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Differential response of Corf72 transcripts
following neuronal depolarization

Layla T. Ghaffari," Davide Trotti," and Aaron R. Haeusler'-?*

SUMMARY

The (G4C,), nucleotide repeat expansion (NRE) mutation in C90rf72 is the most
common genetic cause of ALS and FTD. The biological functions of C90rf72 are
becoming understood, but it is unclear if this gene is regulated in a neural-spe-
cific manner. Neuronal activity is a crucial modifier of biological processes in
health and neurodegenerative disease contexts. Here, we show that prolonged
membrane depolarization in healthy human iPSC-cortical neurons leads to a sig-
nificant downregulation of a transcript variant 3 (V3) of C90rf72, with a concom-
itant increase in variant 2 (V2), which leads to total C9orf72 RNA transcript
levels remaining unchanged. However, the same response is not observed in
cortical neurons derived from patients with the C9-NRE mutation. These find-
ings reveal the impact of depolarization on C90rf72 transcripts, and how this
response diverges in C9-NRE-carriers, which may have important implications
in the underlying unique clinical associations of C9-NRE transcripts and disease
pathogenesis.

INTRODUCTION

The nucleotide repeat expansion (NRE), (G4C5),, which is located in a classically non-coding region of the
C9orf72 (C9) gene, is the most common genetic cause of two progressive neurodegenerative diseases,
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD).""? This disease-causative
mutation in C9 is associated with three non-mutually exclusive pathogenic mechanisms: (1) The NRE is
transcribed into repeat-containing RNA in sense and anti-sense directions, which can sequester
RNA-binding proteins that are critical for cellular homeostasis,>” (2) the repeat-containing RNA is aber-
rantly translated via a mechanism called repeat-associated non-AUG (RAN) translation, leading to the
production of dipeptide repeat proteins (DPRs) that can be neurotoxic,®'® (3) the presence of the
NRE in C90rf72 leads to a reduction of transcript levels and thus can then lead to a loss of C90orf72 pro-
tein levels and haploinsufficiency.”*"'" Although the direct contribution of C90rf72 loss-of-function to
neurodegeneration is unclear, global ablation of C90rf72 in mice leads to inflammatory states in the pe-
riphery and CNS,"”™'* the C90rf72 protein has been shown to be involved in several cellular processes
that are essential to neuronal survival and function. For example, C9orf72 is localized to lysosomes'>;
is found at synapses'®'%; interacts with synaptic proteins and regulates excitatory synapse number'”;
acts as a guanine nucleotide exchange factor’’; and is involved in intracellular membrane trafficking.”'
Furthermore, there is increasing evidence that the C90orf72 gene plays a role in maintaining synaptic ho-
meostasis.'*? Although some efforts have advanced our understanding of the regulation of the C90rf72
gene locus in a healthy context,”® there are still fundamental unanswered questions regarding the regu-
lation of the C9orf72 gene expression in neurons and the role this may play in neurodegenerative
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Figure 1. Activity-dependent transcription factors are enriched near the promoter region of the C90orf72 gene
locus in humans and rodents

(A) Visualization of peaks from ChlP-seq data from the ENCODE project on the UCSC Genome Browser, which was
filtered for known activity-dependent transcription factor peaks on the human C90rf72 gene. The red line denotes the
location of the NRE gene mutation found in ALS/FTD patients.

(B) Visualization of peaks of activity-dependent transcription factors from ChIP-seq data from ReMap on the UCSC
Genome Browser in the mouse C9orf72 homolog (3110043021 Rik). The red dotted line denotes the repeat-like region in
the mouse homolog.

cortical neurons and C9-ALS/FTD patient-derived human induced pluripotent stem cells (hiPSC) differen-
tiated into motor neurons.”’**> Understanding the relationship between neuronal activity and the C9orf72
gene locus in healthy and disease contexts will be important to further elucidate the dynamics between loss
and/or gain of function disease mechanisms associated with the C9-NRE mutation.

Here, we dissect the relationship between neuronal depolarization and the expression of C9orf/72 tran-
scripts. We used rodent cortical neurons and human induced pluripotent stem cells (hiPSCs) differentiated
into glutamatergic cortical-like neurons (i*Neurons’**%). Neuronal depolarization via potassium chloride
(KCl) bath, which uniformly, synchronously, and sustainably increases levels of intracellular calcium, reduces
C9orf72 RNA in rat cortical neurons, despite the promoter being enriched for known activity-dependent
transcription factors. In i*Neurons from healthy individuals, neuronal depolarization leads to a significant
decrease in the C9orf72 transcript variant 3 (V3), in which the repeat region is located in the intronic region.
Furthermore, to determine if these observations regarding C9orf72 levels following neuronal depolariza-
tion hold true in a disease context, we utilized C9-ALS/FTD patient-derived i*Neurons (hereby called
C9-NRE). Of interest, the same level of transcriptional downregulation of V3 in response to neuronal depo-
larization is not observed in C9-NRE i®Neurons. These findings provide insight into the physiological
expression of the C9orf72 transcripts under conditions of neuronal depolarization and how this regulation
may be divergent in patients carrying the C9orf72 NRE mutation, which may have implications for disease
pathogenesis.

RESULTS

The C90orf72 promoter is enriched with activity-dependent transcription factors in human and
rodents

To determine if the C%orf72 gene is a candidate for neuronal activity-dependent transcriptional
regulation, we first sought to determine if known activity-dependent transcription factors occupy the
promoter region. To accomplish this, we examined publicly available chromatin immunoprecipitation
(ChIP)-sequencing datasets from the Encyclopedia of DNA Elements (ENCODE)*** and ReMap2022*/
on the UCSC Genome browser. Leveraging these datasets, we identified that both the human C9orf72
gene (Figure 1A) and the mouse C9orf72 gene homolog, 3110043021Rik, (Figure 1B), are enriched for
canonical activity-dependent transcription factors (TFs) near the annotated promoter regions for
these genes in somatic and neural cells (original UCSC Genome Browser screenshot shown in Figure S1).
These activity-dependent TFs play a role in the well-established biphasic temporal transcriptional
response to neuronal activity. The first program of activity-dependent transcription, described here as
the early wave, is the initial rapid response to neuronal stimulation that induces immediate-early
genes (IEGs). Many IEGs are TFs that regulate the secondary program of activity-dependent transcription,
described here as the late wave, which induces late response genes (LRGs). Specifically, CREB1, SRF,
and MEF2A are upstream regulators of the first program of activity-dependent transcription,
inducing the IEGs EGR1, FOS, and JUN (the latter two form the AP-1 complex), and are regulators of
the secondary program (Figure 2B). The enrichment of these activity-dependent transcription factors
indicates that the C9orf72 gene locus could potentially be responsive to changes on neuronal
depolarization.
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Figure 2. Schematic of experimental paradigms used in this study

(A) Neurons are silenced with 1 uM tetrodotoxin (TTX), which antagonizes voltage-gated sodium channels (VGSC) to quiet
endogenous synaptic activity. Neurons are then depolarized with elevated levels of extracellular potassium chloride (KCI,
55 mM), which allows Ca®* influx through L-type voltage-sensitive Ca®* channels (L-VSCC). The Ca?* influx acts on effector
proteins that activate activity-dependent transcription factors such as CREB1, shown in the phosphorylated (active) form,
which subsequently acts on target DNA.

(B) Neurons are silenced with TTX overnight (16 h) before KCl-induced depolarization. Timeline of TTX addition following
KCl depolarization. Neurons are harvested at 0-, 2-, or 6-h post depolarization in line with the two waves of activity-
dependent gene expression.

C90orf72 transcripts are reduced following K*-induced neuronal depolarization in rat cortical
neurons

To examine the impact neuronal depolarization has on the levels of C90rf72, we employed a widely used
experimental paradigm to activate this pathway in rat primary cortical neurons.”>“®*? In this paradigm,
endogenous neuronal activity is silenced using 1 puM tetrodotoxin (TTX), which binds to and blocks
voltage-gated sodium channels involved in action potential generation, and then subsequent membrane
depolarization is driven by elevated levels of extracellular potassium chloride (55 mM, KCI) (Figure 2A).
Silencing endogenous neuronal activity before depolarization ensures that neurons in vitro are simulta-
neously depolarized and the activity-dependent transcriptomic pathways are not being induced before
stimulation. Although not a model of hyperactivity, this method ensures a high signal-to-noise ratio for
the evoked activity-dependent molecular cascades following stimulation and yields high experimental
control. This methodology to explore the causal relationship between neuronal depolarization and tran-
scription has been extensively established and reviewed.”?“® Briefly, membrane depolarization by KCI
increases and sustains levels of intracellular calcium (Ca®*), primarily through L-type voltage-sensitive
Ca®* channels (L-VSCC), which activates effectors such as Ca2+/ca|modu|in—dependent protein kinase
(CaMK),* mitogen-activated protein kinase (MAPK),®" and calcineurin,**° among others,*® which then
activate TFs, such as CREB, through phosphorylation, depicted in Figure 2A. Because the promoter of
C9orf72 is occupied by TFs responsible for both early and late waves of activity-dependent transcription,
we reasoned that C9orf72 could be an activity-dependent gene in either wave of the transcriptional
response (Figure 2B). Therefore, we examined transcriptional responses to this experimental paradigm
at time points consistent with the early and late waves of activity-dependent transcription; 2 h and
6 h, respectively (Figure 2B). Rat cortical neurons were used during synaptic and morphological maturity,
day in vitro 21 (data not shown). We used the Ca®* indicator Fluo-4 a.m. to measure the responses of
rat primary cortical neurons exposed to this experimental paradigm. Following a baseline recording in
which TTX was present, neurons were perfused with high KCI artificial cerebrospinal fluid (aCSF). Rat
cortical neurons robustly respond to membrane depolarization, shown by the increase in AF/F values
visualized by Ca®?" imaging frame images and a representative AF/F trace from a single experiment
(Figure 3A).

We then employed the experimental paradigm presented in Figure 2 on rat cortical neurons and subse-
quently performed quantitative PCR (gqPCR) on cDNA that was reverse transcribed from purified RNA
(Table S2). The gPCR results show robust induction (~4-fold) of the IEG transcript Fos following 2 h of mem-
brane depolarization (Figure 3B), which remains elevated at 6 h of membrane depolarization compared to
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Figure 3. C90orf72 transcripts are decreased by 6 h of membrane depolarization in rodent cortical neurons

(A) Ca®* imaging using the Ca®* sensor Fluo-4 a.m. was performed on DIV 21 rat cortical neurons. After a baseline
recording in which TTX is present, neurons were exposed to 55 mM KCI. Images of Fluo-4 a.m. loaded cortical neurons
pre- and post- KCI. The scale bar indicates 10 pm. A representative AF/F trace indicates an increase in intracellular Ca?* in
response to depolarization. The gray traces are individual cells, and the dark green trace represents the mean of
individual cells. The green dashed line indicates the time of stimulation. For each experiment n = 3 technical replicates
with m = 50 cells.

(B) gPCR results showing Fos transcripts are induced rapidly following 2 h of depolarization, indicating activation of the
activity-dependent transcription pathway. C9orf72 transcript levels are significantly reduced following 6 h of KCI
depolarization. Technical replicates n = 4.

(C) Fos protein is increased in tandem with Fos transcripts, however, there is not a rapid reduction of C9orf72 protein
levels evaluated via western blotting. Band intensity was normalized to Total Protein stain. Technical replicates n = 6.
Statistical analyses in (B) and (C) were performed by repeated measures one-way ANOVA with Tukey’s multiple
comparison test on dCt values for gPCR or values normalized to total protein for western blot quantification. **p < 0.01,
*p < 0.05. Error bars represent the SEM.

baseline. Robust induction of IEG transcripts serve as validation of membrane depolarization and, thus,
activation of the activity-dependent gene transcription pathway. We then measured total C9orf72 tran-
scripts following membrane depolarization of rat cortical neurons. We found no significant alterations in
levels of C90orf72 transcripts at 2 h but, surprisingly, we observed a significant reduction (48% decrease)
in C9orf72 transcripts following 6 h of membrane depolarization (Figure 3B). We performed western blot-
ting analyses to determine if alterations in transcript levels correlated with protein levels at these time
points. Indeed, Fos protein was elevated following 2 h of depolarization, mimicking the pattern of RNA in-
duction (Figure 3C). We did not detect the rapid changes in protein levels of C9orf72 by western blotting as
observed with the transcripts, which could be in part because of protein turnover rates for this protein,
which are estimated to be 6-9 h in HEK293T cells.”* Overall, these results show that, in rat cortical neurons,
C9orf72 is downregulated in response to neuronal depolarization.

Activity-dependent transcripts are induced by depolarization in human i*Neurons

To determine if the activity-dependent transcriptional expression of the C9orf72 locus responds similarly
in human cortical neurons as in rat primary cortical neurons, we employed membrane depolarization
on several lines of human induced pluripotent stem cell (hiPSC) models. These hiPSCs, derived from
several healthy individuals, termed i*Neurons, contain a doxycycline-inducible Neurogenin-1 and/or
Neurogenin-2 (NGN1/NGN2) cassette integrated into a safe-harbor locus site (AAVST or CLYBL), which
quickly and robustly differentiates hiPSCs into glutamatergic cortical-like neurons after doxycycline addi-
tion (Figure 4A, Table 5$1).%*% All experiments were performed when the i*Neuron lines reached full
maturity (day in vitro 25) and were confirmed to elicit spontaneous extracellular potentials as measured
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Figure 4. i*Neurons robustly respond to KCl-induced membrane depolarization

(A) Schematic of approach to the generation of i*Neurons. A doxycycline (dox) inducible promoter (TRE) driving the pro-
neural transcription factors neurogenin-1 and/or neurogenin-2 was inserted into safe-harbor locus sites, AAVS1 or CLYBL.
hiPSCs are differentiated into i*Neurons following the addition of dox and are experimented upon at DIV 25.

(B) i*Neurons robustly respond to membrane depolarization (55 mM KCl) via Ca?* imaging using Fluo-4 a.m. Images of
Fluo-4 a.m. loaded control i*Neurons pre- and post- KCI. The scale bar indicates 50 um. A representative AF/F trace
indicates an increase in intracellular Ca®* in response to depolarization. The gray traces are individual cells, and the black
trace represents the mean of individual cells. For each experiment n = 3 biological replicates, m = 2-4 technical replicates
with o = 50 cells.

(C) The activity-dependent transcription pathway is activated via KCl as indicated by the observed rapid induction of Fos
transcripts at 2 h, and BDNF induction in the latter phase, at 6 h, measured by qPCR. For each experiment n = 3 biological
replicates, m = 2-3 technical replicates. Each biological replicate is indicated by a unique shape. p value range

**xp < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 by repeated measures one-way ANOVA with Tukey’s multiple
comparison test on dCt values. Error bars represent the SEM.

by multi-electrode array (MEA) recordings (Figure S2). To first validate that these i*Neurons respond
robustly to the membrane depolarization experimental paradigm, we used the Ca®* indicator Fluo-4
a.m. to measure the intracellular Ca* levels following KCI depolarization. As with the rat primary cortical
neurons, the i*Neuron cultures were silenced with TTX before exposure to KCl. Following a baseline
recording in the presence of TTX, neurons were perfused with high KCl aCSF (55 mM KCI). In control
i*Neurons from healthy individuals, we observe a robust increase in Ca" levels that remains elevated
throughout the remainder of the recording (Figure 4B). We also measured transcript levels of bona
fide IEGs, Fos, Npas4, and LRG, brain-derived neurotrophic factor (BDNF) (Figures 4C and S3) immedi-
ately after the addition of KCI. Moreover, there was a significant induction of Fos transcripts at 2 h, which
remained elevated at 6 h of depolarization compared to baseline (Figure 4C). The LRG BDNF was
robustly induced at 2 h and further increased following 6 h of depolarization (Figure 4C). The induction
of IEGs and LRGs at 2 h and 6 h, respectively, indicates robust activation of the activity-dependent tran-
scription pathway in this model. Moreover, these results demonstrate that the cortical i*Neuron model
elicits a strong response to membrane depolarization similar to rat primary cortical neurons, and there-
fore is a valid and appropriate human model for investigating the relationship between neuronal depo-
larization and induction of transcripts.

iScience 26, 106959, June 16, 2023 5
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Figure 5. C90rf72 Variant 3 is reduced in control i*Neurons following membrane depolarization but overall
C90rf72 transcript levels are largely unchanged

(A) The C90rf72 gene is transcribed into 3 different transcript variants, Variant 1 (V1), Variant 2 (V2), and Variant 3 (V3).
Consistent with other reports, V1 is not detectable in our models and is excluded from analysis and this schema. V3 utilizes
an alternative first exon, exon 1a, while the predominantly expressed variant, V2 utilizes exon 1b.

(B) Levels of C90rf72 RNAs were profiled via gPCR in control i*Neurons. There were no significant changes in levels of total
C9orf72 transcripts over the course of depolarization. There is a slight trending increase in V2 transcript levels following
depolarization. There is a significant reduction, an almost 2-fold decrease, of V3 following depolarization (a reduction of
32% and 55% at2 and 6 h, respectively). For each experiment n = 3 biological replicates, m = 2-5 technical replicates. Each
biological replicate is indicated by a unique shape. Statistical analyses in were performed by repeated measures one-way
ANOVA with Tukey's multiple comparison test on dCt values. ***p < 0.001, **p < 0.01. Error bars represent the SEM.

C90rf72 transcript variant usage is altered following membrane depolarization in i*Neurons

To determine the effect of neuronal depolarization on C90rf72 RNA levels in cortical i*Neurons, we system-
atically profiled individual C9orf72 transcript variants transcript levels and total C9orf72 transcript levels
following membrane depolarization. Three RNA transcript variants have been ubiquitously reported in
the literature for C9orf72: Variant 1 (V1), which encodes a C-terminally truncated protein isoform of
C9orf72; and variant 2 (V2) and variant 3 (V3), which encode full-length protein isoforms. Moreover, V1
and V3 utilize an alternative first exon, exon 1a, whereas the predominantly expressed variant, V2, utilizes
exon 1b. To profile the levels of these individual C9orf72 RNA transcripts, we used commercially available
and custom”°° Tagman qPCR assays to measure the specific C90rf72 transcript variants V2, and V3, as well
as total C9orf72 using probes designed to detect scripts irrespective of the variant isoform (Figure 5A,
Table S3). After performing gPCR with TagMan assays, surprisingly, we observed a significant decrease
in V3 transcripts; a reduction of 32% and 55% at 2 and 6 h, respectively. There were no significant changes
in total C90rf72 transcripts or V2 transcript levels following depolarization, although V2 transcripts showed
a slight trending increase over the depolarization course (Figure 5B). Consistent with other reports, V1 was
below the limit of detection in these i*Neurons, and therefore it was excluded from our variant analyses
(data not shown).?>*® Overall, these results demonstrate that there is a substantial shiftin C9orf72 transcript
variant usage following membrane depolarization in cortical-like i*Neurons even though the total tran-
scripts levels remain constant over this time course.

Membrane depolarization activates activity-dependent transcription in C9-NRE i*Neurons

We then sought to determine if membrane depolarization also altered C90rf72 transcript variant usage in
the context of the ALS/FTD-linked C9-NRE mutation. To do this, we employed the experimental paradigm
(TTX, KCI) on several patient-derived i*Neurons that carry the C9-NRE gene mutation located in the pro-
moter region of transcript V2, or in intron 1 for V1 and V3 as shown in Figure 5A. We first determined if
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Figure 6. C90rf72 transcript levels are less altered in i*Neurons from C9-NRE carriers compared to controls
following membrane depolarization

(A) C9-NRE carrier-derived i*Neurons robustly respond to membrane depolarization (55 mM KCl) via Ca®* imaging using
Fluo-4 a.m. Images of Fluo-4 a.m. loaded C9-NRE i*Neurons pre- and post- KCI. The scale bar indicates 50 pm. A
representative AF/F trace indicates an increase in intracellular Ca?* in response to depolarization. The gray traces are
individual cells, and the blue trace represents the mean of individual cells. The dashed blue line indicates the time of
stimulation. The area under the curve (AUC) was calculated for each experiment and is represented by a SuperPlot.® For
each experiment n = 3 biological replicates, m = 1-4 technical replicates with o = 50 cells.

(B) The activity-dependent transcription pathway is activated via KCl as indicated by the observed rapid induction of Fos
transcripts at 2 h and BDNF induction in the latter phase, at 6 h, measured by gPCR. For each experiment n = 3 biologjical
replicates, m = 2-3 technical replicates.

(C) Levels of C9orf72 RNAs were profiled via qPCR in C9-NRE i®Neurons. There were no significant changes in levels of
total C9orf72 or V2 transcripts over the course of depolarization. There is a significant reduction of V3 following 2 h
depolarization (27% reduction), however, this is not to the same extent as seen in Control i*Neurons. V3 levels are not
significantly reduced at 6 h in C9-NRE i*Neurons. For all graphs, each biological replicate is indicated by a unique shape.
Statistical analyses in (A) were performed by unpaired t-test. Statistical analyses in (B) and (C) were performed by repeated
measures one-way ANOVA with Tukey's multiple comparison test on dCt values. p value range: ****p < 0.0001,

***p < 0.001, **p < 0.01, *p < 0.05. Error bars represent the SEM.

C9-NRE i*Neurons responded similarly to membrane depolarization as control i*Neurons. Using the same
Ca’* imaging methodology previously described for control i*Neurons, we indeed observe that C9-NRE
i®Neurons robustly respond to membrane depolarization by KC| exposure as measured by a rapidly
increased influx of intracellular Ca®" levels, that, like in control i*Neurons, remains elevated (Figure 6A).

iScience 26, 106959, June 16, 2023 7
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By quantifying the area under the curve (AUC), we determined that KC| depolarization elicits a similar
response from C9-NRE and control i¥Neurons (Figure 6A). Following KCI depolarization, C9-NRE i*Neu-
rons also show a robust induction of activity-dependent transcripts Fos and BDNF as measured by gPCR
(Figure 6B). Neither C?-NRE nor control i*Neurons demonstrated KCl-induced excitotoxicity as measured
by steady levels of CellTox Green, a dye that measures membrane integrity and thus serves as a proxy for
cell death (Figure S4). These results indicate that, at least, some activity-dependent transcripts are induced
by membrane depolarization in C9-NRE i*Neurons, and, thus, may be used to study how C9orf72 responds
to neuronal depolarization in a disease context.

C90rf72 transcript variant usage shows limited alteration in C9-NRE i*Neurons following
membrane depolarization

To determine if the C9-NRE mutation alters the transcriptional response following membrane depolariza-
tion, we measured C9orf72 RNAs in C9-ALS/FTD patient-derived i*Neurons. Similar to control i¥Neurons,
neither total C9orf72 nor V2 levels were significantly altered by membrane depolarization (Figure 6C). Strik-
ingly, in C9-NRE i*Neurons, depolarization does not result in the same reduction of V3 transcript levels as
measured in the control i*Neurons. The levels of V3 are slightly but significantly reduced at 2 h of depolar-
ization in the C9-NRE i*Neurons, reduction of 27% at 2 h and 23% at 6 h (Figure 6C). We then measured
protein levels of Fos and C9orf72 by western blotting. As expected, we observed the induction of Fos pro-
tein following membrane depolarization and observed no differences in C90orf72 protein levels in either
control or C9-NRE i®Neurons at 2 h or 6 h of depolarization (Figure S5). By 12 h of recovery following de-
polarization, levels of V3 return to baseline and are no longer divergent from C9 total and V2 levels in Con-
trol i*Neurons or C9-NRE i®Neurons (Figure S6B). We observed no significant changes in C90rf72 protein
levels harvested from i*Neurons that were allowed to recover 6- or 12-h following depolarization (Fig-
ure S6C). These results indicate that the C9orf72 transcript variant usage following neuronal depolarization
is temporally divergent in cortical-like i*Neuron models from patients carrying the ALS/FTD-linked C9-NRE
mutation versus healthy controls.

DISCUSSION

In this work, we show that canonical activity-dependent TFs are enriched at the promoter region of the
C9orf72 gene locus in ChlP-sequencing datasets from both humans and rodents. Yet surprisingly, levels
of C9orf72 RNAs were not induced on neuronal depolarization in rat cortical neurons. Rather, a significant
reduction of C9orf72 transcripts was observed following 6 h of membrane depolarization. In hiPSC-derived
cortical-like i*Neuron models, we observe a slight increase in the most abundant C9orf72 transcript, V2. In
contrast, a significant decrease in levels was observed for the V3 transcripts following 6 h of membrane de-
polarization. The decrease in C9orf72 V3 transcripts following 6 h of depolarization may indicate a role in
the second wave of activity-dependent transcription. Of interest, total C90orf72 transcript levels remain un-
changed in the control i*Neurons, which suggests that this variant switching in response to depolarization
may be because of a switch in transcript usage. However, in i*Neurons derived from patients carrying the
C9-NRE mutation, there is a temporal shift in the dynamics and magnitude of downregulation of V3 in
response to depolarization, which could have important implications in neuronal-specific disease patho-
mechanisms for C9-NRE-linked ALS/FTD.

2425 and our

Activity-dependent transcription is crucial for nervous system development and homeostasis,
results suggest that the C9orf72 gene locus is responsive to activity-dependent changes in both rodents
and human neurons. It could be reasoned that the decrease in C9orf72 transcripts in rat cortical neurons
may be related to its function in regulating the lysosomal-autophagic axis. Autophagic flux and trafficking
of lysosomes have emerged to be regulated by neuronal activity in some contexts.”’°® On the other hand,
it is known that C9orf72 is localized at excitatory synapses, and there is a positive correlation between
C9orf72 expression and excitatory synapse number.'” It could also be that C9orf72 is downregulated in
response to neuronal activity as a means of synaptic homeostatic scaling. Much is known about transcripts
that are induced on neuronal activity, but genes that are down-regulated by neuronal activity receive
less focus. Several studies have investigated the activity-dependent transcriptome in hiPSC-neuron
models.””*" However, we are the first to report the induction of early and late wave-specific activity-depen-
dent transcripts as a result of membrane depolarization in i*Neurons.

In human neurons, we do not observe changes in total C9orf72 transcripts in control i*Neurons, but
instead, there is a slight increase in levels of transcript V2 coupled with a significant decrease in V3 levels.
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This indicates that the overall abundance of C9orf72 RNAs is not changing; instead, there is a switch in
promoter/transcript usage. Of interest, the reduction in V3 transcripts following 6 h of depolarization
in control i*Neurons mimics the observation that C9orf72 is reduced following membrane depolarization
in rodent cortical neurons. These results may indicate the potential for some level of convergent regu-
lation of C9orf72 across species in response to neuronal activity, and perhaps a role in the second
wave of activity-dependent gene regulation. These features are not recapitulated in i*Neurons from pa-
tients carrying the C9-NRE mutation which, as discussed, could indicate a vital neuronal-specific disease
pathomechanism. An important consideration is that the observed reduction of V3 transcripts following
depolarization in the control i*Neurons may be because of a decreased rate of transcription and/or
changes in transcript degradation. However, this would suggest an intriguing and selective degradation
mechanism specific for V3 transcripts. Some C9or7f2 transcripts have been identified as a target of
nonsense-mediated decay in the context of C9-NRE-linked disease,®” further research is needed to fully
understand the mechanisms of decay for all C90r7f2 transcripts. Previous studies have shown that there is
dysregulation of Corf72 transcript variants in a disease context and that this may engender unique clin-
ical and tissue-specific associations. In C9-NRE carrier-derived neurons, the NRE-affected C9orf72 allele
preferentially uses a transcriptional start site in exon 1a (V3), upstream of the NRE, thus potentially
including the NRE in mature transcripts, versus exon 1b in V2, in which the NRE is in the promoter region
and proposed not to be included in mature transcripts.®® Furthermore, previous reports show brain re-
gion-specificity in C9orf72 transcript variant expression. For example, intron Ta-containing transcripts
(V1, V3) are more abundant in the frontal cortex obtained from C9-NRE carriers compared to healthy
controls, whereas this effect is not seen in the cerebellum,” indicating the potential for neuronal sub-
type-specific expression patterns of transcript variants in a healthy and disease context. Our results in
cortical-like i*Neurons show that V3 levels (intron 1a-containing RNAs) in C9-NRE carrier i*Neurons are
only slightly reduced on membrane depolarization. These results suggest that the presence of the
NRE alters the temporal dynamics of production or elimination of this transcript; either stabilizing tran-
script variants or repressing/blocking this transcriptional switch from occurring on the mutant allele. It
has been proposed that intronic retention of the expanded allele, produced from either V1 or V3, is
the primary source for the GOF toxicity linked to RNA-binding protein sequestration and/or DPR
production.®” Therefore, these altered dynamics may have implications on disease pathomechanisms.
Future studies are necessary to evaluate the allelic-specific expression and how these transcriptional
changes in response to neuronal activity may be directly relevant to cell-autonomous disease
pathomechanisms.

C9orf72 protein levels are largely unaffected by the reduction of V3 post-depolarization. However, there is
a slight, but insignificant, increase in protein levels that return to baseline within 6 h post-depolarization
(Figure S6) in both control and C9-NRE i*Neurons. The slight increase in C9orf72 protein parallels the slight
increase in V2 transcripts, which could suggest that the majority of C9orf72 protein is produced from the V2
transcript. This is consistent with V2 being more abundant than V3 transcripts™? and, therefore, V2 likely
contributes more to overall levels of C90orf72 protein.

Cortical hyperexcitability, commonly observed early in ALS disease progression,®”*”*? is emerging as a
relevant disease modifier that has strengthened the link between neuronal activity and ALS molecular
mechanisms. Our laboratory and others have shown that increased excitatory neuronal activity leads to
elevated levels of di-peptide repeat proteins (DPRs) in human and rodent neurons.*’*? It is important to
note that it is difficult to dissect the source of increased levels of DPRs; it could be because of increased
transcripts which serve as a template of RAN translation, and/or it could be because of increased occur-
rence of RAN translation. Another notable ALS-related protein that has emerged to be regulated by
neuronal activity is the nuclear protein TAR DNA-binding protein 43 (TDP-43). Cytoplasmic accumulation
of TDP-43 is a pathological hallmark of ALS is proteinaceous TDP-43 inclusions,® and neuronal hyperactiv-
ity leads to the upregulation of a truncated isoform of TDP-43 which then leads to nuclear clearance and
cytoplasmic aggregation of full-length TDP-43, recapitulating disease hallmarks.** Furthermore, dysregu-
lation of activity-dependent transcription factors such as CREB and the AP-1 transcription factor complex
have been reported in C9-NRE hiPSC neuronal models.***° Although mimicking a hyper-excitable state
may be important in untangling activity-dependent pathomechanisms in ALS and FTD, it is important to
note that the mode of stimulation used in this current study, membrane depolarization by KCI, does not
recapitulate hyperexcitability. Instead, the use of our experimental paradigm allows reliable activation

24,48,49,67

of the activity-dependent transcription factor pathway by prolonged depolarization, in which we
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have investigated the role of C90rf72 RNAs. In this present work, we have demonstrated that ubiquitous
markers of neuronal activity (Fos, BDNF) are indeed induced in C9-NRE i*Neurons following membrane de-
polarization, indicating the proper function of the activity-dependent transcription pathway on some level,
albeit with limited evidence for temporal differences in response to this activity. Given the increasing ev-
idence for dysregulation of neuronal activity-dependent programs, we speculate that sustained neuronal
depolarization could also induce a widespread divergent transcriptional response in C9-NRE i*Neurons,
which requires future studies.

Limitations of the study

There is a slight discrepancy in the amount of total C9orf72 transcripts measured in the C9-NRE i*Neurons
versus the summation of individual canonical C9orf72 transcripts. This difference may be attributed to the
presence of noncanonical transcript variants, which we did not identify in our study. To address this limita-
tion, future research incorporating advanced techniques, like long-read sequencing, will be necessary to
identify all noncanonical C9orf72 transcripts and investigate their modulation in response to neuronal de-
polarization. It is worth noting that we were unable to differentiate between transcripts originating from the
NRE-affected allele. Long-read sequencing can provide a solution to this issue as well. Additional studies
are needed to elucidate the allele-specific regulation of C9orf72 transcripts under conditions of neuronal
depolarization.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-C9orf72 GeneTex clone GT779 Cat # GTX632041; RRID:
AB_2784546

Anti-C9orf72 GeneTex clone GT1553 Cat # GTX634482; RRID:
AB_2784545

Anti-c-Fos Cell Signaling clone 9F6 Cat # 2250T; RRID: AB_2247211

Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 800

Goat anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 680

Fisher Scientific

Fisher Scientific

Cat # A32730; RRID: AB_2633279

Cat # A32734; RRID: AB_2633283

Chemicals, peptides, and recombinant proteins

Essential 8™ Medium
Matrigel™ hESC-Qualified Matrix

DMEM/F12 1:1 medium with L-glutamine,
HEPES

N-2 Supplement (100X)

MEM Non-Essential Amino Acids Solution
(100X)

GlutaMAX™ Supplement

Doxycycline

Poly-L-ornithine hydrobromide,mol wt 30,000-

70,000

BrainPhys™ Neuronal Medium
Recombinant Human/Murine/Rat BDNF
Recombinant Human NT-3

Laminin Mouse Protein, Natural
Tetrodotoxin citrate

B27 Supplement (50x)

Fluo-4 AM

Poly-D-lysine hydrobromide
Neurobasal™ Medium

PowerUp™ SYBR™ Green Master Mix
QuantiTect Reverse Transcription Kit
RNeasy Plus Mini Kit

Matrigel™ hESC-Qualified Matrix

DMEM/F12 1:1 medium with L-glutamine,
HEPES

N-2 Supplement (100X)

MEM Non-Essential Amino Acids Solution
(100X)

GlutaMAX™ Supplement

Doxycycline
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Gibco
Corning
Cytiva

Gibco
Gibco

Gibco
Sigma-Aldrich
Sigma-Aldrich

STEMCELL Technologies

PeproTech
PeproTech
Gibco

Tocris

Gibco
Invitrogen
Sigma-Aldrich
Gibco
Thermo Fisher
Qiagen
Qiagen
Corning

Cytiva

Gibco
Gibco

Gibco
Sigma-Aldrich

A1517001
354277
SH30023.01

17502048
11140050

35050061
D9891
P3655

05790
450-02
450-03
23017015
1069
17504044
F14201
P0899
21103049
A25742
205311
74136
354277
SH30023.01

17502048
11140050

35050061
D9891

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Poly-L-ornithine hydrobromide,mol wt Sigma-Aldrich P3655
30,000-70,000

BrainPhys™ Neuronal Medium STEMCELL Technologies 05790
Recombinant Human/Murine/Rat BDNF PeproTech 450-02
Recombinant Human NT-3 PeproTech 450-03
Laminin Mouse Protein, Natural Gibco 23017015
Tetrodotoxin citrate Tocris 1069

B27 Supplement (50x) Gibco 17504044
Fluo-4 AM Invitrogen F14201
Poly-D-lysine hydrobromide Sigma-Aldrich P0899
Neurobasal™ Medium Gibco 21103049
PowerUp™ SYBR™ Green Master Mix Thermo Fisher A25742
QuantiTect Reverse Transcription Kit Qiagen 205311
RNeasy Plus Mini Kit Qiagen 74136
Critical commercial assays

CellTox™ Green Cytotoxicity Assay Promega G8741

CytoView MEA plate
CytoView MEA plate

Axion Biosystems

Axion Biosystems

M384-tMEA-24W
M384-tMEA-24W

Deposited data

ENCODE Project ChIP-seq
ReMAP Atlas of Regulatory Regions

UCSC Genome Browser
UCSC Genome Browser

https://www.encodeproject.org/

https://remap.univ-amu.fr/

Experimental models: cell lines

iPSC-i*Neuron lines See Table S1

Oligonucleotides

gPCR primers (See Table S2) This paper N/A
Tagman Assays (See Table S3). Life Technologies N/A
Tagman Assays (See Table S3). Life Technologies N/A

Software and algorithms

NIS Elements Software

Prism 9

QuantStudio Design & Analysis

Image Studio 5.2.5

Nikon

GraphPad

ThermoFisher Scientific

Li-Cor

https://www.microscope.healthcare.nikon.
com/products/software/nis-elements
https://www.graphpad.com/
https://www.thermofisher.com/us/en/home/
digital-science/thermo-fisher-connect.html

https://www.licor.com/bio/image-studio/

RESOURCE AVAILABILITY
Lead contact

Requests for resources and reagents should be directed to the lead contact, Aaron Haeusler (aaron.

haeusler@jefferson.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ Data reported in this publication will be shared upon request from the lead contact.

® This study did not generate unique code.
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® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL DETAILS
hiPSC culturing and i*Neuron differentiation

hiPSC-i*Neuron lines were generously gifted by Dr. Sami Barmada (University of Michigan),** and Dr. Michael
Ward (NIH).** Two healthy control and two C9-NRE carrier hiPSC-i*Neuron lines were obtained from Dr. Bar-
mada, and one healthy control and one C9-NRE carrier hiPSC-i*Neuron line were obtained from Dr. Michael
Ward (NIH). The C9-NRE and healthy control lines are sex-balanced; two male lines and one female line per
group. Further patient demographic information for each line is provided in Table S1. All hiPSCs were main-
tained in Essential 8 Flex media (Gibco) on Matrigel-coated plates (Corning). Differentiation was performed us-
ing the techniques outlined in.** Briefly, to differentiate iPS cells into cortical neurons, cells were dissociated
into single cells and plated on Matrigel-coated plates in induction media (DMEM/F12, N2, NEAA, and
L-glutamine) containing 2 mg/ml doxycycline. Cells were induced into neurons by treatment with doxycycline
for 3 days before being dissociated and plated on PLO-coated plates. Cells were then allowed to mature for an
additional 22 days in cortical maturation media consisting of BrainPhys media (STEMCELL) supplemented with
BDNF (Peprotech), NT-3 (Peprotech), B27 (Gibco), and Laminin (Thermo Fisher), with half media changes twice
weekly. Neurons were harvested or experimented upon at 25 days post-differentiation (3 days of induction,
22 days of maturation). The hiPSC-i*Neuron lines were previously authenticated and characterized; i*Neurons
expressed pan-neuronal markers MAP2 (microtubule-associated protein 2), Blll-tubulin, and Tau during
culturing and on the day of experimentation.**** Each hiPSC-i#Neuron line tested negative for mycoplasma
contamination upon receipt and initial expansion.

Primary rat cortical cultures

All in vitro experiments involving the isolation of rodent cortical neurons were performed in accordance
with the guidelines set forth by the Institutional Animal Care and Use Committees at Thomas Jefferson Uni-
versity. Embryonic day 16 (E16) rat embryos were harvested, brains were dissected, and the meninges were
removed. The sex of animals used for primary cultures was not able to be determined at the developmental
age of dissection. Cortices and midbrain regions were cut into small pieces with scissors and incubated on
ashaker at 80 x g for 45 min at 37°C in 0.2% trypsin in HBSS without Ca®* and Mg?* (Cytiva). FBS (Cytiva) was
added, and the cell suspension was centrifuged at 800 x g for 10 minutes at 4°C. Cells were washed with
Ca?* and Mg?* free HBSS and centrifuged at 800 x g for 10 minutes at 4°C. The cell suspension was
then passed through a 70 um strainer (Foxx Life Sciences) to remove undigested connective tissue and
large cellular clumps. Dispersed cells were then counted and plated in poly-D lysine-coated plates. Neu-
rons were maintained in Neurobasal medium (Gibco) with B27 supplement (Gibco), with half media
changes twice weekly. Experiments were performed on day in vitro 21.

METHOD DETAILS

KCI depolarization of neurons

Rat cortical neurons or i*Neurons were silenced overnight (16 hours) with 1 uM TTX. The following day, neu-
rons were stimulated with KCl depolarization buffer (170 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM HEPES,
solution pH 7.4)*, by adding warmed depolarization buffer to media in a volume to achieve a final concen-
tration of ~55mM KClI, or with an equal volume of media (vehicle treated). Neurons were depolarized for
0 hours (vehicle), 2 hours, or 6 hours and were harvested at each time point.

Calcium imaging

Rat cortical neurons or i*Neurons were washed with aCSF (10 mM HEPES, 1 mM MgCly, 2 mM CaCl,, 10 mM
glucose, 145 mM NaCl, 5 mM KCl), and loaded with 1 uM Fluo-4 AM for 15 minutes. Neurons were then
washed twice with aCSF and incubated for 5 minutes in between each wash prior to the start of recording.
Neurons were imaged on a confocal microscope (Nikon A1R) with a 10x objective every 3 seconds for 10 mi-
nutes. A baseline recording of 2 mins was captured prior to perfusion of high-KCl containing buffer (10 mM
HEPES, 1 mM MgCl,, 2mM CaCl,, 10 mM glucose, 95 mM NaCl, 55 mM KCI). ROls were captured using NIS
Elements software. Normalized fluorescence values over time (AF/F) was calculated and the area under the
curve (AUC) was calculated in GraphPad Prism 9.
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Quantitative polymerase chain reaction (qPCR)

RNA was isolated using RNeasy Plus Mini Kit (Qiagen) and cDNA was synthesized from 500 ng RNA using a
QuantiTect Reverse Transcription Kit (Qiagen). For rat cortical cultures, gPCR was performed using
PowerUP SYBR Green (Thermo Fisher). Primer sequences are in Table S2. Beta-actin was used to normalize
each target. For i*Neurons, gPCR was performed using Tagman Assays (Table S3), and beta-actin was also
used as a normalizer in these experiments.

Western blotting

Cells were scraped and collected from wells in RIPA buffer (150 mM NaCl, 1% Nonidet (NP-40), 0.5% de-
oxycholic acid, 0.1% sodium dodecyl sulfate, 50 mM Tris—=HCI, 2 mM EDTA, and 1:100 protease inhibitor
cocktail) at 4°C and then sonicated in a Diagenode Bioruptor for 10 cycles of 30 seconds on / 30 seconds
off at 4°C. Samples were spun at 20,000 x g for 15 minutes at 4°C, and the supernatant was collected.
Samples were quantified via BCA, and 10-20 ng per sample was loaded onto a 4-12% NuPAGE Bis-Tris
gel (Invitrogen) for electrophoretic separation. Protein was transferred from the gel onto a Nitrocellulose
membrane using the Trans-Blot Turbo Transfer System (BioRad). Membranes were then stained with Revert
700 Total Protein stain (LI-COR Biosciences) and imaged with a LI-COR Odyssey Imaging System (LI-COR
Biosciences). Membranes were then blocked with 5% milk in PBS. Primary antibodies were incubated
sequentially. We followed the experimental methods for probing C9orf72 similar to previous reports,*’
with slightly optimized modifications detailed here. For rat cortical neurons, the C%orf72 antibody
GTX632041 (GT779, GeneTex, 1:1000) was incubated overnight in 5% BSA in 0.1% PBST. For i*Neurons,
the C9orf72 antibody GTX634482 (GT1553, GeneTex, 1:500) was incubated overnight in 5% BSA in 0.1%
PBST. Washes were performed with 0.1 % PBST. Membranes were incubated with secondary antibodies
(Thermo Fisher, 1:10,000) to detect C9orf72 primary antibodies for 1 hour at room temperature in 5%
BSA in 0.1 % PBST. The primary antibody for c-Fos (9F6, Cell Signaling, 1:1000) was incubated overnight
in 5% milk in 0.1% TBST. Washes were performed with 0.1 % TBST. Membranes were incubated with
secondary antibodies (Thermo Fisher, 1:10,000) to detect c-Fos primary antibody for 1 hour at room
temperature in 5% milk in 0.1 % TBST. Membranes were imaged using LI-COR Odyssey Imaging System
(LI-COR Biosciences), and data analysis was performed using LI-COR Image Studio.

Survival assay

CellTox Green Dye (Promega) was added to culture media at a dilution of 1:1000 one day prior to
depolarization experiments. 16 hours prior to the addition of KCl, cells were silenced with TTX. A baseline
fluorescence reading was taken on a Citation5 plate reader (BioTek) to establish background prior to KCI
addition. Cells were depolarized with KCI, and fluorescent readings were taken at 2 hours and 6 hours
following depolarization.

Multi-electrode Array (MEA)

Cortical i*Neurons were plated on a CytoView MEA plate (Axion Biosystems) at day 3 of differentiation.
MEA recordings were performed on a Maestro Edge (Axion Biosystems) every 3-4 days during differenti-
ation. Recordings on the MEA were performed prior to media changes. Neurons were removed from
the incubator and were allowed to equilibrate in the recording chamber for 15 minutes prior to the start
of recording. Neurons were recorded for 15 minutes, and the total number of spikes over the whole
recording was reported.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 9 software as described in each Fig-
ure legend. All data are shown as mean + SEM. The value of n, what n represents, the statistical test
used, and statistical significance is stated in each figure legend.
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