
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Video 1. Differentiation of MNPCs into MNs. Related to Figure 1. Time-lapse movie depicting

the differentiation of MNPCs into MNs during 2 weeks post-plating. Scale bar, 150 um.

Video 2. Electrophysiological recording of MN cultures using MEA. Related to Figure 5.
Movie depicting spontaneous neuronal activity in MNs differentiated for 7 weeks using the AxIS

Navigator 1.5.1.12 software (Axion Biosystems). Warmer colors indicate greater changes in local

field potentials.
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