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Intermediate-length repeat expansions in ATAXIN-2 (ATXN2) are the strongest
genetic risk factor for amyotrophic lateral sclerosis (ALS). At the molecular
level, ATXN2 intermediate expansions enhance TDP-43 toxicity and pathology.
However, whether this triggers ALS pathogenesis at the cellular and functional
level remains unknown. Here, we combine patient-derived and mouse models
to dissect the effects of ATXN2 intermediate expansions in an ALS back-
ground. iPSC-derived motor neurons from ATXN2-ALS patients show altered
stress granules, neurite damage and abnormal electrophysiological properties
compared to healthy control and other familial ALS mutations. In TDP-43"-ALS
mice, ATXN2-Q33 causes reduced motor function, NMJ alterations, neuron
degeneration and altered in vitro stress granule dynamics. Furthermore, gene
expression changes related to mitochondrial function and inflammatory
response are detected and confirmed at the cellular level in mice and human
neuron and organoid models. Together, these results define pathogenic
defects underlying ATXN2-ALS and provide a framework for future research

into ATXN2-dependent pathogenesis and therapy.

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenera-
tive disorder that is characterized by degeneration of lower and upper
motor neurons (MNs), leading to progressive loss of motor function
and ultimately death'*. ALS is a heterogeneous disease, and as a resullt,
the development of effective treatments has been challenging. How-
ever, the discovery of various pathogenic gene mutations has linked
ALS to defects in different biological processes and has served as a
starting point for drug development>®.

About 5-10% of ALS patients can be classified as having familial
(HALS because of the demonstration of direct inheritance. The
remaining patients are classified as having sporadic (s)ALS’. Currently,
mutations in >40 genes have been reported to explain a large pro-
portion of fALS cases, and genetic defects are also found in 5-17% of
SALS patients®™. Pathogenic mutations include disease-causing
genetic changes, but also those that confer increased risk or that

have disease-modifying effects. Further, they range from single-point
mutations to expansions of repeat sequences. Repeat expansions in
different genes have been associated with ALS“™, but, with the
exception of hexanucleotide repeat expansions in C9ORF72, their
contribution to ALS pathogenesis is poorly understood.
Intermediate-length repeat expansions in ATAXIN-2 (ATXN2) are
one of the strongest genetic risk factors for ALS, reported to have a
frequency of 4,7% in ALS patients”. ATXN2 repeat expansions were
initially linked to spinocerebellar ataxia type 2 (SCA2)"'® and were
subsequently associated with other neurodegenerative diseases
(including ALS") depending on repeat length and codon usage®.
ATXN2 is a ubiquitously expressed cytoplasmic protein that regulates
cellular metabolism, growth, and stress”. It has a polyglutamine
(polyQ) repeat sequence in its N-terminal region, which is 22-23
repeats long in healthy individuals. Expansion of this region to 27-33
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repeats significantly and consistently enhances the risk of developing
ALS, with risk increasing exponentially with allele repeat size'*"***25,
While these diseases share a genetic defect, differences exist in how
ATXN2 is affected, and how the repeat expansions affect downstream
pathways*~°. Interestingly, experimental reduction of ATXN2 in
transgenic TDP-43 mice extends lifespan, reduces ALS pathology, and
improves motor function, and ATXN2-directed antisense oligonucleo-
tides (ASOs) have strong therapeutic effects in both ALS and SCA2
mouse models®*%, These studies identify ATXN2 as a therapeutic tar-
get in ALS. However, ATXN2 is required for several physiological
processes, and ATXN2 loss-of-function (LOF) may contribute to the
disease process in ALS and FTLD-TDP**. Therefore, further insight
into how ATXN2 and ATXN2 repeat expansions contribute to ALS
pathogenesis is needed to refine therapeutic strategies.

ATXN2 regulates various molecular processes including RNA
processing, stress granule (SG) dynamics, and metabolic homeostasis.
SCA2-associated ATXN2 repeat expansions (>34 repeats) induce sev-
eral LOF and toxic gain-of-function (GOF) phenotypes linked to these
physiological functions®* . Interestingly, ATXN2 intermediate repeats
found in ALS genetically and biochemically interact with and influence
several other ALS-associated proteins, including TDP-43, a protein
central to ALS pathology. ATXN2 intermediate expansions enhance
TDP-43 pathological modification and toxicity in vitro, and affect TDP-
43-positive inclusions in ALS patients in vivo'>?**"*3, However, whether
or how this interaction triggers ALS pathogenesis at the cellular and
functional level is unknown.

Here, we combined iPSC-derived MNs and brain organoids
derived from ALS patients and newly generated mouse models carry-
ing ATXN2 intermediate expansions (ATXN2-ALS) to define the
pathogenic mechanisms downstream of ATXN2 intermediate expan-
sions. This work unveiled several molecular, cellular, and motor
function defects, including changes in mitochondrial function and
microglia biology. Together, our data show that ATXN2 intermediate
expansions can uncover and exacerbate several ALS-relevant pheno-
types providing a future framework for better understanding and
targeting (mutant) ATXN2 in ALS.

Results

ATXN2-ALS hMNs display early signs of MN disease in vitro

To define the pathogenic mechanisms underlying ATXN2 intermediate
expansions in ALS, iPSCs were generated from different healthy con-
trol individuals (CTL) and ATXN2-ALS patients (Table S1; Fig. S1) and
differentiated into hMN cultures (Figs. 1A-D, S2A-F). Previous studies
using iPSC-derived MNs harboring different ALS mutations have
described multiple ALS-specific phenotypes (for review see
refs. 44,45). Therefore, cultures were analyzed using these observa-
tions as a starting point. No differences in soma size were observed
between DIVI2 CTL and ATXN2-ALS hMNs (Fig. S2G). However, ultra-
structural analysis did reveal a significant increase in neurite damage in
ATXN2-ALS cultures (Fig. 1E, F). ATXN2 is an RNA-binding protein that
regulates SG assembly and recruitment of TDP-43 into SGs*. There-
fore, SGs were assessed upon treatment with sodium arsenite (ARS) at
DIV9. Cultures were treated with ARS for 1hour, and allowed to
recover for 2 hours. The number of hMNs with PABP* SGs was similar
between CTL and ATXN2-ALS cultures (Fig. S2H). However, 1 hour after
ARS treatment ATXN2-ALS hMNs contained significantly fewer SGs
(Fig. 1G, H). This difference was no longer observed after 2 hours of
recovery (Fig. 1H). The total SG area was unchanged between CTL and
ATXN2-ALS hMNs at 60 minutes (min) following ARS (Fig. 11, Supple-
mentary Data 1). However, whereas the total SG area in CTL neurons
decreased in the recovery phase, total SG area in ATXN2-ALS neurons
remained unchanged (Fig. 11, Supplementary Data 1). Further analysis
revealed that individual SGs were reduced in size in control neurons
during recovery, while this effect was less pronounced in ATXN2-ALS
neurons (Fig. 1I, J). As we, for technical reasons, were unable to

generate isogenic control lines from the ATXN2-ALS lines (to generate
patient lines carrying 22 instead of 33 repeats), we assessed whether
hMNs carrying another ALS-associated genetic variant showed SG
defects similar to those found in ATXN2-ALS hMNs. We selected hMNs
carrying FUS mutations as a large number of studies have reported
ALS-related phenotypes in FUS-ALS hMNs, including changes in SG
dynamics*®. Analysis of SG (dis)assembly in hMNs carrying ALS-
associated mutations in FUS and CTL hMNs (Table S1) did not show
changes in PABP* SG number during treatment (assembly) or recovery
(disassembly) (Fig. S2I, J). This lack of SG phenotypes, as compared to
previous work*®, may be explained by experimental differences,
including patient mutations studied, species used, or the number of
days in culture. Regardless, our data show that under similar experi-
mental circumstances, ATXN2-ALS but not FUS-ALS hMNs show SG
defects at DIV9. Given the SG defects detected in ATXN2-ALS hMNs, we
also examined the subcellular distribution of TDP-43 and ATXN2. In
line with the fact that protein mislocalization is generally not a pro-
minent feature of hMN cultures, TDP-43 and ATXN2 localization were
intact (Figs. 1K and S2K, L). Finally, to determine whether the different
phenotypes detected in ATXN2-ALS hMNs have functional con-
sequences, whole-cell patch clamping was performed. Interestingly, at
DIVI2 ATXN2-ALS hMNs were hypoexcitable, but at DIV24 hyper-
excitable (Figs. 1L, M and S2M-P).

To examine which molecular pathways are affected in ATXN2-
ALS hMNs and may underlie the observed cellular phenotypes, RNA-
seq was performed on hMN cultures at DIVI2 to identify factors
that may drive MN dysfunction rather than being a consequence of
it. This revealed 25 DEGs between ATXN2-ALS and CTL hMNs
(Fig. 2A; Table S2), some of which have reported functions in
lipid metabolism (PLP1) and mitochondrial function (e.g., NNMT1,
GPD1) (Fig. 2B). To test whether these gene expression changes may
be specific to ATXN2-ALS or whether they reflect the general
ALS background in the ATXN2-ALS hMNs, the expression of a
selection of DEGs was examined in hMNs carrying ALS-associated
variants in FUS (Table S1). With the exception of CBLN2 (which was
increased in FUS-ALS hMNs), the expression of the selected genes
was unchanged in FUS-ALS hMNs as compared to CTL hMNs
(Fig. S3A). As the transcriptomic changes hinted at an effect of
ATXN2 intermediate expansions on cellular metabolism and mito-
chondrial function, we assessed the bioenergetic state of hMN
cultures using Seahorse assays. ATXN2-ALS hMN cultures displayed
significantly reduced basal respiration, maximal respiration capa-
city, and ATP production (Fig. 2C-F). No changes in basal respira-
tion, maximal respiration, and ATP production were found in FUS-
ALS hMNs, as reported previously*” (Fig. S3B-D). In addition, gly-
colysis and glycolytic capacity were reduced in ATXN2-ALS hMN
cultures (Fig. 2G-1I).

Together, these experiments show that hMNs from ATXN2-ALS
patients exhibit specific gene expression changes and defects in neu-
ronal integrity, SG dynamics, excitability, cellular metabolism, and
mitochondrial function.

Generation of ATXN2 BAC transgenic mice

To next study the effect of ATXN2 intermediate expansions in ALS
in vivo, BAC transgenic mice were generated carrying the full human
ATXN2 gene with either the Q22 repeat sequence (most common
variant in healthy individuals) or the Q33 repeat expansion (associated
with ALS) (Fig. 3A). Two founder lines were obtained per genotype and
assessed (Fig. S4A-E). Two lines were selected for subsequent
experiments (ATXN2%? and ATXN2%?) based on total ATXN2
expression and distribution. The selected lines (referred to as
ATXN2%¥* and ATXN2%%") displayed similar levels of total ATXN2
expression (Fig. 3B, C) and comparable ATXN2 distribution, in line with
endogenous mouse ATXN2 expression (non-transgenic, NTg)
(Fig. 3D-F, S4F). Next, repeat size and integrity were confirmed by PCR
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and sequencing (Fig. 3G, Table S17), and transgene copy number was
estimated with quantitative (q)RT-PCR (Fig. 3H). The integrity and
integration site of the BAC transgenes was assessed by targeted locus
amplification (TLA) (Fig. 31). The ATXN2%* transgene was integrated
into an intronic region between exons 2 and 3 of Ddhdl and the
ATXN2® transgene was integrated in the third exon of 4930578F11Rik
(Fig. 3), K). We were unable to detect 4930578E11Rik in adult brain and

Injected current (nA)

spinal cord tissue and did not observe altered Ddhdl expression in
ATXN2%¥* mice (Fig. S4G, H). Interestingly, ATXN2%%*, but not
ATXN2%*, mice displayed altered germ line segregation as reported
for ataxin2” mice*** (Table S3). Together, these results show that we
have generated mouse models that display near-endogenous expres-
sion and distribution (compared to Atxn2) of human ATXN2%? and
ATXN2%% in vivo.
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Fig. 1| ATXN2-ALS motor neurons show early signs of motor neuron disease.
A, B Immunocytochemistry for TUJ1, CHAT, and ISL1 on human iPSC-derived hMN
cultures. Scale bar is 200 um. C Current-clamp recording of CTL hMNs following
current injections at DIVI2. D t-SNE map of scRNAseq experiments on hMN cultures
showing individual cells and cluster numbers assigned by RacelD2, where 60% of
the cells correspond to motor neurons. n =384 cells divided in 4 libraries from 1
control (CTL 2) and 1 ATXN2-ALS (ALS_G) line (n =1 differentiation).

E, F Representative scanning electron microscopy images of DIV12 control (CTL)
and ATXN2-ALS hMN cultures. CTL MNs contain smooth neurite thickenings (white
arrowhead) whereas ATXN-ALS cultures show ruffled and damaged structures
(black arrowhead). Scale bar is 2 um. F Quantification of damaged neurites as in E.
n =149 neurites from 3 CTL lines and 308 neurites from 4 ATXN2-ALS lines (two-
tailed upaired ¢ test; *P=0.02). Data show individual lines and mean + SD.

G Immunocytochemistry for PABP in DIV9 hMNs after 60 min of sodium arsenite
(ARS) treatment. Scale bar is 5 pm. H Quantification of number of stress granules
(SGs) per neuron. n =100 cells per condition from 3 CTL and 4 ATXN2-ALS lines, 3

experimental replicates/line (Kruskal-Wallis test, CTL 60’ vs ATXN2-ALS 60’
*P=0.0169; ALS-ATXN2 60’ vs ALS-ATXN2 180’ *P = 0.0135). Violin plot of individual
cells. I Quantification of SG area. 3 CTL and 4 ATXN2-ALS lines, 3 experimental
replicates/line (2-way ANOVA and Tukey’s multiple comparison, CTL 60’ vs CTL180’
** P<0.0001; CTL 180" vs ATXN2-ALS 180" **P=0.0062). Bar plots show mean +
SEM (See Supplementary Data 1 for N, SEM, and all P values). J Distribution of SG
area in DIV9 hMNs at 60 minutes after ARS and 120 min of recovery (180°).

K Immunocytochemistry for ATXN2 in DIV12 hMN cultures. Phalloidin stains
F-actin. Scale bar is 10 um. L, M Current-clamp recording of hMN cultures from 2
CTL and 2 ATXN2-ALS lines. L At DIV12, ATXN2-ALS hMNs are hypoexcitable (n =30
neurons; P=0.049, P=0.005, and P=0.0001 for 30, 40, and 50 nA, respectively;
2-way ANOVA and Sidak’s multiple comparisons test) and M at DIV24 hyper-
excitable as compared to CTL (n =46 neurons; *P=0.01 at 30 nA, **P< 0.0001 at
40 and **P=0.0006 at 50 nA; 2-way ANOVA and Sidak’s multiple comparisons
test). Data are mean + SD. Source data are provided as a Source Data file for

F,H LJ,L M

ATXN2-Q33 causes motor deficits in a mutant TDP-43"337V
background

ATXN2 intermediate expansions confer increased risk for ALS and act
as modifiers of TDP-43 toxicity”. Therefore, to study these repeat
expansions in an ALS-relevant background, ATXN2 mice were crossed
with transgenic mice harboring a human TDP-43"%"V transgene (TDP-
43™). This model was chosen as a mild, sensitized genetic ALS
background*®. The longer disease process in these mice provides a
unique opportunity for studying the deleterious effects of risk factors,
such as ATXN2, on ALS-related phenotypes.

To assess the in vivo effect of ATXN2 intermediate expansions,
survival, motor coordination and muscle strength were tested. No
significant changes in survival were observed in this study in contrast
to what was reported previously in TDP-43"* mice*® (Fig. S5A).
Similarly, no overt motor coordination (accelerating rotarod) and
muscle strength (grip strength) deficits were found in TDP-43"¢"
mice. However, analysis of ATXN2%¥*;TDP-43"®" mice showed motor
phenotypes (Fig. 4A, B). First, reduced motor coordination was
found in ATXN2¥¥*;TDP-43"¢" as compared to ATXN2%¥*; TDP-43"¢"
mice up to 60 weeks-of-age (Fig. 4A, Supplementary Data 2). Failure
to detect this difference at later stages likely results from loss of
statistical power due to experimental dropout. Motor coordination
was unchanged in other group comparisons (Fig. 4A). Second, a
significant repeat length-dependent decrease in grip strength was
observed in ATXN2¥:TDP-43"®* mice. ATXN2%*;TDP-43"¥* mice
also showed a reduction in grip strength, but only in the first 35
weeks-of-age (Fig. 4B, Supplementary Data 3). Together, these results
show that ATXN2-Q33 influences in vivo motor phenotypes through
interactions with mutant TDP-43.

ATXN2-Q33 causes mutant TDP-43-dependent NMJ changes and
PC loss

ALS is characterized by MN loss and SCA2 by degeneration of cer-
ebellar Purkinje cells (PCs), both leading to motor disability. Cere-
bellar involvement has been reported for ALS cases carrying ATXN2
variants**~', Therefore, both spinal MNs and PCs were examined. No
evidence for loss of ChAT* spinal MNs was found in TDP-43™"* mice
up to 24 months, as reported previously*®, nor for the other geno-
types (Fig. S5B-D). No differences in neuromuscular junction (NMJ)
number were observed in the lumbrical muscle at 24 months,
but NMJ area and perimeter were significantly reduced in male
ATXN2¥,TDP-43"¢"* as compared to ATXN2%%*;TDP-43"* mice
(Fig. 4C-G). This phenotype had previously been reported for TDP-
43¢ but not TDP-43"®* mice*®. Innervation of lumbrical NMJs,
quantified as overlap of presynaptic SV2/2H3 over postsynaptic
BTX, was unchanged in ATXN2%¥";TDP-43'¢* mice and no defects
were observed in NMJs of the gastrocnemic muscle, as reported
previously*® (Fig. SSE-G).

Immunohistochemistry for calbindin revealed a loss of PCs in 24-
months-old ATXN2%%*;,TDP-43"" mice (Figs. 4H, | and S5H). Next, the
distribution of TDP-43 and ATXN2 were assessed. Nuclear depletion
and cytoplasmic aggregation of TDP-43 is a pathological hallmark of
ALS, while ATXN2 can also localize to cytoplasmic inclusions. However,
no mislocalization of TDP-43 or ATXN2, nor changes in detergent
insolubility and cleavage of human TDP-43 were found in MNs of
ATXN2%*: TDP-43™" mice in vitro or in vivo (Fig. S51-0).

Thus, ATXN2-Q33 and TDP-43"*"V interactions induce changes at
the NMJ and degeneration of PCs in vivo.

ATXN2-Q33-TDP-43"37" jnteractions trigger robust tran-
scriptomic changes in vivo

To explain the motor and neuronal phenotypes found in ATXN2%%*;
TDP-43™" mice at the molecular level, we performed RNA-seq on
10-months-old spinal cords. Spinal cord is a primary site of ALS
pathogenesis and at 10 months early molecular pre-symptomatic
changes may be detected in the absence of robust cellular phenotypes.
Unsupervised hierarchical clustering revealed that ATXN2%%*;
TDP-43"* samples clustered separately, in contrast to other
samples (Figs. 5A and S6A). Indeed, many differentially expressed
genes (DEGs) were detected between ATXN2%%*, TDP-43"¢*and NTg
control or ATXN2%%*;TDP-43"®" mice, in contrast to other com-
parisons (Fig. 5B-D and S6B-E,Table S4-7, Supplementary Data 4).
3395 DEGs were detected in ATXN2%%*;TDP-43"¢" as compared to
ATXN2%%*;TDP-43™" littermates (1517 downregulated and 1878
upregulated) (Fig. 5D, Tables S6, 7, Supplementary Data 4). In line
with the role of TDP-43 and ATXN2 in RNA processing, relative
exon usage was also affected in ATXN2%%* and ATXN2%%*;TDP-43"¢"*
mice (Fig. S6E, F). We validated the RNAseq data by qRT-PCR and
confirmed the downregulation of Camk2a and C4b (Fig. S6G-)).
Further analysis showed that several ALS-associated genes dis-
played mild but significant changes, similar to observations in
ATXN29? SCA2 mice* (e.g., Tial, Sodl, C9orf72) (Supplementary
Data 4). Gene Set enrichment analysis (GSEA) revealed enrichment
of DEGs in several different molecular pathways and cellular pro-
cesses with strong links to mitochondrial function and inflamma-
tory response (Fig. S5E, F; Tables S8-11). Genes associated with
mitochondrial function and cellular metabolism, such as oxidative
phosphorylation or fatty acid metabolism, were generally upregu-
lated, while genes implicated in the inflammatory response were
most frequently downregulated (Fig. 5E, F). Interestingly, dereg-
ulation of genes linked to cellular metabolism and mitochondrial
function was also observed in ATXN2-ALS hMNs (Fig. 2). To study
whether ATXN2%¥%*;TDP-43"" MNs, similar to ATXN2-ALS hMNs,
display ALS-specific phenotypes and mitochondrial defects, spinal
MN cultures were prepared from E13 mice. These cultures did not
reveal obvious differences in neuronal morphology or number of
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Fig. 3 | Generation of ATXN2 BAC transgenic mice. A BAC clone containing the  to determine ATXN2 transgene copy number. Q%" and Q*** mice contain six and

human ATXN2 locus with flanking genomic sequence. B, C Western blot for total four copies, respectively. Each datapoint corresponds to one animal (n =3 for NTg,
ATXN2 (mouse and human) in cortical lysates of 6-months-old mice. Black arrow-  n=3for Q" and n =4 for Q**).1-K Targeted Locus Amplification: high throughput
head, human transgene. White arrowhead, mouse ATXN2. C Quantification of sequencing reads covering the complete transgene sequence (primer set 2).

western blots as in B. Each datapoint corresponds to one cortical lysate J, K Identification of transgene integration sites. Bar graphs show individual mice
obtained from one animal (n =8 for NTg, n=7 for Q*** and n=6 for Q**"). and mean +SD, n >3 animals per genotype. Scale bar is 40 D, 30 E, and 100 um F.

D-F Immunohistochemistry for ATXN2 (mouse and human) in 6-months-old mice.  Source data are provided as a Source Data file for C, H.
G PCR on mouse genomic DNA to confirm ATXN2 CAG repeat integrity. H qRT-PCR
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MNs with SGs (Fig. S7A-C). However, ATXN2%¥*:TDP-437¢"* MNs
contained fewer SGs at 60 min after ARS treatment as compared to
NTg, but not ATXN2%%*;TDP-43"¢", cultures (Fig. S7D, E). These data
suggest that ATXN2-Q33 affects SG dynamics in both mouse and
human ALS MNs. To examine whether mitochondrial function was
perturbed in ATXN2%%*;TDP-43"¢* mice, respiratory capacity was
evaluated. Similar to ATXN2-ALS hMNs, significantly reduced basal

and maximal respiratory capacity and ATP production were
detected in ATXN2%%;TDP-43"¢", but not ATXN2%*;TDP-437¢",
mice as compared to NTg control (Fig. S7F-H).

Together, these data show synergistic effects of ATXN2
intermediate expansions and mutant TDP-43 on the expression of
genes related to mitochondrial function in mouse and human
spinal MNs. This combined with altered SG dynamics in mouse
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Fig. 4 | ATXN2-Q33 causes motor deficits, NMJ changes and Purkinje cell
degeneration in a mouse mutant TDP-43 background. A, B Behavioral data
presented using a generalized (non-)linear mixed model, corrected for sex, weight
and longitudinal acquisition. A Accelerating rotarod analysis reveals reduced
latency to fall in Q**;TDP-43"¢" mice as compared to Q***;TDP-43"¢* mice.

B Q*;TDP-43"®* mice show grip strength deficits as compared to NTg control and
Q¥*;TDP-43"¢* mice. Curves reflect the mean and confidence interval bands cor-
respond to 2x SD. Statistical significance is indicated by the gray areas. n > 8 mice
for each genotype and sex. See Supplementary Data 2 and 3 for details on N, SD and
P value. C-G Quantification of lumbrical NMJs in 24-months-old Q***;TDP-43'¢*and
Q?*;TDP-43"#"male mice. Individual panels show C NMJ number, D representative
immunohistochemistry (IHC) images of NMJs with a-bungarotoxin (BTX), E NMJ

area, F NMJ perimeter, and G overlap between pre- and post-synaptic parts of the
synapse. All quantifications were performed with BTX (C, E, F) or BTX combined
with SV2/2H3 IHC G. n =3 mice for each genotype. Two-tailed unpaired ¢ test
(*P=0.0044 (E, F)). Data are mean + SD. D Scale bar is 10 um. H Calbindin (CALB1)
immunohistochemistry in the cerebellum. Inserts show Purkinje cells (PC) at higher
magnification. Scale bar is 250/50 um. I Quantification of PC density (midsagittal
cerebellum sections, lobules VI-VIII) shows reduced PC density in Q***;TDP-43"¢"*
mice as compared to NTg controls. n=7 mice for NTg, n=8 for TDP-43'¢*, n =4 for
Q**;TDP-43"?* and n =9 for Q**;TDP-43"¢*. NTg vs Q***;TDP-43"¢* *P=0.019 (one-
way ANOVA with Dunnett’s multiple comparison test). Data are mean + SD. Source
data are provided as a Source Data file for C, E-G, 1.

ATXN2%%*: TDP-43™* MNs, motor function defects in vivo and strong
spinal cord transcriptome changes indicates that ATXN2-Q33 com-
promises MN function in an (mutant TDP-43) ALS background.

ATXN2-Q33 changes microglia gene expression and
morphology

In addition to changes in cellular metabolism and mitochondrial
function, RNA-seq also indicated an altered inflammatory response in
ATXN2%%:TDP-43"¥* mouse spinal cord (Fig. SE, F). Two main immune-
related processes were overrepresented: chronic inflammation (e.g.,
ApInr®, Sema4D**) and immune cell activation (e.g., Rgs16>, c-Met*®,
Slc7a2, Kcna3) (Supplementary Data 4). Further, deregulation of sev-
eral pro-inflammatory cytokine receptors was detected (e.g., ll6st,
120ra, ll17rb, llIrap, ll6ra) (Fig. 5, Supplementary Data 4). Microglia are
the resident immune cells of the CNS and are linked to various neu-
rodegenerative disorders, including ALS”*%, In this study, we sought to
identify whether the basal state of spinal cord microglia (as found in
NTg control tissue, hereby referred to as “homeostatic microglia”) is
altered in ATXN2%%;TDP-43"®* mice. Therefore, we assessed expres-
sion of genes related to microglial homeostasis and (neurodegenera-
tive) disease-associated states (as previously defined in other
studies®’). We found several deregulated homeostatic genes, including
Csflr and Cx3crl, in ATXN2%%;TDP-43"" spinal cords as compared to
Ntg and/or ATXN2%/*:TDP-43"¢"* (Supplementary Data 4). Although no
clear signature of disease-associated microglia (DAM) genes®® was
detected, several genes described to be upregulated in
neurodegeneration-related DAM were deregulated in ATXN2%;TDP-
43" mouse spinal cord as compared to NTg and/or ATXN2%*;TDP-
43" (Clec7a and Sppl) (Supplementary Data 4). In order to assess
whether ATXN2%%*;,TDP-43"" microglia exhibit specific phenotypic
changes as compared to their basal state, microglia morphology and
number were assessed in spinal cord tissue sections. This revealed a
significant reduction in the area covered by the microglia marker IBA1
in  ATXN2%:TDP-43"®* mice as compared to NTg control
(Fig. 6A, B and S8A, B). Interestingly, this reduction was already
detectable at 6 months and IBA1" area was also reduced in ATXN2%
mice at 24 months (Fig. S8A). No significant changes in GFAP+ area,
marking astrocytes, was detected (Fig. S8C, D). The decrease in IBA1"
area was caused by the more ameboid morphology of microglia in
ATXN2%%*; TDP-43 ¢* spinal cord in the absence of changes in micro-
glia number (Fig. 6C-E). Next, we sought to determine if morpholo-
gical changes also occur in an ATXN2 repeat length-dependent
manner. Morphology was assessed in 6 months-old microglia in
ATXN2%*;TDP-43"" and ATXN2®%:TDP-43"* spinal cords, which
revealed that ATXN2%¥*,TDP-43"¢" microglia acquire a more round cell
shape (Fig. S8E). To examine whether ATXN2 is expressed in microglia,
we performed immunohistochemistry for ATXN2 and IBA1. ATXN2 was
not only expressed in neurons but also in microglial cells in the adult
mouse spinal cord (Fig. 6F), suggesting that ATXN2-Q33 effects can be
exerted in a cell-autonomous and non-cell autonomous manner. The
ameboid morphology of microglia can be an indication of an activated

state® and to assess this at the molecular level, spinal cord microglia
were isolated from 7-months-old NTg and ATXN2%%;TDP-43""* mice
(Fig. S8F) and subjected to RNA-seq. Only 7 DEGs were found in
ATXN2%*;TDP-43 ™" microglia as compared to NTg (Fig. 6G, H and
Table S12). All DEGs were (in)directly related to inflammation and
toxicity, and differentially expressed in microglia in various neurode-
generative disease contexts®’. Pathway analysis revealed that 5 DEGs
were part of the phagosome pathway (Table S13), while 3 DEGs were
involved in chemotaxis (Fig. 6H). To examine whether gene expression
changes were more pronounced at later stages in ATXN2¥¥*, TDP-43 ¢*
mice, microglial cells were isolated from 16-months-old N7g and
ATXN2%%*;TDP-43"" spinal cords. Gene expression changes of several
homeostatic and DAM genes® were assessed by qRT-PCR, revealing
an absence of an altered homeostatic gene signature in ATXN2%%*,TDP-
43 ™" microglia as compared to NTg (Fig. 61, J). Interestingly, one
deregulated DAM gene in 7-months-old ATXN2%%:TDP-43 "¢ micro-
glia was also deregulated at 16 months (Atpéviel) (Fig. 6K), whereas
other DAM genes (Sppl, Apoe) were only upregulated at later stages
(Fig. 6L, M).

In certain disease contexts such as neurodegeneration, microglia
have been found to respond differentially to pro-inflammatory
stimuli®®. Therefore, the effect of in vivo LPS injection on microglia-
secreted cytokine gene expression was studied. Five hours after
intraperitonial LPS injection, spinal cord microglia were collected and
analyzed by qRT-PCR. Basal expression of IL1b, IL6, TNFa and TGFb
mRNA was similar in NTg and ATXN2%¥;TDP-43"* mice. Upon LPS
exposure, cytokine expression levels increased in both samples as
compared to basal levels. However, no significant differences were
detected in the LPS response of NTg and ATXN2%%*;TDP-43"" mice
(Fig. S8G).

Several studies indicate that mouse and human microglia can
differ significantly®*. Therefore, to examine the molecular changes
observed in mouse microglia in human ATXN2-ALS microglia, iPSCs
were differentiated into cerebral organoids that innately develop
microglia® (Figs. 7A, B and S9A, B). At DIV60, organoids were collected
for IBA1 immunostaining or dissociated for microglia isolation by
MACS followed by RNA extraction. IBA1* microglia were detected in all
organoids and ATXN2 expression was observed in microglia as well as
in surrounding neurons, similar to our observation in mouse spinal
cord (Figs. 6G, 7C). No obvious differences in microglia morphology
were detected between control and ATXN2-ALS organoids (Fig. 7D, E).
Next, we isolated microglia and performed RT-qPCR to examine the
expression of a few homeostatic and DAM genes, some of which were
differentially expressed in mouse microglia (ATP6VIE1, SPP1, APOE).
Expression of the selected homeostatic genes” was not different
between control and ATXN2-ALS organoid-derived microglia (oMG)
(Fig. 7F, S9C). In contrast, the expression of APOE, a key protein in
activation of the DAM program®, was upregulated in ATXN2-ALS
oMGs. Similarly, both SPPI and ATPVIEI were upregulated in ATXN2-
ALS oMGs. Expression of TREM2 was also enhanced but this effect was
not statistically significant (Fig. 7F). To test whether these gene
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statistically significant hits (Padj < 0.05 derived from differential expression ana-
lysis using DESeq2, adjusted for multiple testing with Benjamini and Hochberg
method). Dashed lines, + 1 1og2FC. A few selected top hits are shown. See Supple-
mentary Data 4 for a complete DEG list of each pair-wise comparison. E, F Gene Set
Enrichment Analysis (GSEA) in E Q*; TDP-43"¢* versus NTg control spinal cords and
F Q¥;TDP-43"¢" versus Q%*;TDP-43"* spinal cords. Upregulated pathways (NES >
0) are shown in green; downregulated pathways (NES < 0) are shown in red.

expression changes may be specific to ATXN2-ALS or whether they
reflect a more general ALS background in the ATXN2-ALS microglia,
the expression of a selection of genes was examined in DIV60 oMGs
carrying C9ORF72-HREs (Table S1). C9ORF72-HREs are the most

common genetic cause of ALS and have been extensively linked to
microglial phenotypes”. In contrast to ATXN2-ALS oMGs, microglia
derived from C9-ALS lines did not show significant differences in the
expression of the selected DAM genes, with the exception of TREM2
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Fig. 6 | ATXN2°%/;TDP-43""* mice show changes in microglia gene expression
and morphology. A Immunohistochemistry for IBA1 (red) on ventral spinal cord of
24-months-old NTg and Q**;TDP-43™* mice. DAPI stains nuclei. Line demarcates
ventral gray matter. Scale bar is 400 um. B Quantification of IBA1" area in Q***;TDP-
43'%* ventral spinal cord normalized to NTg littermates (*P=0.0275 at 24 months;
*P=0.032 at 10 months and *P=0.0464 at 6 months, Brown-Forsythe and Welch
ANOVA with Dunnett’s multiple comparison test). n > 7 ventral horns per mouse;
n=4 mice per genotype and timepoint (except n =3 per genotype at 24 months).
Mean + SD. C Representative images of microglia in ventral spinal cord. Scale bar is
10 um. D Quantification of microglia circularity in the ventral horn spinal cord of 6-
months-old NTg and Q**;,TDP-43"¢* mice. (P< 0.0001, two-tailed unpaired ¢ test).
n >80 cells per mouse; n >3 mice per genotype. Violin plot of individual cells.

E Quantification of microglia cell density in the ventral spinal cord of 6-months-old
NTgand Q***;,TDP-43"* mice. (ns; two-tailed unpaired t test). n > 8 ventral horns per
mouse; n =3 mice for NTg and n=4 for Q*;TDP-43"¢". Data are mean + SD.

F Immunohistochemistry for ATXN2 and IBA1 of ventral horn spinal cord microglia
of 6-months-old NTg and Q***;,TDP-43""* mice. Scale bar is 50 um. G Volcano plot of
quantified transcripts in microglia isolated from 7-months-old Q***;TDP-43"¢" spinal
cord compared to NTg littermates. Colored dots, statistically significant hits
(Padj < 0.05 derived from differential expression analysis using DESeq?2, adjusted
for multiple testing with Benjamini and Hochberg method). Dashed lines indicate +
11og2FC. A few selected hits are shown. H GO analysis of non-adjusted P < 0.05
DEGs in Q**;,TDP-43"" spinal cord microglia using the metascape platform'®.
P<0.05 derived from differential expression analysis using DESeq2, not adjusted
for multiple testing. I-M RT-qPCR analysis of selected homeostatic (P2Y12,
TMEM119) and disease-associated microglia (ATP6VIEL, SPP1, APOE) genes of spinal
cord microglia from 16-months-old NTg and Q***;TDP-43"¢* mice. (*P=0.0129 K;
*P=0.0339 L; *P=0.0102 M, two-tailed unpaired ¢ test). n =4 mice per genotype;
each sample consists of 3 pooled spinal cords. Data are mean + SD. Source data are
provided as a Source Data file for B, D, E, I-M.

(Fig. 7G). Finally, organoids were treated with LPS followed by micro-
glia isolation and qRT-PCR to assess the expression of pro-
inflammatory cytokines®. This showed that although oMGs from
control and ATXN2-ALS organoids showed enhanced expression of
pro-inflammatory cytokines in response to LPS, no difference in

response between the two groups (CTL and ATXN2-ALS) was present
(Fig. S9D).

Thus, ATXN2-Q33 is linked to molecular and morphological
microglial changes associated with microglial activation and altered
phagocytosis.
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Discussion

In this study, patient-derived and mouse models were generated to
examine the pathogenic effects of ATXN2 intermediate expansions.
hMN from ATXN2-ALS patients showed SG defects in addition to
neurite damage and electrophysiological changes. Similarly, expres-
sion of ATXN2-Q33 in TDP-43"¢-ALS mice caused reduced motor
function accompanied by NMJ changes, PC degeneration, and altered

SG dynamics. Finally, effects on gene expression were detected that
highlighted altered mitochondrial function and inflammatory
response, including microglia-related responses, both of which were
confirmed at the cellular level in our mouse and human model systems.
These data provide insight into the pathogenic effects of ATXN2
intermediate expansions and a framework and tools for further studies
into their mechanism-of-action and therapeutic potential.
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Fig. 7 | Brain organoid-derived microglia gene expression is altered in ATXN2-
ALS. A Summary of the protocol used to generate microglia-containing cerebral
organoids®. B Immunohistochemistry for MAP2 and CTIP2 in cryosections of
DIV60 cerebral organoids from control (CTL) and ATXN2-ALS iPSC lines. Scale bar
is 100 um. C Immunohistochemistry for ATXN2, IBA1 and MAP2 in cryosections of
DIV60 cerebral organoids from control (CTL) and ATXN2-ALS iPSC lines. Arrow-
heads indicate ATXN2'IBAL" cells. Scale bar is 25 um. D Immunohistochemistry for
IBAL in DIV60 cerebral organoids showing 3 distinct microglial morphologies used
for quantification in E. Scale bar is 10 um. E Semi-quantitative analysis of organoid
microglia morphology using 3 pre-defined categories (ramified, rod-like and ame-
boid) using 2 CTL (CTL_1, CTL_7) and 2 ATXN2-ALS (ALS_A, ALS B) iPSC lines.
n=100 cells per line from 1 experimental replicate, n >3 organoids. Data are
mean = SD. F qRT-PCR for homeostatic (P2Y12) and disease-associated genes
(APOE, SPP1, ATPVIEL, TREM2) in microglia isolated from DIV60 cerebral organoids
from 3 CTL (CTL_L, CTL_7, CTL_4) and 2 ATXN-ALS (ALS_A, ALS B) iPSC lines (n=3

independent experimental replicates per line, except n=2 for ALS A in ATPVIE1
plot). Two-tailed upaired ¢ test (*P=0.0102 for APOE, *P=0.0148 for SPPI,
**P=0.0094 for ATPVIEI). Data are mean + SD. G qRT-PCR for homeostatic (P2Y12)
and disease-associated genes (APOE, SPP1, ATPV1E1, TREM2) in microglia isolated
from DIV60 cerebral organoids from 4 CTL (CTL_1, CTL_7, NL1, NL2.1) and 4 C9-ALS
(ND06769, ND10689, CS29, ND12099) iPSC lines (P2Y12/TREM2 - n=5 for CTL ],
n=7 for CTL 3, n=2 for NL1, n=3 for NL2, n=6 for ND06769, n=>5 for ND12099,
n=4 for ND10689, n =2 for CS29; APOE/SPP1/ATPVIEI - n=4 for CTL_1, n=4 for
CTL_3, n=2 for NL1, n=3 for NL2, n=4 for ND06769 (except n=3 in SPPI plot),
n =4 for ND10689, n =3 for ND12099, n =2 for CS29). *P=0.0046 for TREM2 (two-
tailed upaired ¢ test). Data are mean + SD. F, G Individual datapoints correspond to
an experimental replicate of one iPSC line. Source data are provided as a Source
Data file for E-G. A was created with BioRender.com released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license.

The best characterized and reported pathogenic effect of ATXN2
intermediate expansions is their ability to enhance TDP-43 toxicity in
vitro. To establish the consequences of these interactions in vivo,
ATXN2 transgenic mice were crossed with TDP-43"* BAC transgenic
mice*®. In contrast to previous results, no changes in survival or motor
function were observed in TDP-43¢* mice in our study*®. Nevertheless,
usage of the TDP-43"¢* model revealed that ATXN2-Q33 causes various
pathogenic phenotypes in a mutant TDP-43 background in vivo (e.g.,
motor dysfunction, PC loss or muscle-specific NMJ changes). No
changes in MN number or TDP-43 distribution were reported in TDP-
43" mice, and ATXN2-Q33 did not unveil these phenotypes. However,
TDP-43"¢"¢, but not TDP-43"¢"*, mouse MNs and spinal cord showed an
increase in insoluble TDP-43 in vitro and in vivo, respectively. It is
therefore plausible that in a more severe TDP-43-ALS model (e.g., TDP-
437¢"¢) ATXN2-Q33 may affect survival, TDP-43 pathology and/or cause
MN loss.

Impaired motor function in ALS is generally attributed to visible
changes in MN number or NMJs. Despite motor deficits, e.g. reduced
grip strength, no MN number or gastrocnemius NMJ changes were
detected in ATXN2%%*;,TDP-43"" mice, nor in TDP-43"* mice*. How-
ever, lumbrical NMJ shrinkage and PC degeneration were observed in
ATXN2%®%*; TDP-43"* mice, both occurring in a repeat length-
dependent manner. A decrease in hindlimb lumbrical NMJ area was
previously reported in TDP-43™"* mice*®, a phenotype known to con-
tribute to motor impairment, including reduced grip strength. Emer-
ging evidence indicates that NMJ disruption at the postsynaptic level
can precede denervation and MN loss, where NMJ changes represent a
primary pathogenic event that progresses in a “dying back fashion”
(see review®). Further, primary muscle pathology may contribute to
abnormal NMJ°**°, In addition, PC degeneration may contribute to the
motor phenotypes detected in this study. Although whole-brain ima-
ging of ATXN2-ALS patients did not show significant cerebellar
degeneration, histopathological analysis revealed PC loss*™'. The
cerebellum affects motor functions such as precision grip force’® and
PCloss could, therefore, contribute to the reduced grip strength found
in ATXN2%%:TDP-43""* mice. Finally, altered MN function rather than
loss could cause or contribute to changes in motor behavior. Robust
transcriptomic changes were found in the spinal cord in addition to
altered SG dynamics, mitochondrial function, neuronal excitability and
neurite damage in MNs. Together, our results suggest that in a mild
TDP-43-M337V background ATXN2-Q33 causes motor deficits by eli-
citing subtle molecular and physiological, rather than overt degen-
erative, changes. These changes may represent early stages of the
disease.

ATXN2-ALS hMNs contained larger SGs during disassembly, which
may indicate a higher propensity of ATXN2-Q33 to aggregate. Never-
theless, ATXN2 and TDP-43 expression and localization appeared
intact in mouse and human models in this study. It is possible that
small changes in the distribution or post-translational modification of

these proteins were below the detection threshold of the methods
used. However, disease phenotypes can occur in the absence of clear
mislocalization or altered expression of these proteins, especially at
early disease stages. For example, SCA2 pathogenesis has been shown
in the absence of ATXN2 aggregation” and some ALS-linked pheno-
types occur without TDP-43 aggregation or nuclear depletion’>”,
Nevertheless, the robust effects of ATXN2-Q33 in the presence of TDP-
43-M337V confirms a crucial role for TDP-43 pathogenesis in the
effects of ATXN2 intermediate expansions. A possible site of con-
vergence of ATXN2-Q33 and (mutant) TDP-43 are SGs. Both TDP-43
mutations and ATXN2 depletion have been linked to disturbed SG
formation®>7+7°, In both ATXN2-ALS and ATXN2%%*;TDP-43"¥* MNs,
fewer SGs assembled upon oxidative stress. Our data show that
ATXN2-Q33 and TDP-43 cooperate to elicit SG-associated phenotypes,
which could, for example, depend on altered protein expression or
changes in the (shared) interactome of both proteins, which contain
several SG-associated proteins®.

How the expansion of the polyQ region of ATXN2 causes pheno-
types such as in SG dynamics is unknown. As reported here, and in
other studies focusing on SCA2, phenotypes can be repeat length-
specific®®”". For example, the severity of some of the changes observed
in ATXN2%%*;TDP-43"" mice and MN cultures lies in between those
found in non-transgenic and ATXN2%*;TDP-43"¢"* mice (e.g., reduced
grip strength or mitochondrial dysfunction). It is, therefore, tempting
to speculate that the ATXN2-Q33 protein is more stable or has an
altered interactome leading to sustained downstream effects on TDP-
43 and the subsequent phenotypes discovered in this study®.
Although the transgenic ATXN2 mice in this study only expressed
moderate levels of human ATXN2, in addition to endogenous mouse
ATXN2 (lacking polyQ repeats), differences in germ line segregation
were detected in ATXN2%¥* mice. Even though polyQ expansions are
generally associated with toxic GOF phenotypes”’, germ-line segrega-
tion differences were previously reported in ataxin-2”~ mice*™.
Therefore, LOF and GOF mechanisms might co-exist in ATXN2%¥*; TDP-
43" mice.

The most robust change observed in ATXN2%*;TDP-43"¢" mice
was at the transcriptomic level. GO analysis revealed deregulation of
genes associated with inflammatory response, PI3K/AKT/mTOR sig-
naling, oxidative phosphorylation and mitochondrial function, in part
overlapping with previous observations in other ATXN2-polyQ
models****%7° Expression changes in ATXN2%¥*;,TDP-43"" mice did
not always show the same direction as in other ATXN2 mouse models,
which may be attributed to the interaction of ATXN2-Q33 and TDP-43-
M337V. Such processes included upregulation of adipogenesis and
fatty acid metabolism, which are downregulated in ATXN2 LOF
models®, and downregulation of the immune response, found to be
upregulated in SCA2 spinal cord**®°. Interestingly, DEGs and deregu-
lated pathways were not only shared with previously published
ATXN2?? mouse spinal cord but also cerebellum datasets®, which is in
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line with the PC degeneration observed in ATXN2%%":TDP-43"¢* mice.
Finally, the expression of several ALS-associated genes was altered, as
observed in ATXN2%% mice®?, which may contribute to the observed
phenotypes and relates to reported genetic and functional interactions
between ATXN2 intermediate expansions and other ALS-associated
mutations®"*%,

Similar to ATXN2%¥*;,TDP-43"¢" spinal cord samples, RNA-seq of
ATXN2-ALS hMNs revealed DEGs related to lipid metabolism and
mitochondrial function. Mitochondrial dysfunction is a common
phenotype in ALS and contributes to the selective vulnerability of
MNs®. Our results show that several bioenergetic parameters are
reduced in mouse and hMNs carrying ATXN2-Q33 expansions,
including basal and maximal mitochondrial respiration. This is in line
with reported effects of TDP-43 mutations on mitochondrial
function®, with the previously described role of ATXN2 in the reg-
ulation of bioenergetic pathways in mitochondria*®®, and the effects
of SCA2-related polyQ expansions®. Future work will undoubtedly
focus on exploiting the transcriptomic data to further link ATXN2-Q33
and mitochondrial dysfunction.

Analysis of ATXN2%®*;TDP-43'¢" spinal cord also revealed a
change in the inflammatory response, with an overrepresentation of
genes related to chronic inflammation and immune cell activation.
Neuroinflammation is increasingly associated with ALS and con-
tributes to disease severity and progression®”. While the spinal cord
contains different types of immune cells, several DEGs related to
microglia homeostasis and neurodegenerative disease states® were
found. In ALS and other neurodegenerative diseases, microglia shift
from a homeostatic to a disease state which may have beneficial or
detrimental effects®. In ATXN2%¥*;TDP-43"¢" spinal cord, microglia
acquired a more ameboid morphology, indicative of an activated state,
as reported in other ALS mouse models®*®**°. This morphological
change was also observed in ATXN2%¥* mice, and ATXN2¢1% mice®°,
although at later stages. This suggests that ATXN2 intermediate
expansions might be sufficient to alter microglia, but that in the pre-
sence of TDP-43-M337V the microglial phenotype is exacerbated. This
is in line with previously described effects of mutant TDP-43 on
microglia®®. Neuron-specific TDP-43 pathology is sufficient to induce
microglia activation’ %, which suggests that the microglial phenotypes
in ATXN2¥%:TDP-43"¢* spinal cord may originate from cell-
autonomous and/or non-cell-autonomous effects. To explore whe-
ther early microglia-specific transcriptomic changes drive immune
system dysfunction in ATXN2%¥*;TDP-43"¢" spinal cord, RNA-seq was
performed on isolated microglia. This only revealed a small number
of DEGs but showed deregulation of the phagosome pathway.
Different ALS-associated mutations are linked to altered microglial
phagocytosis™, indicating that disturbed microglial phagocytosis is
generally altered in ALS. Additionally, gene expression analysis at a
later disease stage revealed that ATXN2%%*;TDP-43"* microglia
acquire a transcriptomic disease state encompassing upregulation of
core DAM genes” (APOE, SPPI). The presence of morphological
changes starting at an early disease stage coupled with DAM gene
regulation appearing at later stages might suggest that non-cell-
autonomous mechanisms alter ATXN2¥%*;TDP-43"¢" microglia basal
states. Likewise, numerous studies have reported time-dependent
changes in microglia state as (ALS) disease pathogenesis progresses’.
While gene expression changes hinted at loss of microglial home-
ostasis, LPS treatment showed that microglia were not in a primed
state in our models. However, it is possible that the transcriptomic and
morphological changes observed represent a microglial state that
precedes primed states occurring at later stages of the pathogenic
process.

Mouse and human microglia can differ significantly, even within
the same disease context™ *%. The use of a human brain organoid
model that contains microglia® showed upregulation of several DAM

genes in microglia, including APOE and SPP1, in ATXN2-ALS organoids
in the absence of obvious morphological differences. Interestingly,
these core DAM genes were also found to be upregulated in ATXN2%%*;
TDP-43"" microglia and were not changed in organoid microglia
derived from ALS lines harboring other disease mutations. The upre-
gulation of DAM genes is necessary to shift microglia from homeo-
static to distinct disease states’”. Together with our mouse data, these
observations suggest that ATXN2-Q33 alters the microglia basal state
at early disease stages, which become more pronounced as patho-
genesis progresses. Further research is needed to dissect the under-
lying mechanisms and pathogenic consequences.

In this study, we newly generated patient-derived and mouse
models to identify pathways and cellular processes that underly the
pathogenic effects of ATXN2 intermediate expansions in ALS. Our
work shows that ATXN2 intermediate expansions can uncover and
exacerbate several ALS-relevant molecular, cellular and behavioral
phenotypes, in part through synergistic interactions with mutant TDP-
43. ATXN2-Q33 has pathogenic effects in the absence of clear TDP-43
pathology, perhaps reflecting early disease phenotypes. Overall, our
data provide insights into the pathogenic consequences of ATXN2
intermediate expansions and present a framework for future research
into the mechanism-of-action and therapeutic potential of ATXN2 and
associated repeat expansions.

In contrast to previous studies (e.g. ref. 48), we did not detect
changes in survival or motor function in the TDP-43"* mouse model*®
used in our study. This apparent discrepancy may have different cau-
ses, e.g. both genetic background and environmental factors have
been shown to impact the variability and expressivity of phenotypes in
mice'°, Further, considerable variation in the onset of phenotypes
or pathology across mouse models with similar transgenes or even for
the same transgene, e.g. TDP-43%K in different labs is consistently
reported’'%?% Therefore, future studies should determine whether in
a more severe TDP-43-ALS model (e.g., TDP-43"") ATXN2-Q33 also
affects survival, induces TDP-43 pathology and/or causes MN loss. In
this study, we have used a random integration strategy to generate
ATXN2 BAC transgenic mice that show comparable transgene expres-
sion in ALS relevant brain and spinal cord regions. However, we cannot
rule out that because of this approach differential transgene expres-
sion exists in other regions or tissues. In future studies, we therefore
hope to employ a ‘genomic safe harbor’ approach to generate next
generation ATXN2 transgenic mice with guaranteed stable transgene
expression.

Another limitation is that we were unable to generate isogenic
controls for the ATXN2-ALS iPSC lines. This leaves open the possi-
bility that a few of the observed phenotypes in hMNs represent
general, ALS-associated changes rather those specific to ATXN2-
Q33. Most of the phenotypes reported in this study are observed
both in human and mouse models, or only mouse models, for which
ATXN2-Q22 control data are presented (e.g., SG dynamics, mito-
chondria, and immune cells). Further, the absence of several of the
molecular and cellular changes, and presence of different changes,
in hMN or microglia derived from familial ALS patients carrying
gene mutations in genes other than ATXN2 (i.e. in FUS or C90ORF72)
suggest that, rather than representing general ALS-associated
changes, these molecular and cellular defects are likely linked to
ATXN2-Q33. Nevertheless, it will be important to generate isogenic
control lines in future studies.

Lastly, we acknowledge that the number of DEGs that were
detected in ATXN2-ALS hMNs by RNA-seq is rather modest, especially
in comparison to the mouse data. Stringent analysis and limited
sequencing depth may have contributed to this. In further analyses,
the rigor of this experiment could be increased by including more
experimental replicates or iPSC lines and by employing a higher
sequencing depth.
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Methods

Mouse lines

All animal experiments in this study were approved by the (CCD)
Centrale Commissie Dierproeven of Utrecht University (CCD license:
AVD 1150020171565 and AVD 11500202216085) and were in accor-
dance with Dutch law (Wet op de Dierproeven 2014) and European
regulations (guideline 2010/63/EU). Mice (Charles Rivers) were housed
at 22+1°C on a wood-chip bedding supplemented with tissue on a
12 hour/12 hour day/night cycle. Pregnant mothers were housed indi-
vidually from the moment of observation of the plug (EQ.5). Animals
were fed ad libitum and mice from both sexes were used for all
experiments unless stated differently. C57BL/6J mice were obtained
from Charles River Laboratories (Wilmington, Massachusetts, USA)
and TDP-43"®”V BAC transgenic mice were as reported previously*®
(The Jackson Laboratory; JAX#029266).

ATXN2 BAC-transgenic mice were generated at InnoSer (Leiden,
The Netherlands) by microinjection of purified intact BAC DNAs. The
BAC clone used (RP11-798L15) contained the 147 kb human ATXN2
locus (NG_011572.2) in addition to 25 kb of 5’ and 4 kb of the 3’ flanking
sequence. The BAC constructs were created using a two-step BAC
modification with PLD53.SC-AB vector, as previously described'®. Two
different ATXN2 lines were engineered (1) carrying the most common
polyQ repeat in the healthy human population (ATXN2%; (CAG)s-
CAA-(CAG)g), or (2) carrying an ALS-associated expanded polyQ repeat
(ATXN2%%; (CAG),4-CAA-(CAG)sg). Following microinjection at Polygene
(Switzerland), founder mice (n =3 per line) were backcrossed to C57BL/
6/ mice for a minimum of three generations.

Genotyping of ATXN2 BAC-transgenic mice was performed using
primers to detect the human ATXN2 transgene and flanking regions of
the transgenes (Table S14). DNA fragments were amplified using Fire-
pol mix (Solis BioDyne). Detection of the human TDP-43 transgene was
performed as described previously*®. To confirm repeat length and
sequence by Sanger sequencing (BaseClear, The Netherlands), ATXN2
repeat sequences were amplified using Long PCR Enzyme Mix (Ther-
moFisher) and primers flanking the repeat (Table S14).

For experiments using embryos and animals younger than P10,
the sex of the animals was not considered. For phenotypic compar-
isons, same sex littermates and/or mice of similar ages (in case of
females only) were randomly assigned to experimental groups. Con-
trol animals were age-matched littermates

Generation, characterization, and maintenance of iPSCs

All subjects have provided written informed consent and generation of
iPSC lines was approved by the Ethical Medical Committee of the
University Medical Center Utrecht. All experiments were performed
under license METC 12-267/0 and Deelbiobank 16/436. Patients were
diagnosed according to the diagnostic criteria for ALS (revised El
Escorial). Controls were donors without a psychiatric or neurologic
diagnosis (Table S1). iPSC lines CTL_6°; NL1 and NL2'; ND12099,
ND06769 and ND10689'°%; CS29 (Cedars-Sinai); FUS2'” and FUS2/2**
were reported previously. iPSC lines CTL1, CTL 2, CTL3, CTL. 4,
CTL_7, ALS A, ALS B, ALS G, ALS N and ALS_P were generated in this
study as described previously"®. Briefly, low passage (P < 5) human skin
fibroblasts were plated at a density of 10,000 cells per well in a 6-well
plate in DMEM GlutaMAX (Thermo-Fisher, 31966-021), 10% fetal bovine
serum (FBS; Sigma, F7524), 1% Penicillin/Streptomycin (P/S; Life
Technologies, 15140122) and cultured at 37°C with 5% CO,. After
24 hours, cells were incubated with a lentivirus expressing OCT4/
SOX2/c-MYC/KLF4. After 5 days, human fibroblasts were dissociated
and seeded on top of gamma-irradiated mouse embryonic fibroblasts
and cultured in human embryonic stem cell (huES) medium (DMEM-
F12, 20% Knockout serum replacement (Life Technologies, 10828028),
0.5% P/S, 1% non-essential amino acids (NEAA; Life Technologies,
11140035), 1% L-Glutamine (Life Technologies, 25030024), 496 mM 3-
mercaptoethanol (Life Technologies, 21985-023), 20 ng/mL human

basic FGF (Peprotech, 100-188). After 3-6 weeks, iPSC colonies were
manually picked for expansion and characterization. Line CTL_1.2 was
generated in this study by reprogramming dermal fibroblasts with the
CytoTune®-iPS 2.0 Sendai Reprogramming Kit (Invitrogen, Waltham,
MA, USA, Cat. No. A16517), using Sendai Virus Vectors encoding OCT3/
4, SOX2, KLF4, and c-MYC, according to the manufacturer’s protocol.
For every line generated in this study, stemness of the clones was
analyzed by immunostaining using the StemLight kit (Cell Signaling,
9656S) and quantitative reverse transcription PCR (qQRT-PCR) relative
to hUES6 line (Harvard University, RRID: CVCL_B194). Cells were kar-
yotyped by G band staining and pluripotency was evaluated by
embryoid body formation followed by 5 weeks of spontaneous dif-
ferentiation in minimal medium (DMEM-GlutaMax; 10% FBS). Suc-
cessfully reprogrammed clones were frozen and stored in liquid
nitrogen. iPSCs were maintained in feeder-free conditions at 37 °C with
5% CO, and passaged once a week. For passaging, cells were washed
with PBS and incubated with 0.5 mM EDTA (Thermo Fisher Scientific,
15-575-020) for 2 minutes at 37 °C. EDTA was removed and cells were
sprayed with 1mL of StemFlex medium supplemented with 10 mM
ROCK inhibitor (Y27632, Axon Medchem, AXON 1683) to generate
small iPSC aggregates. Aggregates were transferred to Geltrex-coated
dishes in StemFlex medium (Thermo Fisher Scientific, A3349401) with
10 uM Y27632. The following day medium was changed to StemFlex
and subsequently medium was changed every other day. Cells were
tested monthly for potential mycoplasma infection (Lonza Bioscience,
LT07-318).

Differentiation of iPSC-derived human spinal MNs

Two different protocols were used to generate iPSC-derived spinal
motor neurons (hMN). The first protocol was performed as described
previously with minor modifications'. In brief, iPSCs were dissociated
into a single cell suspension in mTeSR1 medium (StemCell Technolo-
gies, 85857) supplemented with 50 mM Y27632 and 300-400 cells
were seeded in microwells to form embryoid bodies (EB) overnight
(ON). The next day, medium was replaced with mTeSR1 containing
50 mM Y27632, 10 mM SB431542 (Axon Biochemicals, AXON1661) and
0.2mM LDN (Miltenyi Biotec, 130103925). At day 3, medium was
changed to neural induction medium (NIM; DMEM-F12, 1% NEAA, 1% L-
Glutamine, 0.5% P/S, 1% N2 supplement, 0.16% D-glucose) containing
10 mM SB431542 and 0.2 mM LDN. Between day 5 and 7 (depending on
EB size), EBs were gently flushed and plated in non-coated petri dishes.
Between days 5 and 7, EBs were cultured in NIM containing 10 mM
SB431542, 0.2 mM LDN, 1 mM retinoic acid (RA, Sigma-Aldrich, R2625))
and 10 ng/mL of brain-derived neurotrophic factor (BDNF, STEMCELL
Technologies, 78005). From days 7 to 16, EBs were kept in NIM sup-
plemented with 1mM RA, 10 ng/mL BDNF and 1mM smoothened
agonist (SAG, Merck Chemicals, 566660). At day 17, medium was
switched to neural differentiation medium (Neurobasal, 1% NEAA, 1% L-
Glutamine, 0.5% P/S, 1% N2 supplement, 2% B27 without vitamin A
supplement, 0.16% D-glucose) containing 1 mM RA, 1 mM SAG, 10 ng/
mL BDNF, 10 ng/mL glial-derived neurotrophic factor (GDNF), 10 ng/
mL ciliary neurotrophic factor (CNTF) (STEMCELL technologies,
78058/78010) and 10 ng/mL IGF-1 (STEMCELL technologies, 78022).
On day 21, EBs were dissociated with papain and DNAse (Antonides,
LK003172 and LK003178) and plated in PDL-laminin (Sigma-Aldrich,
P0899/ 1L2020) coated coverslips in hMN medium (Neurobasal, 1%
NEAA, 1% L-Glutamine, 0.5% P/S, 1% N2 supplement, 2% B27 without
vitamin A supplement) supplemented with 10 ng/ml of BDNF, GDNF
and CNTF. The following day coverslips were transferred to 12-well
plates containing mouse primary glia and were kept in sandwich co-
culture for 12 (DIV12) or 24 days (DIV24). Half medium change was
performed every 3 days. At the start of hMN differentiation, mouse
pups (P2-P3) were sacrificed by decapitation, and whole brains were
isolated in cold glia medium (Alpha-MEM, 1% P/S, 10% FBS, 0.6% D-
Glucose), mechanically dissociated using a 20 G needle and plated in
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15 cmdishes in gliamedium. Mouse glial cultures were passaged once a
week for 3 weeks using Trypsin-EDTA (Thermo Fisher Scientific,
25300062). To create height for the sandwich co-culture paraffin
bumps were made in wells of 12-well plates. After 3 weeks, 36,000 cells
were seeded per well in 12-well plates. At the time of hMN dissociation,
the medium was switched to hMN medium supplemented with 1 mM
SAG for 24 hrs. Before transferring the coverslips with hMN, the
medium was switched to hMN supplemented with 10 ng/ml of BDNF,
GDNF, and CNTF. hMN purity was above 60% as estimated by scRNA-
seq based on multiple markers (ISL1, ISL2, LMO4, FOXP1, and
ALADHI1A2) (see Figs. 1 and Figs. S2). For treatment with sodium
arsenite, a separate protocol previously published elsewhere was fol-
lowed, reported to yield an 80% hMN purity">. Human iPSCs were
plated in 6-well plates and kept in StemFlex medium for 48 hours.
Medium was switched to neural differentiation medium (NDM, DMEM-
F12: Neurobasal (1:1) with 1% P/S, 1% NEAA, 1% L-Glutamine, 1% Sodium
pyruvate, 1% N2 supplement, 2% B27 supplement) supplemented with
ascorbic acid (AA), SB431542, LDN, CHIR99021 (Sigma-Aldrich,
SML1046) (NDM1). From day 7 to 12, NDM2 (NDM supplemented with
AA, cAMP (Sigma-Aldrich, A6885), SB431542, LDN, CHIR, RA, Pur-
omorphine) was added. At day 13, cells were washed once with PBS and
incubated with Dispase (Bio-Connect, 07923) for 3-4 minutes at 37 °C.
Dispase was removed and cells were sprayed with 1 mL of NDM3 (NDM
supplemented with AA, RA, Puromorphine, and cAMP) in order to
obtain small cell clumps. Clumps were then transferred to non-coated
10 cm Petri dishes (2-3 wells of a six-well plate per 10 cm plate) in
NDM3 medium. At day 17, aggregates in suspension were dissociated
with Accutase (Innovative Cell Technologies, AT104) and 120,000
neurons were plated per well in a 12-well plate in NDM4 (NDM sup-
plemented with AA, BDNF, CNTF, GDNF, BrainXcell supplement). hMN
were kept in culture up to DIV9. For every experiment, 3 independent
differentiations were generated per line. hMN from other ALS lines
(ALS-FUS and respective controls) were obtained following the latter
differentiation protocol™* and kept in culture up to DIV7.

Mouse spinal MN cultures

Spinal cord MN cultures were prepared using a modified version of a
published protocol™. In short, E13 embryos were collected and spinal
cords were isolated and transferred to cold DPBS (Thermo Fisher
Scientific, 14190144). Next, spinal cords were trypsinized in 0.1%
trypsin solution (Applichem, A3964) followed by DNAse treatment in
50 pg/mL DNase solution (Applichem, A3778). Cells were seeded at a
density of 60,000 cells/13 mm coverslip coated with 20 pg/mL PDL
(Sigma-Aldrich, P0899) and 10 pg/mL laminin (Sigma-Aldrich, L2020)
in plating medium (High glucose DMEM 1x, 5% FBS, 33 mM glucose, 1%
P/S/A) supplemented with 0.1 ng/mL BDNF, CTNF and GDNF (STEM-
CELL Technologies, 78005/78010/78058). After 24 hours, coverslips
were transferred to a maintenance medium (Neurobasal, 4% B27,
20 mM glucose, 2mM L-glutamine, 2% P/S/A) supplemented with
0.1 ng/mL BDNF, CTNF, and GDNF. Three days after plating, 5 uM AraC
was added to the medium to inhibit glia proliferation. Half of the
medium was refreshed every other day.

Cerebral organoids

Cerebral organoids were generated using a modified version of a
previously published protocol®". In short, iPSCs were dissociated
into a single cell suspension with Accutase (Innovative Cell Technol-
ogies, AT104) and 3.5 x10° cells were seeded per well in an Aggre-
well800 microwell plate (StemCell Technologies, 27865) in 2 mL of
stem cell medium (20% KOSR, 3% FBS, 2 mM L-glutamine, 1% MEM-
NEAA and 7 pl/L 55mM B-mercaptoethanol in DMEM-F12) supple-
mented with 4 ng/mL bFGF (Peprotech, 100-18B) and 48.2 pM ROCK-
inhibitor Y-27632 (Axon Medchem, AXON 1683). After 48 h, EBs were
transferred to ultra-low attachment 96-well plates (Corning, 3474).
Medium was replaced at day 4 by stem cell media without factors and

at day 6 by neural induction medium (1% N2, 2mM L-glutamine, 1%
MEM-NEAA and 0.5 pg/ml heparin in DMEM-F12). At day 13, organoids
were embedded in matrigel (Corning, 356234) and kept in organoid
differentiation medium (0.5% N2, 1%B27 without RA, 2mM L-glutamine,
1% P/S, 0.5% MEM-NEAA, 2.5 pg/mL insulin, -mercaptoethanol, in 1:1
DMEMF12:Neurobasal). Four days later, organoids were transferred to
an orbital shaker (3.5 speed; Sigma Aldrich, Z768545) and organoid
differentiation medium containing B27 with RA. Medium was changed
every 2-3 days. Three batches per line were generated. Each batch had
a minimum of 16 organoids. All experiments were performed with 3
control lines (CTL1, CTL 4, CTL_7) and 2 ATXN2-ALS lines (ALS A,
ALS_B) unless stated otherwise.

Protein extraction and western blotting

Mice were sacrificed by cervical dislocation and dissected tissue was
snap frozen on dry ice and stored at -80 °C. Samples were collected in
ice-cold lysis buffer (20 mM Tris, pH 8, 150 mM NacCl, 10% glycerol, 1%
Triton X-100 and complete protease inhibitor cocktail (Roche)).
Mouse tissue was homogenized using a micropestle and a syringe.
Cells were harvested and lysed directly in the well using a cell scraper.
Lysates were incubated on ice for 10 min and in a rotor at 4 °C for
15 minutes followed by centrifugation at 16,000 rcf for 20 min at 4 °C.
Supernatant was collected and protein concentration determined by
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 10741395).
Western blotting was performed using 50 pg of total protein per lane
and NuPAGE LDS sample buffer (Invitrogen, NPO007) containing 10%
B-mercaptoethanol. Samples were boiled for 5 min at 90 °C, separated
in a NuPAGE 3-8% Tris-Acetate gradient gel (Invitrogen) and trans-
ferred onto a 0.45 um nitrocellulose membrane (Amersham Hybond-C
Extra, GE Healthcare). After blocking with 5% milk powder, 0.01%
Tween 20 in Tris-buffered saline, membranes were incubated ON at
4°C. Blots were probed with peroxidase-conjugated secondary anti-
bodies for 1hour at room temperature (RT) and developed with
SuperSignal West Dura Extended Duration Substrate (Pierce, Thermo
Fisher Scientific). Images were acquired using a FluorChem M imaging
system (Protein Simple). Signal quantification was performed using
Image Studio Lite (LI-COR) software. Individual band intensities were
measured and normalized to ACTINB or TUBB levels.

Soluble and insoluble TDP-43 protein quantification was per-
formed as previously reported*®. In short, spinal cord tissue was
homogenized in RIPA buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl,
1% NP40, 1% Sodium deoxycholate, 0.1% SDS, complete protease
inhibitor cocktail and Phosphatase Inhibitor Cocktail 2 (Sigma-
Aldrich)) using a motorized pestle and a syringe. Lysates were cen-
trifuged at 16,000 rcf for 20 min at 4 °C. After supernatant collection
(soluble fraction), pellets were washed with RIPA buffer and homo-
genized in UREA buffer (30 mM Tris-HCI pH 8.5, 7M Urea, 2M
Thiourea, 4% CHAPS) using a motorized pestle. Lysates were cen-
trifuged at 16,000 rcf for 30 minutes at RT and supernatants were
collected (insoluble fraction). Protein concentration quantification
and blotting were performed as described above using 30 pg of total
protein per lane (soluble fraction) and 10% polyacrylamide gels.
Membranes were blocked with supermix solution (50 mM Tris-HCI
pH 7.4, 0.25% gelatin, 0.9% NaCl, 0.5% TX100) and incubated ON at
4 °C. Blots were probed with fluorescent-dye conjugated secondary
antibodies (AB_621843, LI-COR Biosciences) for 1 hour at RT. Images
were acquired using an Odyssey DLx imaging system (LI-COR Bios-
ciences). Signal quantification was performed using Image Studio
Lite (LI-COR Biosciences) software. Individual band intensities were
measured and normalized to total protein levels using Revert™ 700
Total Protein Stain Kit (LI-COR Biosciences, 926-11010). Primary MN
protein samples were obtained using the same protocol, followed by
vacuum centrifugation until dry and resuspended in MiliQ to increase
protein concentration. 8 ug of total protein were loaded (soluble
fraction). Individual band intensities were measured and normalized
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to ACTINB levels. Uncropped and unprocessed scans of the most
important blots are provided in the Source Data file.

RNA extraction, cDNA synthesis and quantitative RT-PCR

Fresh frozen mice tissue was collected in RNA lysis buffer and total
RNA was isolated using the miRNeasy Mini kit (QIAGEN), according to
the manufacturer’s instructions. To assess transgene levels in mice,
cDNA was synthesized using MultiScribe Reverse Transcriptase
(ThermoFisher). For the other qRT-PCR analyses, cDNA synthesis was
performed using Superscript IV kit according to manufacturer’s
instructions. iPSC and hMN samples were collected in Trizol and briefly
vortexed before storing at —80 °C. For RNA extraction, samples were
thawed on ice and kept at RT for 5 minutes. Chloroform was added
followed by vigorous shaking for 15seconds and high-speed cen-
trifugation (12,000 x g) for 15 minutes at 4 °C. The aqueous phase was
transferred to a new tube and mixed with 1.5 volumes of absolute
ethanol. Samples were loaded onto mRNAeasy mini kit columns and
extraction was performed according to manufacturer’s instructions.
RNA quality and purity were analyzed in a NanoDrop. cDNA synthesis
was conducted using the Superscript IV kit according to manu-
facturer’s instructions. Samples were spiked with 30 ng of C. elegans
RNA to correct for cDNA synthesis efficiency. Quantitative real-time (q)
PCR was performed with FastStart Universal SYBR Green Master (Rox)
in a QuantStudio 6 Flex Real-Time PCR system (Applied Biosystems).
Expression levels were determined using the ddCT method. Expres-
sion levels of target genes were normalized to Gapdh, Hmbs, Hk2 and/
or Thp (mouse tissue), ACTINB and GAPDH (iPSC), TBP and GAPDH
(iPSC-MN), Tbp and Rpl13 (spinal cord microglia) and TBP and RPIl
(organoid microglia) (see Table S15). Microglia homeostatic and
disease-associated (DAM) genes were selected according to a source
study®’.

Tissue fixation and immunostaining

Mice were deeply anesthetized with Euthanimal (Alfasan) and intra-
cardially perfused with ice-cold phosphate buffered saline (PBS, pH
7.4) followed by 4% Paraformaldehyde (PFA) in PBS. Brain, spinal cord
and gastrocnemius muscle were dissected and fixed ON in 4% PFA at
4 °C. Fixed tissue was cryoprotected in 10% sucrose for 24 hours and
then in 30% sucrose at 4 °C until saturation. The tissue was snap-frozen
inisopentane and stored at —80 °C. Brain and spinal cord tissue (20 pm
sections) and gastrocnemius muscle (30 pm sections) were obtained
using a Leica CM1950 cryostat and mounted on SuperFrost Plus slides
(Thermo Fisher Scientific). For some antibodies (see resources table),
antigen retrieval was performed by boiling the sections in 10 mM
citrate buffer, pH 6.0, in a microwave. For diaminobenzidine (DAB)
stainings, endogenous peroxidases were quenched with 0.3% H202 in
PBS-0.5% Triton-X-100 for 30 minutes followed by blocking in 1% BSA,
0.5% Triton-X-100 and 5% normal goat serum (NGS) in PBS for
30 minutes. Primary antibodies were incubated ON at 4 °C in blocking
solution. Sections were incubated with secondary biotinylated anti-
bodies for 1 hour at RT followed by 1 hour incubation in ABC reagent
(Vector Laboratories). Slides were washed in Tris 50 mM, pH7.6, and
developed with DAB reagent (Sigma). Sections were dehydrated in an
Ethanol-Xylene series and mounted in Entallan® New (EDM Millipore).
For immunofluorescent stainings, brain and spinal cord tissue sections
were blocked in 1% BSA, 0.5% Triton-X-100 and 5% NGS in PBS for 1-
2 hours at RT. For gastrocnemius muscle, tissue was first permeabi-
lized for 30 minutes in 2% Triton-X-100 in PBS and then blocked in 3%
BSA, 10% NGS and 1% Triton X-100 in PBS for 1 hour at RT. For TDP-43
immunostaining, blocking was performed with 5% Triton-X-100 to
increase permeability. Primary antibodies were incubated ON at 4 °Cin
blocking buffer. Alexa Fluor-conjugated secondary antibodies (1:400/
1:250 for muscle) were incubated in blocking buffer for 1-2 hours at RT.
Bugarotoxin-488 (1:250) and Hoechst (1:1000, ThermoScientific,
33342) were incubated in blocking buffer for 2 hours at RT. Slides with

muscle tissue were washed six times for 20 minutes in 0.5% Triton-X-
100 in PBS after each antibody incubation. For lumbrical muscle (left
hindlimb), tissue was dissected in ice- cold PBS and fixed in 4% PFA for
10 minutes. Whole muscle was permeabilized for 30 minutes with 2%
Triton X-100 in PBS followed by blocking with PBSGT (0.2% gelatin +
0.5% Triton X-100 in PBS) and ON primary antibody incubation at 4 °C
in PBSGT. Muscles were washed 3 x 30 min with 0.1% Triton X-100 in
PBS (PBS-T) at RT prior to ON incubation at 4 °C with secondary anti-
bodies and Bugarotoxin-488 in PBS. Muscles were washed 3 x 30 min
in PBS-T at RT and mounted on microscope slides in FluorSave
Reagent (Sigma-Aldrich).

Coverslips with human iPSC, hMN or mouse primary MN were
fixed in 4% PFA at 4 °C for 15 minutes and then transferred to PBS and
stored at 4 °C. Samples were blocked using a 10% Normal Donkey
Serum, 3% BSA in 1% Triton-X-100 PBS solution for 30 minutes fol-
lowed by incubation with primary antibodies ON at 4 °C. The following
day, coverslips were washed and incubated with the secondary anti-
bodies for 1 hour at RT.

Organoids were fixed in 4% PFA for 1hour, washed in PBS and
transferred to 30% sucrose solution at 4 °C for at least 24 hours. Next,
organoids were transferred to base molds (M475-1, Simport Scientific),
embedded in O.C.T (23-730-625, Fisher Scientific), snap frozen in iso-
pentane and stored at -80 °C. 20 pum thick sections were obtained as
specified above for mouse tissue. For immunostaining, organoid sec-
tions were blocked in 3% BSA, 1% Triton-X-100 and 10% Normal Donkey
Serum in PBS for 45 minutes at RT. Primary antibodies were incubated
ON at 4 °C in blocking buffer. Alexa Fluor-conjugated secondary anti-
bodies (1:1000) were incubated in blocking buffer for 1 hour at RT.

4,6-diamidino-2-phenylindole (DAPI) or Hoechst (1:1000) were
used to stain nuclei. All slides and coverslips were mounted with
FluorSave reagent (345789-20,VWR), left to dry at RT and
stored at 4 °C.

In situ hybridization

Fresh frozen spinal cord and brain tissue from adult mice were cut in
20 um sections as described above and stored at -80°C. Non-
radioactive in situ hybridization was performed using an alkali-
hydrolyzed digoxigenin-labeled cRNA probe transcribed from
human ATXN2 (355bp fragment corresponding to nucleotides
277-737). The probe was labeled using a DIG RNA labeling SP6/T7 kit
(Roche, Basel, Switzerland). Sections were fixed in 4% PFA for
10 minutes at RT and then acetylated for 10 minutes at RT. Pre-
hybridization was done for 2 hours at RT incubating the slides in
hybridization mix (50% deionized formamide, 5x SSC, 5x Denhardt’s
solution, 250 g/ml tRNA from bakers’ yeast (Millipore Sigma) and
500 mg/ml sonicated salmon sperm DNA). Probes (400 ng/ml) were
incubated at 85 °C for 10 minutes in hybridization mix. Sections were
hybridized ON at 68 °C followed by a quick wash in 2x SSC (68 °C) and
a 2 hour wash in 0.2x SSC (68 °C). Then, sections were blocked with
10% FCS in B1 buffer (0.1 M Tris, pH 7.4, 0.15M NaCl) for 1 hour at RT
and incubated with anti-digoxigenin-AP Fab fragments (1:5000, Roche
Diagnostics) in 1% FCS in B1 buffer ON at 4 °C. Slides were treated with
BCIP and NBT substrates (NBT/BCIP stock solution, Roche Diag-
nostics) in 1x Levamisole (Sigma), 0.1 M Tris, pH 9.5, 0.1 M NaCl, 50 mM
MgCl, at RT. Color reaction was stopped with T10E5 (Tris 10 mM and
EDTA 5mM, pH 8.0) and sections were mounted using Vectashield
(Vector Labs). Sense probes and NTg tissue were used to confirm
specificity. Images were taken on an Axio Imager M2 microscope
(Zeiss) and processed with Image).

Estimation of transgene copy number

Transgene copy number was established by qRT-PCR on genomic DNA
isolated from mouse ear punches using primers amplifying both
human ATXN2 and mouse Ataxin-2. TATA box binding protein (tbp)
and hexokinase 2 (hk2) were used as reference genes (see Table S15).

Nature Communications | (2024)15:7484

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51676-0

DNA samples from 3 mice per genotype were amplified in duplicate in
a QuantStudio 6 Flex Real-Time PCR system (Applied Biosystems)
using FastStart Universal SYBR Green Master (Rox) reaction mix.
Quantification of Ataxin-2 (human and mouse) was calculated using
the AACT method and the comparison between the transgenic lines
and the non-transgenic (NTg) animals was used to estimate copy
number.

Targeted locus amplification

Bone marrow samples were isolated from adult mouse hind limb
bones. Dissected bones were crushed in a small mortar and the dis-
sociated tissue was collected in PBS and centrifuged at 250 rcf for
5min to collect bone marrow cells. The pellet was resuspended in
cryopreserving freezing medium (10% DMSO and 10% FCS in PBS),
frozen at 1°C/min in a cryo-freezing container and stored at -80 °C.
TLA was used to selectively amplify and identify the insertion sites
(Cergentis B.V; The Netherlands)'™. Three primer sets on the transgene
were designed and used in individual TLA amplifications (see
Table S16). PCR products were purified, library prepped using the
Illumina Nextera flex protocol and sequenced in an lllumina sequen-
cer. Reads were mapped using BWA-SW? (version 0.7.15-r1140, settings
bwasw —b 7). Next-generation sequencing reads were aligned to the
transgene sequence and the host reference mouse mmlO genome.
Integration sites were detected based on coverage peaks in the gen-
ome and the identification of fusion-reads between the transgene
sequence and host genome.

Behavioral testing

All behavioral tests were performed on >8 mice per sex and genotype
for each time point. Testing cohorts were age-matched, sex-matched
and composed of mice of different genotypes. The observer was
blinded for the genotype. Mice were weighed weekly. Grip strength
was assessed every 4 weeks using a grip strength meter (Bioseb,
Vitrolles, France). The maximum grip force G was measured 5 times for
each mouse for both front and hind paws. Motor function was tested
every 4 weeks on an accelerating rotarod apparatus (47600 model,
Ugo Basile, Varese, Italy) at four rounds per minute (rpm) to 40 rpm.
The latency to fall (s) was recorded 5 consecutive times in 180 seconds
trials. One day prior to the test, mice were trained 2 times at a low
acceleration mode (4-20 rpm in 120 s) and then three times at high
acceleration mode (4-40 rpm in 180 s), with at least a 15 minutes break
between the two settings. Mice that rotated passively were scored as
fallen.

Spinal cord microglia isolation by magnetic automated cell
sorting (MACS)

Mice were deeply anesthetized with Euthanimal (Alfasan) and intra-
cardially perfused with ice-cold HBSS (14175095, ThermoFisher Sci-
entific) followed by spinal cord collection on ice-cold HBSS. Tissue was
sliced in small pieces using surgical blades and transferred into ice-
cold HBSS. Next, samples were centrifuged for 1 minute, pelleted tis-
sue was dissociated by gentle pipetting and centrifuged again. Pellet
was resuspended in 3mL of Papain (LKO03178, Worthington) and
DNAse (LK003172, Worthington) solution (1 vial Papain, 1 vial DNAse in
6 mL DMEMF12) and incubated for 45 minutes at 37 °C on a shaking
platform (additional DNAse solution was added after 30 minutes).
Next, samples were centrifuged for 10 minutes and pellet was resus-
pended in cold GNK/BSA solution (0.44% glucose, 0.66% BSA in PBS)
followed by transfer to a 100 mm strainer (921008-950, VWR). Filtered
cells were centrifuged for 10 minutes and resuspended in cold GNK/
BSA solution. Next, Percoll gradient was performed by adding 1/3 of
the final volume of Percoll (17-0891, VWR) followed by centrifugation
for 30 minutes at RT. The resulting bottom layer was collected, cold
GNK/BSA solution was added and samples were centrifuged for

10 minutes. All centrifugation steps were performed at 300 rcf at 4 °C
unless specified.

CD11b+ cells were isolated by MACS according to the manu-
facturer’s protocol (130049601, Miltenyi). In short, the pellet was
resuspended in cold MACS (5mM EDTA, 10% FBS in PBS) buffer and
centrifuged for 5 minutes. Single cell suspension was incubated with
CD11b-coated beads (561015, BD Biosciences) for 20 minutes at 4 °C
and magnetic separation was performed by passing cells through a
70um strainer (734-0003, VWR) onto LS columns (130-042-401, Mil-
tenyi Biotec). CD11b+ fraction was collected and centrifuged at 300 rcf
for 10 minutes. Pellets were collected for RNA isolation in lysis buffer.

Cerebral organoid microglia isolation by MACS

Organoids were dissociated into a single cell suspension as previously
described with minor modifications®. In short, 10 to 12 organoids were
washed in DPBS (ThermoFisher, 14190094) and dissociated in 6 mL of
papain/DNAse solution (1 vial Papain, 1 vial DNAse in 6 mL DMEMF12).
Cell suspension was passed through a100 pm strainer before magnetic
isolation of microglial cells. CD11b+ fraction was isolated by MACS, as
described above, and according to the manufacturer’s protocol
(130049601, Miltenyi). Pellets were collected for RNA isolation in lysis
buffer.

Lipopolysaccharide (LPS) treatment of cerebral organoids
Organoids were treated with 100 ng/mL LPS from Escherichia coli
(L4391, Sigma-Aldrich) for 24 hours. Next, microglial cells were iso-
lated by MACS and collected in RNA lysis buffer for qRT-PCR analysis
as described above.

LPS injections

7-months-old mice were intraperitoneally injected with 1 mg/kg LPS
from Escherichia coli (0111:B4, InvivoGen) or PBS. 4.5hours after
injection, mice were deeply anesthetized with Euthanimal (Alfasan)
and intracardially perfused with ice-cold HBSS followed by spinal cord
collection on ice-cold HBSS. Subsequently, microglial cells were sorted
using MACS and collected in RNA lysis buffer for qRT-PCR analysis as
described above. LPS concentration and incubation time were chosen
according to a published study™®.

RNA isolation, library preparation, sequencing, and analysis
Total RNA was isolated from 10-months-old spinal cord samples (n=3
mice per genotype) or 7-months-old spinal cord microglia samples
(n=3 samples per genotype, 3 spinal cords per sample pooled) using
QIAzol Lysis reagent (Qiagen) and miRNeasy mini kit (Qiagen) with
DNA digestion on-column, according to the manufacturer’s instruc-
tions. RNA concentration and integrity was validated using the RNA
6000 Nano Kit on a 2100 Bioanalyser (Agilent), with RNA integrity
(RIN) values for all extractions >7.5. Samples were rRNA depleted and
prepared for sequencing using SMARTer Stranded Total RNA Sample
Prep Kit - HMammalian (Takara), using 350 ng per sample. Library size
and purity control was performed on a 2100 Bioanalyzer using a High-
Sensitivity DNA-Chip (Agilent). Library concentration was measured
using a KAPA Library Quantification Kit (Roche). Prepared libraries
were sequenced on three lanes PE10O with PhiX in lane control on the
HiSeq4000 Illumina platform. Data was filtered and trimmed using
trim_galore (v 0.4.1). Adaptor sequences were removed and added as
part of the strand switching library preparation method used. The
number of filtered reads per sample was between 67-113 M (average of
87M reads/sample). For spinal cord microglia samples, a similar
strategy was followed except for the kit used to prepare samples for
sequencing (SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input
Mammalian (Takara)). Input RNA was 10 ng and the number of filtered
reads per sample was between 63-96 M (average of 72M reads/
sample).
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Total RNA was isolated from DIVI2 human iPSC-derived MN
samples from 5 controls (CTL_1, CTL 2, CTL_4, CTL_S, CTL_6) and 5
ATXN2-ALS (ALS_A, ALS B, ALS_G, ALS_N, ALS_P) lines. RNA (1pg in
5 pl) was isolated and extracted using the RNeasy Micro Kit (Qiagen)
with DNA digestion on-column, according to the manufacturer’s
instructions. RIN was verified in an Agilent 2100 bioanalyzer (Agi-
lent Technologies, Santa Clara, Ca, USA), and only samples with
RIN > 8.0 were used for RNA sequencing. rRNA was depleted using
the Ribo-Zero Magnetic Kit (human/mouse/rat; Epicenter) before
library preparation. Stranded, paired-end sequencing libraries were
prepared (Genome Analysis Facility, Groningen, The Netherlands)
and sequenced in the Illumina HiSeq2500 platform (lllumina, San
Diego, California). On average, sequencing depth was 10 M reads/
sample.

Electrophysiology

Coverslips with human iPSC-derived MN cultures were placed in a
recording chamber and continuously perfused at RT with artificial
cerebrospinal fluid containing 120 mM NaCl, 3.5mM KCI, 1.3 mM
MgS04, 1.25mM NaH2P0O4, 2.5mM CaCl2, 10 mM D-glucose, and
25 mM NaHCO3, gassed with 95% 02 and 5% CO2, pH 7.4. Individual
hMNs were selected for whole cell current clamp recordings using an
upright microscope (Axoiskop, Zeiss). Patch pipettes for recording
were produced from borosilicate glass (1.5mm outer diameter,
0.86 mm inner diameter; Harvard Apparatus Limited; pipette resis-
tance ~4-5MQ) on a P-97 Flaming/Brown micropipette puller (Sutter
Instruments) and filled with pipette solution containing: 140 mM K-
methanesulfonate, 10 mM HEPES, 0.1mM EGTA, 4mM MgATP,
0.3 mM NaGTP, pH 7.4, adjusted with KOH. Whole cell current clamp
recordings were performed using an Axopatch 200B (Molecular
Devices) amplifier. The responses were filtered at 5 kHz and digitized
at 10 kHz using Digidata 1322 A (Axon Instruments, USA). Data was
analyzed using pClamp 9.0 and Clampfit 9.2 (Axon Instruments).
Recordings with a series resistance of less than 2.5 times the pipette
resistance were accepted for analysis. If necessary, with a small
holding current, hMNs were kept at -65 mV before the start of the
current protocol. Cells were depolarized to induce spike trains in
10 steps of 10 nA with an interval of 30 seconds and duration of
500 ms. Hyperpolarizing current steps of —10 nA were included to
study hyperpolarizing membrane properties. Two control (CTL_1,
CTL_6) and 2 ATXN2-ALS (ALS_A, ALS_G) lines were used for elec-
trophysiology experiments.

Single cell RNA sequencing

DIV12 human iPSC-derived MN cultures from 1 control (CTL_ 2) and 1
ATXN2-ALS (ALS_G) line were dissociated with trypsin (Sigma) and
sorted into single wells, where fluorescent-activated cell sorting
(FACS) into 384-well plates was combined with automated single cell
RNA sequencing (SORT-seq pipeline). RNA was extracted by 2x heat
lysis (65 °C) in 384 well and immediately used for downstream single-
cell RNA sequencing reactions (Celseq2) as previously described"”"$,
Material was purified using Ampure beads (Beckman Coulter,
#A63881) and amplified by in vitro transcription ON using the MEGA-
script T7 transcription kit (ThermoFisher Scientific, # AMB1334).
Amplified RNA was measured using the Agilent RNA 6000 pico chips
(Agilent # 5067-1513), reverse-transcribed using random hexamer pri-
mers that introduce Truseq Small RNA kit RP1 primer binding sites
(Illumina) and finally converted into DNA libraries using custom rpi
primers (RNA PCR Primer Index) adapted from the Truseq Small RNA
kit (Illumina). 96 cells were pooled to generate a single library. Fol-
lowing two rounds of Ampure bead clean up and quality control using
the Agilent High Sensitivity DNA Kit (5067-4626), paired-end
sequencing of libraries was performed by Nextseq500 (USEQ, Life
Sciences faculty, Utrecht University).

Scanning electron microscopy

DIVI2 human iPSC-derived MN cultures were fixed using 4% PFA fol-
lowed by serial dehydration by incubation steps of 15 minutes in 12.5%
EtOH/PBS, 25% EtOH/PBS, 50% EtOH/PBS, 75% EtOH/H,0, 90% EtOH/
H,0, 100% EtOH, followed by incubation in 50% EtOH/50% hexam-
ethyldisilizane (HDMS) and finally 100% HDMS. Samples were moun-
ted onto aluminum specimen mounts (Agar Scientific), followed by
coating with 4 nm gold using a Quorum QI5SOR S Rotary-Pumped
Sputter Coater. Samples were examined with a FEI Nova NanoSEM
200 scanning electron microscope operated with an accelerated vol-
tage of 10 kV at a magnification of 7500x using a Phenom Pro desktop
scanning electron microscope and Pro Suite software (PhenomWorld).
3 control (CTL.1, CTL 3 and CTL_6) and 4 ATXN2-ALS (ALS A, ALS G,
ALS N, ALS P) lines were used.

SGs analysis

DIV9 human iPSC-derived MNs plated on coverslips were transferred
into new plates containing fresh NDM medium with 0.5 mM sodium
arsenite for 60 minutes. After 60 minutes, coverlips were either fixed
or transferred back into the initial wells containing NDM4 for another
120 minutes. Experiments with ATXN2-ALS lines were performed in 3
control (CTL_1, CTL_3, CTL 4) and 4 ATXN2-ALS lines (ALS_A, ALS B,
ALS_G, ALS P), and 3 independent differentiations were performed per
line. Experiments with FUS-ALS lines were performed in 2 control
(CTL_1.2 and CTL_4) and 2 FUS-ALS lines (FUS2 and FUS2/2) in DIV7
cultures.

At day 7 after plating (DIV7), primary MN cultures were treated
with 0.05 mM sodium arsenite for 30 and 60 minutes in a maintenance
medium supplemented with 0.1 ng/mL BDNF, CTNF, and GDNF. After
30 or 60 minutes, coverslips were either fixed or transferred to fresh
medium for another 120 minutes. 3 independent experiments per line
were performed. Each culture contained 3-5 pooled E13.5 embryo
spinal cords.

Seahorse

Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were analyzed in a XF24-3 Extracellular Flux Analyzer (Seahorse
Biosciences). Human iPSC-derived MNs from ATXN2-ALS lines (and
respective controls) were plated in 24-well V7-PS plates (Seahorse
Biosciences) at a density of 150,000 cells per well and used at
DIV12. Human iPSC-derived MNs from FUS-ALS lines (and respective
controls) were plated at a density of 350,000 cells per well and used
at DIV7. Primary MNs were plated at a density of 70,000 cells per
well and cultured for 7 days. Two wells from each plate were left
blank as background controls. For measurements, cells were gently
rinsed with 0.5 ml/well assay medium (20 mM glucose, 2 mM gluta-
mine, 0.5mM NaOH), put into fresh assay medium for at
least 30 minutes, and assayed. For OCR analysis, three baseline
recordings were made, followed by sequential injection of the ATP
synthase inhibitor oligomycin, the mitochondrial uncoupler p-tri-
flouromethoxyphenylhydrazone, and the mitochondrial complex 1
inhibitor rotenone and complex 3 inhibitor antimycin. For ECAR ana-
lysis, three baseline recordings were made, followed by sequential
injection of glucose, oligomycin, and 2-Deoxy-D-glucose (2-DG). After
each assay, individual wells were examined to ensure major cell death
did not occur during the assay and cells remained evenly distributed.
Wells that did not fulfill these criteria were excluded for the analysis.
Raw oxygen consumption rate and extracellular acidification rate
values were used to calculate different bioenergetic parameters as
described previously™®'* and according to the manufacturer’s guide-
lines. For ATXN2-ALS experiments, 3 control (CTL_1, CTL_2, CTL 4) and
2 ATXN2-ALS (ALS_P and ALS N) lines were used. For FUS-ALS experi-
ments, 2 control (CTL 1.2 and CTL 4) and 2 FUS-ALS lines (FUS2 and
FUS2/2) were used.
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Quantification and statistical analysis

General statistical analysis. Statistical analysis was performed in
GraphPad Prism version 9.1.2. (except for the scRNA-seq, RNA-seq and
behavioral analysis). Datasets were tested for normality and differ-
ences in variance between groups to determine the appropriate sta-
tistical test. Tests applied for each experiment are stated in the figure
legends as well as N. A test was considered significant when P < 0.05
unless specified otherwise. All statistical significance was ranked as the
following: *P< 0.05; ** P<0.01; and ** P<0.001.

Behavioral analysis. Statistical analysis for animal behavioral assays
was carried out using R software (http://www.r-project.org). General-
ized (non-)linear mixed models were used to account for repeated
measurements and other sources of correlation within the longitudinal
data and to provide a correct model in case of missing data. For the
behavioral analysis, body weight and sex were used as covariates.
Survival and offspring genotype ratios were analyzed with GraphPad
Prism 9.0 (GraphPad Software Inc). Kaplan-Meier curves were com-
pared with the Log-rank (Mantel-Cox) test for the survival analysis.
Chi-squared test was used to compare the observed offspring geno-
type ratios with the expected ratios.

Image analysis

All image analysis was performed using ImageJ/FIJl and blinded for the
genotype or experimental condition. For the mouse histological ana-
lysis, n >3 mice per genotype per time point were included and both
male and female mice were used, unless stated differently. For MN
counting, n >10 spinal cord sections (L1-L6) per animal were imaged
with an Axio Imager M2 microscope (Zeiss). CHAT" neurons with a
clear nucleus were manually counted. Gastrocnemius muscle NMJ
were imaged with a FV1000 Olympus confocal microscope. Maximum
intensity projections of z-stack images (1.00 pm interval) of at least
n>10 NMJ post synapses were analyzed as previously described?. In
brief, maximum intensity projections of AChR clusters stained by BTX
were thresholded and outlined with the “create selection” tool and the
area was measured. The endplate area was measured consecutively by
subtracting the background (rolling ball radius at 50.0 pixels) and
using the “create selection” tool to delimit the endplate. Lumbrical
muscle NMJ were imaged using Axio Imager M2 (Zeiss) microscope
with x10 objective and were counted manually (BTX stained). For
measurements of post-synaptic AChR (BTX stained) area/perimeter, all
postsynaptic endplates were imaged using Olympos FV1000 confocal
microscope with x40 objective through the thickness of the muscle
containing NMJs and maximum intensity projections of the z-stacks of
images were used for measurements. NMJs with entire structure visible
(‘en-face’; as described elsewhere'?) were selected for measurement
using at least 60 NMJs per mouse. The images were then processed
with FIJI software as follows, Images were made 8-bit (Image-Type-8-
bit), tresholded (Image-Adjust-Treshold-Default), NMJs selected and
measured (area/perimeter). For measurement of presynaptic-
postsynaptic (SV2/2H3-BTX) ‘overlap’, NMJs with clearly visible pre-
synaptic axons and ‘en-face’ NMJ structure were imaged with Zeiss
LSM880 confocal microscope using x63 objective using following
settings—8 bit depth, 512 x 512 frame size and 2 zoom, with sequential
image acquisition to minimize bleed through. All image analysis was
performed on maximum intensity projections of the z-stacks, using FIJI
software following workflow of NMJ-morph platform described
previously? and ‘overlap’ of SV2/2H3 staining and AChR (BTX) staining
was quantified on at least 15 NMJs per mouse. Lumbrical muscle
quantifications were performed in male mice.

For PC density quantification, midsagittal cerebellum sections
were imaged using an Axio Imager M2 microscope (Zeiss). 5 x 16-bit
images were sharpened and background was subtracted. Next, images
were thresholded using Yen AutoThreshold and converted into a
mask. For cell counting, images were randomized and blinded and

CALB+ cells were counted using the cell counter plugin in Fiji. Lobule
perimeter was quantified by manually drawing a line on the PC layer.

To analyze TDP-43 mislocalization in the spinal cord and hMNs
(same control and ATXN2-ALS lines as for SGs analysis were used, as
specified before), z-stack images (1.0 pm interval for hMN; 1.5 pum
interval for spinal cord sections) were acquired on a FV1000 Olympus
confocal microscope. Relative TDP-43 expression in nucleus and
cytoplasm was quantified in maximum intensity projections images by
measuring integrated intensity (IntDen) of the separate compartments
after manually delineating their respective area. The same images were
used to manually determine the soma size by manually delineating the
area in a blinded fashion.

SGs were visualized by immunocytochemistry for PABP. To
determine the percentage of neurons containing SGs, coverslips were
imaged using a Zeiss AxioScopeAl fluorescence microscope and
manually quantified in a blinded fashion. For analysis of the area and
number of granules per neuron, cells were imaged in a FV1000
Olympus confocal microscope. Z-stacks were obtained and images
were quantified using the particle analyzer function on FIJI. Briefly,
z-stacks were transformed into maximum intensity projection, and
turned into 8-bitimages. Then background subtraction was performed
followed by sharpening. Lastly, pictures were tresholded using the
AutoThreshold function (MaxEntropy for ATXN2/CTL hMN; Inter-
modes for primary MN; Shanbhag for FUS/CTL hMN), converted into a
mask and analyzed using particle analyzer (0.1-4 pm). For quantifica-
tion of the number of SGs per MN, cells were selected manually, and
the steps described above were performed for each individual neuron.

Neurite damage was assessed based on the degree of structural
disruption observed in SEM images as previously described"*'>,
Quantitative analysis of neurite damage was performed using ImageJ
software. For each condition (control vs ALS), at least 15 fields of view
were randomly selected and neurons were analyzed (n =15 for control,
n=42 for ALS). The extent of neurite damage was measured and
quantified as a percentage of total damaged neurites per viewfield.

To assess inflammation, images of n > 15 ventral horns (gray area)
of the spinal cord were taken with a Zeiss AxioScopeAl fluorescence
microscope. Ventral horns were manually delimited using the selection
tool. GFAP mean gray value was measured after background subtrac-
tion and IBAI" area was measured after image thresholding. To calcu-
late microglial cell density (cells/mm?), IBA1" cells and nuclei were
manually counted and the area of the ventral horn was measured. For
the spinal cord microglia morphological analysis, n>25 IBA1* cells
were measured. Images were thresholded and circularity of the cells
was measured after the cell perimeter was delimited with the “create
selection” tool. Microglia roundness was measured by first applying a
mask to the images (unsharp, radius 5 and mask 0.7) followed by a
despeckle filter. Next, threshold was manually set to cover all IBA1+
cells and the “Analyze particles” function was used. Cells bigger than
10 pm and with a visible nucleus (excluding cells on the edge of the
image) were selected from the ROl Manager (fragmented ROIs were
combined with the OR command) and used for analysis using the
“Measure” function with shape descriptors as parameters. n > 60 IBA1+
cells per animal were analyzed. For the organoid microglia morphol-
ogy analysis, n>100 IBA1" cells from n>3 organoids per line were
assessed. Morphology categories were defined prior to the analysis
and cells were blindly assigned to each category.

Spinal cord (microglia) RNA-seq. Filtered reads were mapped to the
mouse genome (mm10) using Tophat2 and quantified with feature-
Counts software using gene annotation from Gencode release M19.
Counts were normalized and differential expression analysis was per-
formed using DESeq2 in R with an FDR < 0.05. All plotting was done in
R. For the spinal cord dataset, GSEA was performed following author’s
guidelines'*. Default parameters from the website tool were used and
gene lists were mapped against MSigDB hallmark mouse collection
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(2022.1 Mm version). Differential exon usage between groups was
tested using DEXSeq as previously described” with an FDR < 0.1. For
the spinal cord microglia dataset, GO analysis was performed using
metascape platform'®,

Human iPSC-derived MN RNA-seq. Reads (2x100 bp) were demulti-
plexed and converted to FASTQ format using CASAVA software from
lllumina. FASTQ files were mapped to the hgl9/GCh37 reference
human genome (iGenomes) with TopHat2 (version 2.0.13)50, using the
‘fr-firststrand’ option for strand orientation to generate BAM-
formatted genomic coordinates. Count data for genes were analyzed
in R using the Bioconductor package edgeR version 3.12.152 with the
trimmed mean of M323 values (TMM) normalization method 53.

A generalized linear model was used to test the null hypothesis of
absence of differential expression between the two groups. Gene
expression levels were corrected for sex effect by including sex as a
covariate in the model. P values adjusted for multiple testing were
calculated using Benjamini Hochberg false discovery rate (FDR) and
only genes at FDR < 0.05 were considered significantly differentially
expressed. Volcano plots and expression MA scatter plots were gen-
erated in R using the ggplot2 library. DEGs at FDR < 0.1 were entered
into the GO-term R package goseq54 to correct for bias due to tran-
script length. Gene set tests were conducted using the fry function55
that runs an infinite number of rotations to test whether a set of genes
is differentially expressed by assessing the entire set of genes as
a whole.

Human iPSC-derived MN sc RNA-seq. Quantification of paired-end
reads was performed as previously described” with the following
exceptions. Reads that did not align, or aligned to multiple locations
were discarded (MapAndGo). RacelD2 was used to analyze the single
cell transcriptome data'®. Unique molecular identifier (UMI) corrected
reads were used to exclude PCR artifacts during library preparation'’.
Cells with less than 10,000 unique reads were filtered out; 306 (out of
384 cells) passed our filtering criteria, yielding a median of 20,434
unique reads and ~6000 genes per cell. Overall our database encom-
passed 16,846 genes. For cluster analysis, lowly expressed genes were
excluded; only genes expressed in multiple cells and with at least five
molecules detected in one cell were used for cluster analyses (5478
genes in total). Gap statistics were used to define an optimal number of
six clusters, which were revealed using K-means clustering of the
Pearson correlation of the whole transcriptome of cells. MN, inter-
neuron, and progenitor clusters were assigned based on marker gene
expression.
Resources table

Mouse anti-SMA Sigma-Aldrich  Cat#A2547; AB 476701

Rabbit anti-AFP ProteinTech Cat#14550-1-AP;RRID:AB 2223933
Mouse anti-Calbindin- Sigma-Aldrich  Cat# C9848; RRID:AB_476894
D-28K

Rat anti-Ctip2 Abcam Cat# ab18465, RRID:AB 2064130
Chicken anti-MAP2 Abcam Cat# ab92434, RRID:AB 2138147
Chicken-anti-Vimentin Sigma-Aldrich  Cat# ab5733, RRID:AB 11212377

Rabbit-anti-PAX6 ThermoFisher Cat#42-6600, RRID:AB 2533534

Mouse-anti-NF-H (SH3) Dshb Cat# ab531793, RRID N/A
Mouse-anti-SV2 Dshb Cat# SV2, RRID:AB 2315387
StemLight™ Pluripotency  Cell Signaling  Cat#9656S, RRID N/A
Antibody kit

anti-a-Bungarotoxin, Alexa ThermoFisher Cat#B13422, RRID N/A
Fluor™, 488

Donkey anti-mouse Alexa ThermoFisher Cat#A10037, RRID:AB_2534013
Fluor™, 568

Donkey anti-mouse Alexa ThermoFisher Cat#A31570, RRID:AB_2536180
Fluor™, 555

Donkey anti-mouse Alexa ThermoFisher Cat#A21202, RRID:AB_141607
Fluor™, 488

Donkey anti-rabbit Alexa  ThermoFisher Cat#A10042, RRID:AB_2534017
Fluor™, 568

Donkey anti-rabbit Alexa  ThermoFisher Cat#A21206, RRID:AB_2535792
Fluor™, 488

Donkey anti-goat Alexa ThermoFisher  Cat#A11055, RRID:AB_2534102
Fluor™, 488

Goat anti-rabbit Alexa ThermoFisher Cat#A11034, RRID:AB 2576217
Fluor™, 488

Goat anti-mouse Alexa ThermoFisher Cat#A11032, RRID:AB_2534091
Fluor™, 594

IRDye 800CW Goat anti-  LI-COR Cat# 926-3221;RRID;AB_621843
Rabbit Biosciences

Secondary biotinylated

antibodies

Horse anti-goat, Vector Cat# BA-9500, RRID:AB 2336123

Biotinylated Laboratories

Goat anti-mouse, Vector Cat# BA-9200, RRID:AB_2336171
Biotinylated Laboratories

Anti-digoxigenin-AP Fab Roche Cat#11093274910,

fragments Diagnostics RRID:AB_2313640

Biological samples

RNA from C. elegans Mike Boxem N/A

RNA from hUES6 cell line
(RRID: CVCL B194)

Niels Gijsen N/A

Chemicals, peptides, and recombinant proteins

Fisher Cat# 11963203

Scientific

Sodium Arsenite

CD11b microbeads, human Miltenyi Biotec Cat#130-049-601
and mouse

Lipopolysaccharides (LPS) Sigma-Aldrich ~ Cat#L4391
from Escherichia coli

REAGENT or RESOURCE SOURCE IDENTIFIER OLLLB4 strain .
Ultrapure LPS from Escher- InvivoGen Cat#tlrl-3pelps
Antibodies ichia coli 0111:B4 strain
Mouse anti-Ataxin-2 BD Biosciences Cat#611378; RRID: AB 398900 Critical commercial assays
Mouse anti-B-actin Sigma-Aldrich  Cat#A5316; RRID:AB 476743 Seahorse XF Cell Mito Agilent Cat#103015-100
Goat anti-ChAT RnD systems __Cat#AF3447; RRID:AB 2079603 Stress TestKit .
Rabbit anti-GFAP Abcam Cat#ab7260; RRID:AB 305808 K‘;g“;KiFCA Protein Ui ey CErEhas
Rabbit anti-IBA1 Wako Cat#019-19741; RRID:AB 839504 MycoAlert Mycoplasma A Cat#LT07-318
Rabbit anti-TDP-43 ProteinTech Cat#10782-2-AP; AB 615042 detection kit Bioscience
Rabbit anti-FUS Sigma-Aldrich  Cat#HPA008784;RRID:AB 1849181 Revert 700 Total Protein  LI-COR Cat#926-11010
Mouse anti-ISLET1 Hybridoma  Cat#40.2D6; RRID:AB 528315 Stain Kit Biosciences
Bank DIG RNA labeling kit Roche Cat#1175025910

Mouse anti-TUJ1 Covance Cat#MMS-435P; RRID:AB 2313773 ~SPO/T7)

A A . . K K SMARTer Stranded Total  Takara Bio Cat#634873
Rabbit anti-TUJ1 Sigma-Aldrich  Cat#T2200; RRID:AB 262133 RNA Sample Prep kit-HI
Mouse anti-TUJ1 Biolegend Cat#801201; AB 2313773 Mammalian
Mouse anti-TUJ1 Sigma-Aldrich  Cat# T8328, RRID:AB_1844090 miRNeasy mini kit Qiagen Cat#217004
Mouse anti-B-Tubulin Sigma-Aldrich  Cat#T5168; RRID:AB 477579 miRNeasy micro kit Qiagen Cat#217084
Rabbit anti-PABP Abcam Cat#ab21060; RRID:AB_777008 Experimental models: Cell lines
Mouse anti-G3BP Abcam Cat#ab56574; AB 941699 iPSC cell line: CTL_1 This paper N/A
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iPSC cell line: CTL 1.2 This paper N/A
iPSC cell line: CTL_ 2 This paper N/A
iPSC cell line: CTL 3 This paper N/A
iPSC cell line: CTL 4 This paper N/A
iPSC cell line: CTL 6 Ormeletal. ® N/A
iPSC cell line: CTL_7 This paper N/A
iPSC cell line: CTL 13 This paper N/A
iPSC cell line: NL1 Meyer et al.’”  N/A
iPSC cell line: NL2 Meyer et al. ' N/A
iPSC cell line: ATXN2-ALS-A This paper N/A
iPSC cell line: ATXN2-ALS-B This paper N/A
iPSC cell line: ATXN2-ALS-G This paper N/A
iPSC cell line: ATXN2-ALS-N This paper N/A
iPSC cell line: ATXN2-ALS-P_This paper N/A
iPSC cell line: ND12099 Shi et al. ' N/A
iPSC cell line: ND06769 Shi et al. '*® N/A
iPSC cell line: ND10689 Shi et al. ' N/A
iPSC cell line: CS29 Cedars-Sinai CS29iALS-C9nxx
iPSC cell line: FUS2 Nauﬁjock et N/A
al.'”
iPSC cell line: FUS2/2 Guo et al. * N/A
Experimental models: Organisms/strains
Mouse: C57BL/6 ) (JAX® Charles River ~ Cat#632
Mice Strain) Laboratories
Mouse: TDP-43¥37V BAC  Jackson Cat#JAX029266
knock-in Laboratory
Mouse: ATXN2%/* This paper N/A
Mouse: ATXN2% This paper N/A
Mouse: ATXN2%¥*; TDP-  This paper N/A
43M337V/+
Mouse: ATXN2%¥*; TDP-  This paper N/A
43M337V/+
Oligonucleotides
Genotyping and ATXN2 This paper N/A
polyQ length primers
(Table S14)
TLA primers (Table S15) This paper N/A
RT-qPCR primers This paper N/A
(Table S16)
Software and algorithms
Fiji version 2.0.0-rc-69/ Fiji RRID:SCR_002285. https://imagej.
1.520 & version 1.53f51 net/Fiji
Graphpad Prism ver- GraphPad RRID:SCR_002798. https://www.
sion 9.1.1 Software graphpad.com/
trim_galore version 0.4.1  Babraham https://www.bioinformatics.

Bioinformatics

babraham.ac.uk/projects/trim_
galore/

Tophat2 version 2.0.13 Johns Hopkins  http://ccb.jhu.edu/software/
University CCB tophat/index.shtml
R-Studio R project for  https://www.r-project.org/
statistical
computing
MapAndGo github https://github.com/anna-alemany/
transcriptomics/tree/master/
mapandgo
DESeq2 (versionXXX)
GO-term R package
(goseq54)
RacelD2

BWA-SW? version 0.7.15-
1140, settings bwasw -b 7

Bioconductor package Bioconductor  https://bioconductor.org/

edgeR version 3.12.152 packages/release/bioc/html/
edgeR.html

CASAVA software zhanglabtools http://zhanglabtools.org/CASAVA

Gene Set Enrichment Ana- Broad Institute https://www.gsea-msigdb.org/

lysis GSEA 4.3.2 gsea/index.jsp

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RNA-seq and single cell RNA-seq data have been deposited at GEO and
are publicly available as of the date of publication. Accession numbers
are as follows: GSE224578 (iPSC hMN RNAseq), GSE224580 (Mouse
spinal cord RNAseq), GSE224581 (Mouse spinal cord microglia RNA-
seq), GSE224582 (iPSC hMN single cell RNAseq).Given their complexity
and diversity microscopy data are available on request. Source data
are provided with this paper.
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