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SUMMARY

C9orf72 repeat expansions cause inherited amyotrophic lateral sclerosis/frontotemporal dementia
(ALS/FTD) and result in both loss of C9orf72 protein expression and production of potentially
toxic RNA and dipeptide repeat proteins. In addition to ALS/FTD, C9orf72 repeat expansions
have been reported in a broad array of neurodegenerative syndromes including Alzheimer’s
disease. Here we show that C9orf72 deficiency promotes a change in the homeostatic signature in
microglia and a transition to an inflammatory state characterized by an enhanced type | IFN
signature. Furthermore, C9orf72-depleted microglia trigger age-dependent neuronal defects, in
particular enhanced cortical synaptic pruning, leading to altered learning and memory behaviors in
mice. Interestingly, C9orf72 deficient microglia promote enhanced synapse loss and neuronal
deficits in a mouse model of amyloid accumulation, while paradoxically improving plaque
clearance. These findings suggest that altered microglial function due to decreased C90rf72
expression directly contributes to neurodegeneration in repeat expansion carriers independent of
gain of function toxicities.
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Loss of C9orf72 in microglia changes their transcriptional profile to an enhanced Type 1 IFN
signature. Consequently, activated microglia participate in enhanced synaptic pruning, leading to
neuronal dysfunction and subsequent deficits in learning and memory in mouse models of
ALS/FTD and AD.

Keywords

Amyotrophic Lateral Sclerosis; Frontotemporal dementia; Alzheimer’s Disease; C90rf72,
microglia; neurodegeneration

INTRODUCTION

Expansion of a noncoding hexanucleotide repeat (GGGGCC) in C90rf72is the most
common genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD) (Renton et al., 2011, DeJesus-Hernandez et al., 2011). Both diseases are
characterized by degeneration of motor neurons of the motor cortex and spinal cord (ALS)
and cortical neurons of the frontal and anterior temporal lobes (FTD). It is now widely
accepted that ALS and FTD exist as a spectrum disease and share hereditable genetic causes
and aggregation pathologies (Gitler and Tsuiji, 2016). The high prevalence of the C9orf72
mutation in both neurodegenerative disorders has led to concentrated efforts in identifying
causative mechanisms of neuronal damage and death. Depending on promoter usage, the
repeat expansion can be transcribed into RNA species and translated to produce dipeptide
repeat (DPR) proteins that accumulate in neurons and cause gain-of-function toxicity
(Taylor et al., 2016). However repeat expansions also decrease C9orf72 gene expression at
the RNA (DeJesus-Hernandez et al., 2011, Jackson et al., 2020) and protein level (Viode et
al., 2018), indicating that haploinsufficiency may contribute to the disease pathogenesis
analogous to progranulin (GRN) deficiency related FTD (Baker et al., 2006). In the context
of ALS/FTD, recent reports showed that loss of C9orf72 exacerbates autophagic and
lysosomal trafficking defects and synergizes with DPR proteins accumulation and toxicity
leading to cell death (Abo-Rady et al., 2020, Boivin et al., 2020, Zhu et al., 2020), further
implicating a dual-hit pathogenic mechanism.

C9orf72is widely expressed, including in peripheral myeloid cells and microglia (Rizzu et
al., 2016), and loss of C9orf72in mice leads to enhanced pro-inflammatory responses and
lysosomal accumulations in peripheral myeloid cells and microglia (Atanasio et al., 2016,
O’Rourke et al., 2016, Sudria-Lopez et al., 2016). In addition, C9orf72"~ myeloid cells
showed diminished degradation of the stimulator of interferon gene (STING) protein leading
to chronically elevated type | interferon responses in C9orf72 ALS/FTD mouse models and
patients (McCauley et al., 2020), and inflammation in these mice is highly dependent on the
environment and gut microbiome (Burberry et al., 2020). However, the specific impact of
decreased C9orf72 expression on brain microglial function and its potential role in
neurodegeneration remains unknown. Here, we show using bulk and single-cell RNAseq
(scRNAseq) that loss of C9orf72 directly alters the transcriptomic profile of microglia,
intrinsically altering the expression of activated response microglia (ARM) and interferon
response microglia (IRM). Furthermore, contrary to prior reports that the knockout mice are
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neurologically normal, aged C90rf727'~ mice showed aberrant neuronal morphology,
enhanced complement-mediated cortical synaptic loss, and learning and memory deficits.
Enhanced synapse loss was recapitulated when C9orf72was selectively absent from
microglia in both neuron-microglia co-cultures and in Corf72fl/fl:Cx3cricret+ mice where
C9orf72is selectively depleted in myeloid cells. Finally, microglia lacking C90rf72 drove
premature synapse loss and enhanced learning and memory deficits in the 5XFAD model of
Alzheimer’s disease (AD), while unexpectedly reducing amyloid accumulation through
enhanced plaque clearance. These results reveal a cell autonomous role for C9orf72in
normal microglial function and maintenance of synaptic integrity in the brain.

C9orf72 deficient microglia show altered transcriptional signatures and an enhanced
inflammatory state

While some studies using a LacZ reporter mouse suggested microglia do not express
C9orf72 (Langseth et al., 2017, Suzuki et al., 2013), we observed C9orf72 protein
expression in acutely isolated microglia (Figure S1A,B), in agreement with studies showing
C9orf72 mRNA expression in microglia (Zhang et al., 2014). C9orf72 protein expression in
microglia is comparable but slightly lower than bone marrow derived macrophages
(BMDM) which show a variety of altered inflammatory responses when lacking C9orf72
(O’Rourke et al., 2016) (Figure S1A,B). Presumably the discrepancy between our findings
and previous studies is because the LacZ reporter used in those studies spliced only to exon
1a, and not exon 1b (Langseth et al., 2017). We observed in published cell type specific
RNA-seq (Zhang et al., 2014) that neurons, oligodendroglia and astrocytes used exon 1a and
1b, while microglia used exclusively exon 1b and therefore would not generate LacZ
containing transcripts (Figure S1C,D). This is consistent with the fact that microglia rarely
manifest DPR pathology or RNA foci, since these require transcription of exon 1a upstream
of the repeat expansion (Saberi et al., 2018, Mackenzie et al., 2013, DeJesus-Hernandez et
al., 2017, Mizielinska et al., 2013, Gendron et al., 2013).

To investigate how loss of C9orf72alters microglial function, we first performed RNAseq on
pooled Cd11b+ isolated microglia from young (3-month) or aged (17-month) C9orf72+*,
C9orf72*~ and C9orf727~ mice. Principal component analyses (PCA) showed all genotypes
clustered together at 3 months but C90rf727~ mice separated from C90rf72"'* and
C9orf72"~ animals at 17 months (Figure 1A). To further characterize dysregulated gene
expression in C9orf72 deficient microglia, we analyzed 13 differentially regulated gene
modules previously defined via weighted gene correlation network analysis (WGCNA)
across multiple mouse models of neurodegeneration (Rexach et al., 2020). This revealed
significant upregulation of a single gene expression module at 3 months of age in the
C9orf727!~ microglia that was upregulated in both C90rf72'!~ and C90rf727!~ microglia at
17 months (Figure S1E). Genes in this module included 7remZ2 Tyrobp, components of the
inflammasome (//1b, Pycarad), and endolysosomal components involved in MHCII antigen
presentation (Ctss, CD74) (Figure S1F) suggesting that C9orf72 plays a key role in antigen
presentation and inflammation in microglia.
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Recent studies using single cell RNAseq have revealed distinct homeostatic and activation
states of microglia in both healthy aging and disease (Friedman et al., 2018, Krasemann et
al., 2017, Keren-Shaul et al., 2017, Sala Frigerio et al., 2019). Bulk microglia RNAseq
showed that homeostatic microglia markers including P2ry12, Ccr5, and Gpr34 were
decreased in aged C90rf727/~ compared to wild-type (WT) microglia, as were markers of
ARM (Clec7, Cst7, SppI) (Figure 1B,C; Figure S1G,H). By contrast, markers of IRM
(Isg15, Ifit27, Oasla, Stat?) (Sala Frigerio et al., 2019) and cytokines (//1b, //10) were
elevated (Figure 1D,E; Figure S11). Of note, C90rf72"'~ microglia did not show any
significant differences in these gene signatures. To determine if these relatively subtle
changes in the bulk C9orf727~ microglia transcriptome were due to an averaged change in
all microglial cells, or an alteration in subsets of microglial populations, we performed
single-cell RNAseq (scRNAseq) of acutely isolated microglia from cortex of 12-month-old
CYorf72*™*, C90rf72"'~ and C90rf727'~ mice. A total of 30,872 cells were sequenced (all
genotypes) at comparable sequencing depths of ~60,000 reads per cell. On average, 3,430
cells were sequenced per genotype with a median of 2,698 genes identified per cell (Table
S1). To identify transcriptionally distinct microglial subpopulations, an initial clustering was
performed to identify, curate, and remove contaminating non-microglia cells from further
analysis (Figure S2A-D; Table S1).

Clustering analysis of all microglial cells revealed sixteen microglial subpopulations across
all genotypes (Figure 1F). Gene expression analyses showed canonical microglial genes
(TMEM119, P2ry12 and Trem2) were highly expressed by most of the analyzed cells
(Figure S2E). Distinct microglial clusters were identified that were enriched in ARM genes
(Cluster 11, Clec7a, Itgax, Apoe, and Cst7), and IRM genes (Cluster 13, /fit1, Ifit2, 11204,
and /sg15) (Sala Frigerio et al., 2019) (Figure 1G,H). The proportions of microglia in these
clusters were not significantly different between genotypes (Table S2). Unsupervised cluster
marker discovery revealed 96 enriched genes in Cluster 11 (ARM) and 86 enriched genes in
Cluster 13 (IRM) (Table S2). These two gene lists were then used to assign ARM and IRM
module scores to each cell (Table S2, Figure S2F) and compared across genotypes. Module
score analyses revealed an overall decrease in the ARM module score in both C9orf72~
and C9orf727~ animals (Figure 11,K, Figure S2G) and an overall increase in the IRM
module score (Figure 1J,L, Figure S2H). These data confirm observations from the pooled
microglia RNAseq (Figure 1C,D; Figure S1H,1) indicating that C90rf727/~ mice show
decreased ARM and increased IRM signature gene expression.

Given the upregulation of IRM signature gene expression in C9orf727/~ microglia, and our
recent findings on impaired lysosomal degradation of critical driver of type I interferon
response protein STING in C90rf727'~ myeloid cells (McCauley et al., 2020), we examined
whether isolated C90rf727~ microglia also show changes in type | interferon responses and
downstream interferon-stimulated genes (ISGs). Similar to peripheral myeloid cells
(McCauley et al., 2020), C9orf727'~ microglia showed increased basal STING protein
levels, and enhanced production of ISGs CXCL10, and Mx1 (Figure 1M-Q) upon
stimulation with cyclic GMP-AMP (cGAMP)—an agonist of the cGAMP synthase
(cGAS)-STING pathway. Together, these data indicate that loss of C9orf72in microglia
leads to age dependent decreases in expression of activated response microglia genes, and an
increased expression of IFN response genes likely driven by enhanced STING activity.
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Aged C90rf727~ mice exhibit lysosomal defects, microgliosis, and enhanced complement
mediated pruning of synaptic terminals in motor cortex

C9orf72 is involved in endosomal trafficking, autophagy and lysosomal function (Nassif et
al., 2017) and increased lysosomal material is observed in C9orf72 repeat expansion patient
microglia (O’Rourke et al., 2016). Therefore, we further examined genes involved in
lysosomal function reported in Grn deficient mice (Lui et al., 2016) and found altered
expression of a number of genes including Hspe, CIn3, and LampZ2 (Figure S3A). Given this
transcriptional dysregulation, we stained C90rf727'~ mouse brains for the microglial marker
Ibal and the lysosomal protein CD68. We observed enhanced accumulation of CD68
positive lysosomes in microglia from aged C90rf727'~ mice compared to WT mice (Figure
S3B-D), similar to observations of increased CD68 staining in C9orf72 repeat expansion
carrier tissue (Brettschneider et al., 2012).

Prior studies did not observe overt neurodegeneration in mice lacking C9orf72in all cells
(O’Rourke et al., 2016, Burberry et al., 2016, Atanasio et al., 2016, Sudria-Lopez et al.,
2016) or selectively in neural progenitors (Koppers et al., 2015). However given the altered
inflammatory state and lysosomal accumulations observed in C9orf727/~ microglia, and that
microglia are known to regulate complement mediated synapse elimination in both normal
development and disease (Stevens et al., 2007, Hong et al., 2016, Schafer et al., 2012), we
hypothesized that C9orf727'~ microglia may drive dysfunctional synaptic pruning and
thereby cause secondary neuronal dysfunction. We first investigated microglial numbers, and
found a small, yet significant increase in the density of Ibal positive microglia in motor
cortex at 12 months in C90rf727~ animals (Figure S3E,F). Since microglia are the
predominant source of C1q in the brain (Fonseca et al., 2017) and increased C1q expression
has been observed during aging (Stephan et al., 2013) and in neurodegenerative disorders
(Whitelaw, 2018), we immunostained for the complement protein C1q and saw a significant
increase in immunoreactivity in the motor cortex of C90rf72”'~ animals compared to WT
(Figure 2A,B). We also observed a significant decrease in cortical synaptic proteins at 12
months, as assessed by immunostaining and western blotting, with a significant reduction of
the synaptic markers synaptophysin and vGLUT1 (Figure 2C-F; Figure S3G,H) and PSD95
(Figure S3G,I). Of note, heterozygous animals did not show significant changes in C1q,
synaptophysin, and vGLUT1 levels at 12 months (Figure 2A-F). Increased complement
deposition and decreased synaptic markers were accompanied by significantly decreased
dendritic arborization and neurite length in C90rf727'~ animals (Figure 2G-1), but not in
C90rf72"~ mice (data not shown), indicating that unlike the neuronal specific knockouts
which showed no abnormalities (Koppers et al., 2015), the complete knockout of C90rf72
led to marked abnormalities in synaptic content and neuronal morphology.

To further determine the relationship between complement deposition and synapse loss, we
co-immunolabeled C1q with vGLUT1 in the motor cortex of WT or C90rf727'~ mice.
Double immunolabelling revealed a significant increase in co-labeled puncta of C1q with
vGLUT1+ in the motor cortex of C90rf727"~ mice (Figure 2J,K), which were rarely
observed in WT mice at this age (12 months). We also found significantly enhanced
accumulation of vGLUT1 and PSD95 within Ibal+ microglial cells in C90rf72~ mice
compared to WT, indicating they had engulfed synaptic material (Figure S3J-M).

Neuron. Author manuscript; available in PMC 2022 July 21.
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To determine if the synapse loss in aged C90rf727/~ mice leads to behavioral abnormalities
in these animals, we used the Barnes maze (BM) to examine spatial learning and memory.
C9orf72** and C9orf72*'~ mice showed a steady decrease in primary latency over the
course of the testing paradigm (Figure 2L) suggesting that spatial learning occurred. In
contrast, C9orf72”'~ mice showed increased latency in finding the escape tunnel as
compared to C9orf72** and C9orf72'~ mice, consistent with an impairment in spatial
memory (Figure 2L). Together, these data support that C90r#727/~ microglia contribute to
abnormal neuronal dendritic morphology and complement mediated synapse loss in aged
mice, resulting in cognitive deficits.

Depletion of C9orf72 in microglia recapitulates synaptic phenotypes observed in
C90rf727/~ mice

While C9orf72is expressed in all cell types in the brain (Langseth et al., 2017) its
expression is highest in microglia (O’Rourke et al., 2016). Recent studies have shown that
loss of C90orf72 in neurons leads to dendritic morphology defects (Ho et al., 2019) and
alterations in synaptic proteins and signaling (Xiao et al., 2019, Fomin et al., 2018). These
observations suggest that C9orf72 can manifest cell-autonomous phenotypes in neurons. To
further investigate cell vs. non-cell autonomous roles of C9orf72in different cell types, we
designed a co-culture system in which C9orf72""* (WT) or C9orf727'~ cortical neurons were
cultured 7n vitro for 14 days (DIV14). At DIV14, C9orf72'"* or C9orf727'~ microglia were
added to WT cortical neuronal cultures and maintained for two additional days before all
cultures were fixed for immunostaining and analyses. At DIV14, neither pre-synaptic
proteins (synaptophysin, vGLUT1 and Bassoon), nhor post-synaptic proteins (Homer and
PSD95) showed altered protein expression patterns between WT and C90rf727/~ cortical
neurons (Figure 3A—H). These results indicate that under basal conditions /n vitro, loss of
C9orf72 does not lead to any significant changes in the levels of synaptic proteins in cortical
neuronal monocultures. By contrast, quantitative analyses of neuron-microglia co-cultures
revealed decreased synaptophysin density in WT neuron/ C90rf727'~ microglia compared to
WT neuron/WT microglia cultures suggesting increased phagocytic activity of C9orf727/-
microglia (Figure 31,J). In support of this observation, we found a significant increase of
synaptophysin+ puncta inside C90rf72”~ microglia (Figure 3K).

To further evaluate the cell autonomous effects of C90rf721oss in microglia /in vivo, we
generated Corf72fl/fl:Cx3cricret mice where C9orf72was selectively depleted in myeloid
subpopulations including in microglia. Analyses of motor cortex of 12-month old C9orf72fl/
fl:Cx3cricret+ mice revealed CD68+ lysosomal accumulations in microglia recapitulating
the phenotype observed in C9orf72 complete knockout mice (Figure 4A—-C). We also found
increased expression of C1q (Figure 4D,E) as well as decreased levels of synaptic proteins
synaptophysin and vGLUT1 similar to that in C90rf727/~ total knockouts (Figure 4F—1).
Double immunostaining with C1q and vGLUT1 in C9orf72fl/fl:Cx3cricret+ mice revealed
C1q deposition adjacent to vGLUT1+ puncta supporting that these synapses were tagged for
removal (Figure 4J,K). Finally, increased numbers of vGLUT1+ (Figure 4L,M) and PSD95+
(Figure 4N,0) puncta were found within Ibal+ microglia of C9orf72fl/fl:Cx3cricre+
animals. Together, these results support that loss of C90rf72in microglial cells
autonomously drives phagocytic activity and induces synapse loss in neurons.
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C90rf727"~ microglia show enhanced engagement and clearance of amyloid plaques in a
mouse model of AD

Although C9orf72 repeat expansions predominantly result in an ALS/FTD phenotype, they
have also been associated with a broad range of other neurodegenerative syndromes, ranging
from AD, Huntington’s phenocopy, corticobasal syndrome, olivopontocerebellar
degeneration, parkinsonism and psychiatric disorders (Majounie et al., 2012, Van
Mossevelde et al., 2017, Filikci et al., 2020). While the relationship between C9orf72
expansions and these other degenerative syndromes remains unclear, our findings suggest
that decreased expression of C90rf72in microglia may play a contributory role in other
forms of neurodegeneration. For example, microglia are well known to modify Alzheimer’s
pathology, as evidenced by microglial expressed genes that alter AD risk, most notably
TREMZ2 which is selectively expressed in myeloid cells (Ulland and Colonna, 2018). To
evaluate the effect of C9orf72 deficiency on amyloid pathology, we crossed C9orf727'~ mice
to 5XFAD transgenic mice, a model of amyloid deposition previously used to examine the
effect of altered microglial function on Ap accumulation (Figure 5A) (Wang et al., 2015). As
this model accumulates AP plaques rapidly starting after 3 months, with a large plaque
burden by 6 months, we focused analysis at these time points. Staining for Ap aggregates in
matched coronal sections from 5XFAD, 5XFAD/ C90rf72+~, and 5XFAD/ C90rf727/~ mice
showed minimal plaques with no differences at 3 months (Figure S4A), however at 6 months
5XFAD/C90rf727'~ mice had significantly less AB plague accumulation in cortical and
hippocampal regions compared to the other genotypes by HJ3.4 antibody (Figure 5B-D) or
ThioS staining (Figure SAD&E). C9orf72 deficiency did not alter soluble AB1_40 and AB1_42
levels across the genotypes, though there was a trend towards decreased insoluble,
guanidine-extracted AB1_40 and AB1_45 in the cortex of 5XFAD/ C9orf72”'~ mice in accord
with decreased AP plague accumulation (Figure 5E-H). There was also a trend towards
decreased guanidine insoluble AB42/AB 4 ratio in 5XFAD/ C90rf72”'~ mice (Figure S4B—C)
suggesting that reduced AB4o/AB4g ratio in 5XFAD/ C9orf72”~ mice was due to reduced
APy levels rather than increased abundance of ABy4q (Figure 5E-H). We did not observe
cortical neuronal loss in motor cortex of any of the genotypes at 6 months (Figure S4F,G),
consistent with reports that neuronal loss develops after 9-months of age in 5XFAD mice
(Eimer and Vassar, 2013). Given the lower plaque accumulation in 5XFAD/ C90rf727/~ mice,
we hypothesized that the altered functional state of C90rf727'~ microglia enhanced their
ability to engage and clear extracellular amyloid plaques. Therefore, we more carefully
examined the interaction between microglia and amyloid plaques.

At 6 months, total numbers of Ibal positive microglia were the same across genotypes, with
all “activated” appearing microglia focused around areas of plaque accumulation in 5XFAD
and 5XFAD/ C9orf72'~ animals (Figure 5I-K). High resolution imaging of Thio$S stained
amyloid plaques in cortex revealed striking differences in plaque size and morphology in
5XFAD/C90rf727'~ mice. Plaques in 5XFAD/C90rf727"~ mice were smaller, and more
compact than in 5XFAD mice (Figure 5L—N). Considering that microglia migrate to sites of
plaque deposition and restrict plaque growth (Ulrich et al., 2014), we quantified plaque
engagement by C90rf727/~ microglia. We observed more microglia clustering around
plaques in 5XFAD/ C9orf727~ mice (average 3.06 microglia/plaque) than those in 5XFAD,
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or 5XFAD/ C90rf72"~ animals (average 1.56 and 1.65 microglia per plaque respectively)
(Figure 50,P).

Given that C90rf727~ mice have a propensity to generate autoantibodies (Burberry et al.,
2016, Atanasio et al., 2016), we further examined whether antibodies to Ap were present in
5XFAD/ C90rf727!~ mice. We observed mouse IgG in association with ThioS+ plaques and
Ibal+ microglia in 5XFAD/C9orf727/~ mice but not 5XFAD mice, suggesting that
immunoglobulins in the brain parenchyma may contribute to microglial-mediated plaque
clearance (Figure SS5A-C). We also found increased levels of serum anti-Ap 1gG antibodies
in 5XFAD/ C90rf727'~ mice, and significantly more anti-Ap 1gG producing B cells in spleen
and lymph nodes, however at levels much lower than that observed with direct immunization
(Figure S5D-H). In summary, C90rf72”"~ microglia are more effectively able to engage and
surround amyloid plaques and mitigate their accumulation. This appears to be driven by
intrinsically altered microglial function, with a potential contribution from circulating
autoantibodies against Ap.

Enhanced microglia-mediated synaptic pruning in 5XFAD:C90rf727/~ mice

While brain AB accumulation is a hallmark of AD, the relationship between plaque
accumulation, neuronal dysfunction and clinical phenotype is not completely understood.
Animal models with Ap accumulation have premature synapse loss, which is driven by
enhanced complement mediated microglial pruning (Hong et al., 2016). Therefore, we
investigated how C90rf727/~ microglia, with their altered functional and inflammatory
profile, impacted synaptic integrity in the setting of plaque accumulation in 5XFAD animals.
We examined 5XFAD animals at 4 months of age, because at this age plaques have only
recently accumulated and no neuronal loss is detected (Eimer and Vassar, 2013). Microglia
in 5XFAD/C9orf72"!~ animals showed increased accumulation of CD68+ lysosomal
material at 4 months (Figure 6A—C), a finding normally only observed in C9orf727!~
microglia after 17 months (see Figure S3B-D, Figure S6A), suggesting they are more
phagocytically active in the presence of extracellular amyloid. There was significant
reduction in cortical dendritic arborization and total neurite length in 5XFAD/ C9orf727!~
animals, which was only minor in 5XFAD animals at this age (Figure 6D-F). We also
observed exacerbated reduction of pre-synaptic proteins synaptophysin (Figure S6B,C,F,H),
vGLUT1 (Figure S6D,E), and the postsynaptic marker PSD95 in double transgenic 5XFAD/
CYorf72"'~ animals (Figure S6F,G). To determine if the enhanced synaptic loss was driven
by complement mediated pruning, we co-stained for C1g and vGLUT1, and found increased
C1g+:vGLUT1+ puncta in the motor cortex in 5XFAD/ C90rf727'~ animals compared to
5XFAD alone (Figure 6G-I). We also observed enhanced accumulation of vGLUT1+ and
PSD95+ material within Ibal+ microglia of 5XFAD/ C9orf72”/~ mice, further confirming
that microglia are engulfing synaptic proteins (Figure 6,J,K, Figure S61,J). To determine if
there was a behavioral correlate to the enhanced early synapse loss in the 5XFAD/
C9orf72~ double transgenic mice, we performed the Barnes maze test. SXFAD/ C9orf727!~
mice showed increased primary latency compared to all other genotypes including 5XFAD
alone, which are normally only minorly impaired at this age, indicating that C9orf72
deficiency exacerbated spatial learning and memory defects in these animals (Figure 6L).
Together, these data show that the altered functional state of C9orf727/~ microglia drives
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enhanced capacity to restrict growth of extracellular amyloid plaques, while at the same time
enhancing synapse loss, memory deficits, and neuronal injury in an AD mouse model.

DISCUSSION

To date it remains unknown whether loss of C9orf72 protein in C9orf72 repeat expansion
carriers contributes to neurodegeneration. A recent study found that loss of C90rf72
expression enhanced the toxic gain of function effects of the C90rf72 repeat expansion (Zhu
et al., 2020), but the mechanism of this synergistic effect, and which cell types in the brain
drive this synergism are still unclear. C9orf72 protein is known to play a role in intracellular
trafficking, autophagy, and lysosomal degradation (Farg et al., 2017) and is expressed at high
levels in myeloid cells in addition to neurons. Here we found that loss of C90rf72 cell
autonomously altered the function of microglia and can drive neuronal injury through
enhanced synaptic pruning in aging and in the context of amyloid accumulation.

Numerous scRNAseq studies indicate that microglia are not a uniform population in either
normal aging or disease states (Friedman et al., 2018, Keren-Shaul et al., 2017, Hammond et
al., 2019, Mathys et al., 2017, Mrdjen et al., 2018, Sala Frigerio et al., 2019). Across all
these studies, a common theme is that microglia can be defined as either homeostatic or
activated, with a smaller number at any given time that are proliferating. However, the
characteristics of subpopulations within the homeostatic and activated categories in healthy
and disease states remains an area of active investigation. Our RNAseq data analysis support
the notion that compared to WT, aged C90rf72"/~ , and C90rf727'~ mice have a reduced
ARM and an increased IRM signature (Sala Frigerio et al., 2019, Keren-Shaul et al., 2017).
This is interesting in light of a recent report showing that type I IFN drives complement
mediated microglial synapse elimination, and that IRM preferentially surrounded AB
plaques (Roy et al., 2020). Therefore, an increased tendency for C90rf72”'~ microglia to
adopt an IRM state is consistent with the enhanced complement mediated synaptic
engulfment seen in aged C90rf727/~ mice, and the improved plaque clearance observed in
the 5XFAD: C90rf727'~ mice. The C9orf727!~ animals also show increased microglial
numbers in aged cortex; however these were not of the IRM or ARM identity, and it is likely
therefore that there might be other unidentified microglial sub-populations that could be
causing the increase.

Autosomal dominant loss of function mutations in the human GRN gene are one of the most
common genetic causes of FTD (Baker et al., 2006, Cruts et al., 2006, Ghidoni et al., 2008,
Finch et al., 2009). There are many interesting parallels between the effects of loss of
C9orf72 and the loss of GRN on microglial function. FTD associated mutations in GRNV
cause haploinsufficiency, and microglia from Grn-deficient mice similarly show lysosomal
dysfunction, an altered inflammatory state and increased synaptic pruning (Lui et al., 2016,
Zhang et al., 2020). Additionally, loss of Grn functionally alters the response of microglia to
AP and the risk of AD (Takahashi et al., 2017, Brouwers et al., 2007, Brouwers et al., 2008).
Interestingly both C9orf72 and GRN proteins are involved in lysosomal function, as are a
large number of other ALS/FTD risk genes (Almeida and Gao, 2016). This suggests a
potential convergence in the pathogenesis of FTD from C9orf72and GRN mutations,
through the alteration of microglial function and response to aging and AP pathology.
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Although C90orf72 repeat expansions predominantly result in the ALS/FTD phenotype, they
have also been observed in a wide array of other neurodegenerative disorders including AD
(Harms et al., 2013, Cacace et al., 2013) (Nuytemans et al., 2013, Lindquist et al., 2013,
Snowden et al., 2012, Hensman Moss et al., 2014). Though it is possible that the presence of
C9orf72 expansions in these other diseases is coincidental, our findings suggest that C9orf72
expansion could directly contribute to their pathogenesis by altering microglial function. In
the case of AD it is well established that neuroinflammation and microglia play a key
modulatory role (Heneka et al., 2015). Multiple studies using rodent models of AR
accumulation have shown similar to our observations with C9orf72that altered levels of
TremZ, Grnand even Tardbp expression in microglia can alter their response to Ap
accumulation and contribute to synapse loss and neuronal injury (Wang et al., 2015, Minami
et al., 2014, Paolicelli et al., 2017, Lee et al., 2018). Therefore, we hypothesize that an
altered state of microglia in C90rf72 carriers could render them susceptible to other
environmental or genetic factors, contributing to the wide variety of neurodegenerative
phenotypes occasionally observed.

One key point is that while we observed significantly altered gene expression on WGCNA
and increased expression of IRM genes in heterozygous C9orf72"'~ microglia, other
phenotypes such as modification of plague accumulation and synapse clearance were only
observed in homozygous mice. This is relevant as C9orf72 repeat expansion carriers have
partial rather than complete loss of protein. While many studies observed phenotypes in the
heterozygous mice including altered immune responses in bone marrow macrophages
(O’Rourke et al., 2016), development of spontaneous autoimmunity and autoantibody
production (Burberry et al., 2016), and enhanced susceptibility to experimental autoimmune
encephalitis and resistance to cancer (McCauley et al., 2020), these were generally milder or
less penetrant in C90rf72''~ mice compared to C90rf72”~ mice. Interestingly, Grn
deficiency also leads to a much milder phenotype in mice than in humans, both in the
heterozygous and homozygous states, with phenotypes being generally mild and only being
observed at advanced age (Lui et al., 2016, Filiano et al., 2013, Yin et al., 2010, Petkau et
al., 2012). Similarly, OPA1 and TBK1 haploinsufficiency are known to cause dominant optic
atrophy and ALS/FTD respectively (Marchbank et al., 2002, Freischmidt et al., 2015) but
OPA1 and TBK1 heterozygous mice only show mild phenotype which do not recapitulate
human disease (Davies et al., 2007, Williams et al., 2011, Brenner et al., 2019). Likewise,
knock-in point mutations in genes such as TDP-43 which cause a completely penetrant
phenotype in humans, only cause more subtle manifestations in knock-in mice with the
exact same genetic lesion (White et al., 2018). Therefore, while our study observed that
haploinsufficiency of C9orf72alters the transcriptome of microglia in aged animals, further
studies will be needed to determine whether partial loss of C90rf72 expression in human
microglia is sufficient to functionally alter their inflammatory response. Early pathology
studies support this idea, as C9orf72 repeat expansion ALS patients were found to have
increased CD68 accumulation in motor cortex compared to sporadic ALS, suggesting that
the inflammatory response of their microglia was enhanced (Brettschneider et al., 2012). A
more recent study also found enhanced type 1 interferon response in brain and peripheral
myeloid cells of C9orf72repeat ALS compared to sporadic ALS patients (McCauley et al.,
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2020) supporting the idea that patients with C9orf72 ALS/FTD have an altered immune
phenotype that is partially driven by microglial dysfunction.

Another interesting finding of our study lies in the identification of a role of C90rf72in
modulating microglia-mediated synaptic engulfment. The complement pathway is known to
play an important role in synaptic pruning by microglia during normal postnatal
development, aging and potentially in neurodegenerative disorders including AD and FTD
(Hong et al., 2016, Schafer et al., 2012, Stevens et al., 2007, Lui et al., 2016). Our data
strongly support the idea that microglia-specific loss of C9orf72is capable of causing
synaptic loss and neuronal dysfunction in a non-cell autonomous manner. However, we note
that this does not exclude the possibility of additional cell-autonomous defects due to loss of
C9orf72in neurons and effects of other peripheral cells on microglial phenotypes. For
example, others previously observed reduced dendritic architecture and neurite length in
primary hippocampal cultures from C90rf727/~ animals, indicating a cell-autonomous effect
of C9orf72in neurons at least in culture (Ho et al., 2019, Zhu et al., 2020). Furthermore,
recent studies have shown that peripheral type 1 interferon induction can induce unique
genetic and phenotypic changes in microglia and can influence amyloid plaque burden in
5XFAD AD mouse model (Aw et al., 2020, Baruch et al., 2015). Further detailed studies
deleting C90rf72 specifically from neurons and potentially other cell types (astrocytes,
oligodendrocytes) /n vivowill be needed to more fully delineate all cell vs. non-cell
autonomous effects from loss of C9orf72 function in nervous tissue.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Lead contact: Rita Sattler: rita.sattler@barrowneuro.org

Materials Availability—Further information and requests for resources and reagents may
be directed to and will be fulfilled by Dr. Robert H. Baloh: robert.baloh@csmc.edu,
robert.baloh@roche.com, Dr. Rita Sattler: rita.sattler@barrowneuro.org, Dr. Deepti.Lall:
deepti.lall@cshs.org. This study did not generate new unique reagents.

Data and Code Availability—All datasets generated during and/or analysed during the
current study are uploaded and can be downloaded from from the Gene Expression Omnibus
website with the following accession numbers: GSE164676 (Superseries), GSE164675
(pooled microglia RNAseq), GSE164674 (Single cell microglia RNAseq). R code for single
cell analysis is included as supplementary file 3.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C9orf72'~ animals were generated as previously described (O’Rourke et al., 2016). 5XFAD
mice were purchased from Jackson laboratory (MMRRC Stock No: 34840-JAX) and crossed
to C9orf727~ mice to generate SXFAD, 5XFAD/ C90rf72"~ and 5XFAD/ C9orf727~ mice.
C9orf72fl/fl mice were provided by the Pasterkamp lab (Koppers et al., 2015) and were
crossed with Cx3cr1Cre (B6J.B6N(Cg)- Cx3cr1imi-1(cre)lung/d nyrchased from Jackson
Laboratories to obtain Cx3cr1Cre;C9orf72fl/fl mice. Mice were sex and age matched for
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individual experiments. All mice were housed in a 12-hour light: dark cycle and given ad-
libitum access to food and water for the duration of the study. All animal experiments were
performed under protocols that had been approved by the Institutional Animal Care and Use
Committee at Cedars-Sinai Medical Center.

METHOD DETAILS

ELISA

Preparation of mouse brain samples—TFor histological analyses, animals from all
genotypes were anaesthetized using CO, and transcardially perfused with ice-cold PBS
containing 1 U/ml of heparin. Right brain hemispheres were fixed in 4%PFA for 2 days and
cryoprotected in 30% sucrose before freezing and cutting with a cryostat. To analyze AB
deposition, serial 50 um free floating sections of the brain were collected from the rostral
anterior commissure to caudal hippocampus as landmarks. For all other studies, serial 50 um
free floating sections of the brain were collected and matching sections used for staining and
analysis. For biochemical and mMRNA expression analysis, cortices and hippocampi of the
left-brain hemispheres were carefully dissected, flash frozen in liquid nitrogen and stored at
—80°C until further use.

AP levels were assessed using Sandwich ELISAs as described previously (Ulrich et al.,
2014).

Immunohistochemistry—To analyze AP deposition, sections were stained with
biotinylated anti-Ap antibody, mHJ3.4 (mouse monoclonal, working dilution 1:500, a
generous gift from Dr. David M. Holtzman, Washington University, St. Louis) and
developed with DAB using VECTASTAIN Elite ABC Kit per manufacturer’s directions.
Stained brain sections were scanned with Leica Aperio Slide scanner. For Nissl staining,
matching sections were stained with Cresyl violet (0.1%; Cat #C5042, Sigma-Aldrich, St.
Louis, MO, USA) for 30 min, washed in destain solution (70% ethanol, 10% acetic acid) for
1 min, and then dehydrated and cover slipped with DPX mountant. The slides were scanned
with Leica Aperio Slide scanner.

Immunofluorescence staining—Immunofluorescence co-staining was performed on
free-floating sections with anti- HJ3.4 and anti-Ibal antibody (rabbit polyclonal, 1:250, Cat
#019-19741, Wako chemicals USA, inc, Richmond, VA, USA). The sections were blocked
with 2% Normal goat serum/1% Bovine serum albumin/PBS/0.25% Triton X-100/0.02%
Sodium azide for 2 hr, followed by incubation with the primary antibodies diluted in the
same solution for overnight at 4°C. Next, the sections were incubated for 1 hr with
fluorescent secondary antibodies (Molecular Probes, Carlsbad, CA, USA; 1:500 dilution):
Alexa Fluor 488 goat anti-mouse 1gG (H+L) (Cat #A11029) and Alexa Fluor 555 goat anti-
rabbit IgG (H+L) (Cat #A21428). Finally, the processed sections were mounted, briefly air
dried, and cover slipped with Prolong Gold Antifade Reagent with DAPI (Invitrogen, Cat #
P36931).

Additional immunofluorescence staining was performed with anti vGLUT1 (Guinea pig,
1:500, Synaptic Systems Cat #135304), PSD 95 (Mouse monoclonal (IgG2a) , K28/43, 1:
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500, Upstate, Cat #05-494) and anti-synaptophysin (rabbit monoclonal, 1:200, Synaptic
Systems Cat #101203) by blocking with 5% Bovine serum albumin/PBS/0.2% Triton X-100
for 1 hr, or co-staining with anti C1q (Rabbit monoclonal, 1:200, Cat. #ab227072), anti-lbal
and anti-CD68 (rat monoclonal, 1:200, Cat #MCA1957, Bio-Rad Lab. Inc., Hercules, CA,
USA). After overnight incubation with the primary antibody/antibodies at 4°C, the sections
were incubated for 1 hr with the relevant fluorescent secondary antibodies: Alexa Fluor 488
donkey anti-rat IgG (H+L) (Cat #A21208), Alexa Fluor 555 goat anti-rabbit IgG (H+L),
Alexa Fluor 647 donkey anti-mouse 1gG (H+L) (Cat #A31571), Alexa Fluor 647 donkey
anti-rabbit IgG (H+L) (Cat #A31573).

On additional sets of sections, Thioflavin S (Cat #T1892, Sigma-Aldrich, St. Louis, MO,
USA) staining was performed followed by co-staining with anti-glial fibrillary acidic protein
(GFAP; mouse monoclonal, 1:400, Cat #MAB360, Millipore, Burlington, MA, USA), or
anti-lbal and anti-CD68. The brain sections were first permeabilized with TBS/0.25%
Triton X-100 for 30 min and then incubated with freshly prepared Thioflavin S
(0.025%/50% Ethanol) for 5 min in the dark. The sections were briefly differentiated in 50%
Ethanol, blocked with 3% Normal goat serum/TBS/0.25 % Triton X-100 for 1 hr followed
by overnight incubation at 4°C with the primary antibody/antibodies diluted in 1% Normal
goat serum/TBS/0.25 % Triton X-100. The fluorescent secondary antibodies used were:
Alexa Fluor 555 goat anti-mouse 1gG (H+L), Alexa Fluor 555 goat anti-rat 1gG (H+L), and
Alexa Fluor 647 goat anti-rabbit 1gG (H+L) (Cat #A21244). Positive and negative controls
were run along each of the batches of sections processed.

Western blot—Cortical brain tissues and microglial cell pellets were homogenized using a
glass Teflon homogenizer in RIPA lysis and extraction buffer (Thermo Scientific, Cat
#89900), supplemented with protease inhibitor cocktail (cOmplete, Roche) and phosphatase
inhibitor cocktail (PhosSTOP, Roche). Protein concentration was determined by BCA assay
kit (Thermo Fisher). Cell lysates and brain homogenates were separated on protean TGX
precast gels (Biorad) and blotted onto nitrocellulose membranes (Biorad). Membranes were
blocked for 60 min with Odyssey blocking buffer (PBS, Li-Cor, Cat #927-40000) and
incubated overnight at 4°C with anti-PSD95 (Millipore MAB1596, 1: 500), anti-
synaptophysin (Abcam ab16659, 1:500), anti-C9orf72 (GeneTex Cat #. GTX634482,
1:1000), anti-STING (Cell Signaling, Cat #. 13647, 1:1000), and anti B tubulin (Sigma-
Aldrich T6074, 1:1000) antibodies. After washing membranes were incubated for 60 min
with IRDye fluorescent secondary antibodies (Li-Cor). After washing, blots were
subsequently analyzed with Li-COR imaging system (Odyssey CLX).

Imaging and quantification—Stained sections were imaged with Olympus BX51
Upright, Zeiss Axiolmager Z2 equipped with Apotome structured illumination optics, and
Nikon A1R inverted laser confocal microscopes with 20X, 40X or 63X objectives.
Depending upon the staining, different step sizes were used to generate z-stacks across the
whole tissue thickness. CZI, TIFF and ND2 files were then imported into ImageJ (NIH) to
create Z-projection images and quantification of fluorescent signals was performed using
ImageJ software with the threshold and analyze particles functions using specific macros
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(fixed thresholds for signal intensity and voxel) to all the images of the same experiment, in
order to produce unbiased signal quantification.

For quantitative analyses of mHJ3.4-biotin staining, scanned images were analyzed with
Leica online digital image hub viewer software. Identified objects after thresholding were
individually inspected to confirm the object as a plaque. Three brain sections per mouse,
each separated by 300mm, were used for quantification. The average of three sections were
used to represent the plaque load for each mouse.

For neuronal density analysis, number of neurons in the motor cortex were analyzed by
custom drawing a region of interest and counted using the cell counter function of ImageJ
and expressed as average densities of nuclei per mm2.

For graphs with percentage area calculations (%area), maximum intensity projection
(MaxIP) images were thresholded and the analyze particles function in ImageJ was used to
determine positive area. Areas encompassing the motor cortex were chosen (4-5 images per
section, 3 sections per animal) for the analyses. Specific macros were applied in an unbiased
manner to all the images of the same experiment for quantification.

For plague morphology analysis, high-resolution images were collected at 40x
magnification. Maximum intensity projection of the z-stack for each image was
subsequently used for morphological analysis.

For synapses inside microglia, synaptic puncta labelled with vGLUT1 and PSD95 tissues
were imaged as described above. Z-stacks were analyzed using the “Co-loc” feature in Fiji
ImageJ. Ibal+signals were used to mask microglial outlines, and thresholds were adjusted to
overlap with synaptic puncta signal. Data were recorded as number of ROI occupied by the
puncta signal.

CD68+ inclusions inside microglia were quantified using previously published protocol
(Hong et al., 2016) by investigator blinded to the genotypes of the animal. For microglial
levels of CD68, a glycoprotein that localizes to lysosomes and endosomes, CD68 levels
were quantified on a scale from 0 to 3. A score of 0 signified no/scarce expression; 1 for
punctate expression; and 2 (roughly one-third to two-thirds occupancy) or 3 (greater than
two-thirds occupancy) for punctate expression covering an entire cell or aggregated
expression.

Endogenous immunoglobulin IgG detection—Free-floating mouse brain cryo-
sections were stained with Thioflavin S and then incubated overnight with anti-lbal
antibody and serum samples (1:100 dilution) collected from 5XFAD and 5XFAD/ C9orf727!~
mice. The secondary antibody Alexa Fluor 555 F(ab”)2 fragment of goat anti-mouse IgG (H
+L) (1:500; Cat #A21425) was then incubated for 1hr followed by mounting and cover-
slipping with Prolong Gold Antifade Reagent with DAPI.

Golgi-immunostaining and dendritic branching analysis—Freshly dissected
mouse brains were processed for Golgi staining following the manufacturer’s protocol (FD
Neurotechnologies). 150 pm coronal mouse brains sections were generated using a Leica
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CM3050s cryostat and placed onto gelatin coated slides overnight. Stained sections were
imaged using a 40x oil immersion objective of an Axio Observer.Z1 Zeiss microscope ata 1
um step size. Golgi stained cortical neurons (n=28-30 cells/mouse) were manually
processed for filament tracing using the contour graphic tools from the Zeiss Zen 2 Blue
Software. Filament tracings were then exported into ImageJ to process for Sholl Analysis
(ImageJ Sholl Analysis plugin). The branching complexity of each cortical neuron was
determined by the average number of dendrite intersections towards the radial distance from
the center of the soma.

Mouse IgG ELISA—To determine endogenous IgG’s against AP, sera was collected from
4-month old 5XFAD and 5XFAD/C90rf727'~ mice that received active AB immunization.
Anti- Ap titer was measured using a well-validated ELISA as described previously (Davtyan
etal., 2010, Davtyan et al., 2014).

B-cell/T-cell reactivity by ELISA and ELISPOT—AZp producing B and T cells in the
spleen and lymph nodes were determined as previously published(Marsh et al., 2016).
Briefly spleens, deep cervical lymph nodes (DCLNSs) and superficial cervical lymph nodes
(SCLNs) were collected and antibody forming B cells specific to Ap were detected in
splenocytes and pooled DCLNs/SCLNs lymphocytes by ELISPOT (Mabtech). Splenocytes
or lymphocytes were incubated for 24h in 96-well plates coated with Ap peptide, and the
assay was performed following manufacturer’s protocol (Mabtech). Sera and splenocytes
were also collected from mice immunized with AP peptide as a positive control (Davtyan et
al., 2010, Davtyan et al., 2014).

Microglia isolation—The meninges were removed from the mice brains of different
genotypes and dissociated using the Neural Tissue dissociation kit, papain based (Miltenyi
Biotech) and GentleMACSdissociator (NTDK Brain setting). The lysate was collected and
passed through a 70um strainer to obtain a single cell suspension. Next, myelin was removed
from the cells by incubating with magnetic myelin beads (Myelin Removal Beads |1, human,
mouse, rat, Miltenyi Biotech) and removed using the AutoMACs. Cells were then incubated
with Cd11b+ magnetic beads Cd11b MicroBeads, human and mouse, (Miltenyi Biotech) and
sorted using the AutoMACs. After sorting, cells were pelleted and stored at —80°C until
further downstream application. For single cell experiment, isolated microglia went directly
for downstream processing. For microglia culture, the Cd11b+ cells were counted, plated
(200K cells/well) and cultured in Microglia complete media containing DMEM/F-12,
GlutaMAX™ with HEPES (Invitrogen), 10% fetal bovine serum, 100ug/ml Penicillin/
Streptomycin, with 10 ng/ml of the following growth factors: Recombinant mouse M-CSF,
Recombinant mouse GM-CSF (R&D systems) and 50ng/ml TGF-B1 (Miltenyi Biotech) for
6 days before stimulation. Microglia stimulation: 6 days post culturing, microglia were
stimulated with 10ug/ml cGAMP for 24 hrs. Post stimulation, cells were lysed in lysis buffer
and RNA isolated using Qiagen Micro RNA isolation kit. RNA quality was determined
using Nanodrop and 200ng of RNA was used to make cDNA. Another set of stimulated
microglia were used for western blot analysis.
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Neuron-Microglia co-culture—For mouse cortical neuron cultures, cortices from E15.5
C9orf72"*~ and C9orf727~ embryos were dissected in ice-cold dissection buffer (1XHBSS,
30mM glucose, 10mM HEPES, 1mM Sodium pyruvate, 1X Pen/Strep). Cortices from
different embryos were pooled and after brief spinning, cortical tissue was dissociated using
the Worthington papain cell dissociation system (LK003150) according to manufacturer’s
protocol. 300K cells were plated on poly-I-lysine/laminin coated coverslips and cultured for
14 days in vitro. At DIV14, microglia were plated onto the neurons at a 1:3 microglia to
neuron ratio. Co-cultures were allowed to continue for 2 days before fixation with 4% PFA.
To quantify the synaptic density around microglia in microglia-neuron co-cultures, the
presence of microglia and synapses was determined by immunofluorescent staining using
antibodies for Cd11b (MCA 711), and synaptophysin (Synaptic systems, SS101203),
respectively. For each co-culture coverslip, 10-15 microglia cells were chosen at random for
imaging. During capture, microglia cells were centered, and images were acquired using
Zeiss Axiolmager Z2 equipped with Apotome structured illumination optics at 40X.
Synaptophysin density was determined using Scholl analysis at increments of 10um. Overall
synaptophysin density in the neuronal cultures without microglia was also determined to
analyze total synaptophysin puncta in different genotypes. Co-culture experiments were
repeated twice with new sets of timed pregnancies for C9orf72"*~and C90rf727/~ animals.
At least 3 coverslips from each culture condition were imaged and data averaged for an
experiment. Data acquisition and analyses was done by investigator blinded to the
experiment.

Mouse behavior (Barnes Maze analyses)—Spatial learning and memory assessment
of the animals was determine using Barnes maze paradigm that uses a bright spotlight as
mild aversive stimulus. Behavior was performed in animal cohorts at 4 and 12 months of
age. Both male and females were used for behavior and animals were singly housed before
and during the experiment spanning the whole experimental timeline. The maze (San Diego
Instruments, San Diego, CA) is a circular (122 cm in diameter) platform with 20 holes
evenly spaced around the perimeter. Distal cues were placed around the room that remained
consistent during the whole testing period. On the first day (pretraining), mice were placed
on the Barnes maze to roam freely and get habituated to the maze and the surroundings. On
the training days (Day1 to Day 4 consecutive days), three trials per day were performed, 4
minutes per trial, with one-hour break between the trials. At the beginning of each session
(training and test), mice were placed in the middle of the maze in a cylindrical white start
chamber (30.5 cm high, 20.3 cm in diameter). After 30 seconds, chamber was lifted, and the
mice were free to explore the maze and find the escape tunnel. If a mouse failed to find the
escape tunnel within the 4 min period, it was placed in the tunnel and allowed to stay there
for 30 sec prior to removal. Mice were rested on 51 and 6! days. For testing on Day 7, mice
were tested using the training paradigm. Following each trial, the maze and escape tunnel
were cleaned with 70% ethanol. For each trial primary latency (the latency to locate) and
enter (total latency) into the escape tunnel was recorded to assess performance. Behavior
was performed by an individual blinded to the genotypes of the animals.

RNA isolation and bulk RNAseg—RNA was isolated using Qiagen RNeasy Micro Kit
(Cat #74004) according to manufacturer’s instructions. RNA-seq libraries were generated
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using 75ng to 180ng total RNA as input for the TruSeq Stranded mMRNA Library Prep kit
(IMlumina) according to the manufacturer’s protocol, and samples were indexed using TruSeq
RNA Single Indexes (Illumina). Library preps were analyzed via bioanalyzer (Agilent) and
quantified via Qubit fluorometric quantification (Thermo Fisher). Quantified libraries were
normalized, pooled, and sequenced on a NextSeq 500 sequencer (Illumina) using the single-
end 75 nucleotide setting. Raw sequencing reads were demultiplexed and FASTQ files were
uploaded to the Galaxy web platform using the public server at usegalaxy.org (Afgan et al.,
2018). FASTQ files were processed using FASTQ Groomer (Galaxy Version 1.1.1)
(Blankenberg et al., 2010) and aligned to the mouse genome (mm10) via Tophat (Galaxy
Version 2.1.1)(Kim et al., 2013) using default settings. BAM files were downloaded locally
and annotated using Partek software v7.17.0918 to generate RPKM values for each gene.

For TPM analyses, raw sequencing reads were demultiplexed, and FASTQ files were used to
generate estimated transcript counts against the mouse transcriptome (mmZ20) via Salmon
v0.8.2. TPM values summed to the gene level were generated using the R Bioconductor
package DEseqz2.

Module Preservation and comparative co-expression network analysis—Co-
expression network analyses were performed in R using the WGCNA package (Langfelder
and Horvath, 2008). Comparative analysis was used to assess the preservation and trajectory
of microglial neurodegeneration modules that were previously defined from transgenic mice
expressing human mutant MAPT, including two modules (inflammasome and anti-
inflammasome) that were identified in mutant MAPT mice and preserved and up-regulated
in microglia isolated from 5XFAD and P2SAPP models of AD pathology (Rexach et al.,
2019). To assess the co-expression patterns of these modules in C9orf72 mice, module
preservation analysis was applied from the WGCNA package to normalized RPKM counts
from the C9orf72 dataset. This measure combines module density and intramodular
connectivity metrics to give a composite statistic for which Z<2 suggests lack of module
preservation, Z>2 moderate and Z>10 high preservation(Langfelder et al., 2011). For
modules with strong associations with disease in both mutant MAPT and C9orf72 datasets,
but poor total module preservation in the C9orf72 dataset, the portion of the module that is
preserved and up regulated within the C9orf72 dataset (positive KME) was identified. The
module eigengene expression trajectories were then measured in C9orf72 microglia
compared to WT at 3-months or 17-months of age (unpaired two-sided Wilcox rank test). To
identify and visualize protein-protein interactions among module genes, STRING was used
(version 10.5; https://string-db.org) with the following settings (organism: Mus musculus,
meaning of network edges: confidence; active interaction sources: experiments and
databases; minimal required interaction score: medium confidence (0.400), max number of
interactors to show: none).

Single cell RNAseq (ScRNAseq)—Microglia were isolated from cortex of mice as
previously described in this paper. Both cortices per animal were pooled to get enough
microglia for library preparation and sequencing. Three animals per day of mixed genotypes
and order each day were processed through the cDNA amplification step. Finally, microglia
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from all nine animals were taken from cDNA step to the final library preparation step
together.

Sequencing library construction using the Chromium platform—Single-cell
RNA-Seq libraries were prepared per the Single Cell 3" v3.1 Reagent Kits User Guide (10x
Genomics, Pleasanton, California). Cellular suspensions were loaded on a Chromium
Controller instrument (10x Genomics) to generate single-cell Gel Bead-In-EMulsions
(GEMs). GEM-RT was performed in a Veriti 96-well thermal cycler (Thermo Fisher
Scientific, Waltham, MA). GEMs were then harvested, and the cDNA was amplified and
cleaned up with SPRIselect Reagent Kit (Beckman Coulter, Brea, CA). Indexed sequencing
libraries were constructed using Chromium Single-Cell 3" Library Kit for enzymatic
fragmentation, end-repair, A-tailing, adapter ligation, ligation cleanup, sample index PCR,
and PCR cleanup. The barcoded sequencing libraries were quantified by quantitative PCR
using the Collibri Library Quantification Kit (Thermo Fisher Scientific). Libraries were
sequenced on a NovaSeq 6000 (Illumina, San Diego, CA) as per the Single Cell 3" v3.1
Reagent Kits User Guide, with a sequencing depth of ~60,000 reads/cell.

Data Analysis—The demultiplexed raw reads were aligned to the transcriptome using
STAR (version 2.5.1) (Dobin et al., 2013) with default parameters, using mouse mm10
transcriptome reference from Ensemble version 84 annotation, containing all protein coding
genes, long non-coding RNA genes, and polymorphic pseudogenes. Expression counts for
each gene in all samples were collapsed and normalized to unique molecular identifier
(UMI) counts using Cell Ranger software version 4.0.0 (10X Genomics). The result is a
large digital expression matrix with cell barcodes as rows and gene identities as columns.
Filtered digital expression matrices from the CellRanger output (filtered_feature_bc_matrix
directory) were loaded into R (version 4.0.3) using the Seurat package (version 3.2.2) in
Rstudio (version 1.3.1093), keeping all genes that were expressed in more than one cell. All
samples were merged into a single Seurat object (30,872 cells) and filtered by removing all
cells with counts, genes, or mitochondrial gene percentage outside of three standard
deviations from the mean (30,065 cells). The data were then normalized using SCTransform,
regressing out the mitochondrial gene content. Dimensionality reduction was run with
Principal Component Analysis (PCA) followed by Uniform Manifold Approximation and
Projection (UMAP) using the default 50 principal components (PCs). After visualizing the
UMAP plots, the cells appeared to cluster based on the order they were processed, the day
they were processed, and the sex of the animal. Integration of the data was performed by
using the Harmony R package (version 1.0.0), batch correcting for these covariates (process
day, process order, and sex) resulting in @ much more uniform clustering between these
factors after rerunning UMAP with the Harmony-corrected PCs. Cluster determination was
performed using FindNeighbors and FindClusters with a resolution of 0.3 and resulting in an
initial discovery of 19 clusters. Cluster markers were determined using FindAllMarkers with
the default min.pct = 0.25 and logfc.threshold = 0.4. Investigating these markers, six distinct
cell types were discovered (microglia, endothelial cells, astrocytes, granulocytes, neutrophils
and lymphocytes). A seventh general cluster was positive for both monocyte and
macrophage markers.
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In order to investigate microglial state changes between genotypes, all non-microglia cells
were removed (26,275 microglia), and the remaining cells were then normalized, centered
and scaled (NormalizeData, FindVariableFeatures & ScaleData) followed by Jack Straw
Analysis to determine which PCs to use for further analysis. A sharp drop-off of p-values
was observed between PC 14 and 15, so 15 PCs were used for microglia analysis. The
microglia were then normalized with SCTransform regressed against mitochondrial gene
content. Subsequent PCA and UMAP reductions showed similar day, order, and sex bias as
the analysis with all the cells, and the microglia were again integrated with Harmony, using
the same covariates as before, followed by UMAP. Using FindNeighbors and FindClusters
with a resolution of 0.8 discovered 16 clusters. Known ARM genes (Clec7a, Itgax, Apoe,
and Cst7) were found to be highly expressed in Cluster 11, and known IRM genes (Ifit1,
Ifit2, 1fi204, and 1sg15) were found to be highly expressed in Cluster 13. =Using
FindAllMarkers (min.pct = 0.25 and logfc.threshold = 0.4), 66 genes were discovered to
have a positive average logfc in Cluster 11 (ARM cluster marker genes) and 86 genes were
discovered to have a positive average logfc in Cluster 13 (IRM cluster marker genes). These
two gene lists were used with the AddModuleScore function to assign ARM and IRM
module scores to each cell. Cells in the ARM or IRM clusters were compared across
genotypes by ordinary one-way ANOVA (Dunnett’s multiple comparisons test with a single
pooled variance) using GraphPad Prism (version 9.0.0 (86) for macOS).

Statistical analysis—For each experiment, the corresponding statistics test is indicated in
the figure legend. Number of samples for each group is always shown in the figure and
figure legends. Statistical analysis was performed by using GraphPad Prism Version 9.0
(GraphPad Software, La Jolla, CA, USA). Values were presented as mean + SEM. Statistical
significance was determined using Student’s t test and analysis of variance (ANOVA),
followed by Tukey’s, Welch correction, or Sidak’s post hoc testing as appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

C9orf72 deficient microglia exhibit altered transcriptional profile and
functions

Loss of C9orf72 in microglia leads to non-cell autonomous neuronal
dysfunction

Loss of C9orf72 causes defects in learning and memory in ALS/FTD and AD
mouse models

Neuron. Author manuscript; available in PMC 2022 July 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lall et al.

Page 30

WUS lcGAMP

5 w

T %
umAP_1

3 5 w

L] T 5
APt umap_t

Figure 1: Altered microglia transcriptome profile in C9orf727/~ mice.
(A) PCA analysis of RNAseq from acutely isolated microglia from 3 and 17-month-old

C9orf72"*, C90rf72''~ and C9orf727'~ mice, n=4 per genotype. (B-E) 17-month TPM
graphs of (B) homeostatic, (C) activated response microglia, (D) interferon response
microglia, and (E) cytokine genes. (F) scRNAseq analysis showing UMAP of 26,275
microglial cells from all genotypes at 12 months, n=3 per genotype. (G) UMAP plot of
ARM cluster. (H) UMAP plot of IRM cluster. (1) ARM module score in C9orf72+*,
CY90rf72"~ and C9orf727~ mice. (J) IRM module score in C9orf72"*, C9orf72"'~ and
C9orf727~ mice. (K) UMAP plot colored for expression for ARM module score separated
by genotypes. (L) UMAP plot colored for expression for IRM module score separated by
genotypes. (M) Western blot analysis of microglia stimulated with cGAMP (10 pg/ml) for 0
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and 24hr showing increased levels of STING in C9orf72!~ vs C9orf72**animals (images
representative of two experiments with four biological replicates). Arrow indicates band
specific for STING. (N) Quantification of western blot. (O) gRT-PCR analysis of CXCL10
and Mx1 production by microglia isolated from C90rf72"'* and C9orf727'~ mouse brains (n
= 4 each) after stimulation with cGAMP (10 pg/ml) for 24hr. Data shown as mean + SEM.
Each dot represents one sample. Two-way ANOVA with Tukey’s multiple comparison test,
**p<0.005, ***p<0.0005. For panels B-E, mean +SEM, Unpaired t test with Welch
correction, two-tailed, n=4 per genotype, **p=.0012, *p<0.05. Some genes are shown with
exact p-value =.05. ns — not significant. For panels | &J only positively log fold change
genes were used for analysis. See also Figure S1 & S2, Table S2.
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Figure 2: Synaptic and behavioral defects in aged C90rf727/~ mice.
(A) Representative images of C1q immunoreactivity in the motor cortex of C9orf72!*,

C90rf72"!=, and C9orf727'~ mice at 12 months and (B) quantification. mean +SEM, One-
way ANOVA with Tukey’s multiple comparison test, n=3—-4 per genotype, **p<0.005. (C)
Motor cortex from 12-month-old C90rf72'"*, C9orf72*~, and C90rf727"~ mice
immunostained with synaptophysin and (D) quantification, mean £SEM, One-way ANOVA
with Tukey’s multiple comparison test, n=3-4 per genotype, *p<0.05, **p<0.005. (E)
Representative confocal images of vGLUT1 immunoreactivity from 12-month-old
Corf72*, C9orf72*~, and C90rf727!~ mice and (F) quantification. mean +SEM, One-way
ANOVA with Tukey’s multiple comparison test, n=3-4 per genotype, *p<0.05. Scale bars:
10um. (G) Neuronal morphology tracings from motor cortex of Golgi stained 12-month
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C9orf72** and C9orf727"~ mice brains; n=4 per genotype. Scale bars: 20um. (H) Sholl
analysis of dendritic arborization, Ordinary Two-way ANOVA, ****p<0.0001. (I) Total
length of the neurites in the indicated genotypes, mean £SEM, Unpaired t-test, two-tailed,
n=4 per genotype, *p<0.05. (J) Representative images of vGLUT1 (green) and C1q (red)
proteins in the motor cortex of 12-month C9orf72"*, C9orf72*'=, and C90rf727'~ mice.
Rectangular box indicates magnified region. White arrows indicate vGLUT1 positive puncta
either co-localized or next to C1q immunoreactive puncta. Scale bars: 10pum, 5um. (K)
Quantification of C1q positive vGLUT1 puncta, mean £SEM, One-way ANOVA with
Tukey’s multiple comparison test, n=3-4 per genotype, *p<0.05. (L) Barnes maze analysis
of primary latency from 12-month-old C90rf72** (n=7), C90rf72"'~ (n=8), and CYorf72"~
(n=10) mice. Two-way repeated measure ANOVA with Tukey’s multiple comparison test,
time x genotype F(8, 88)=2.075, p=0.0467, time effect: F(3.127, 68.79)=16.14, p<0.0001,
genotype effect: F(2, 22)=13.30, p=0.0002, *p<0.05, ***p<0.0005, ****p<0.0001. See also
Figure S3.
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Figure 3. Increased synaptic pruning and phagocytosis by Corf727/~ microglia.
(A) Confocal images showing synaptophysin expression in C90rf72"* and C9orf727!~

cortical neuron cultures at 14 days /n vitro. Scale bars: 20um and (B) quantification, mean
+SEM, Unpaired t-test with Welch’s correction. (C) Representative confocal images of
presynaptic (Bassoon and vGLUT1) and (D) postsynaptic (Homer and PSD95) markers in
neuronal cultures from C9orf72"* and C90rf727!~ mice. Scale bars: 10pm. (E-H)
Quantification of pre- and post-synaptic marker densities. (1) Representative 3D confocal
images of synaptophysin density around C90rf72** and C9orf727"~ Cd11b+ microglia.
Inset shows synaptophysin+ puncta inside Cd11b microglia. Scale bars: 20um. (J)
Quantification of synaptophysin density, Two-way ANOVA with Sidak’s multiple
comparison test, mean £SEM, *p<0.05, **p<0.005. (K) Number of synaptophysin puncta
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inside microglia, mean £SEM, n=10 cells per genotype, Unpaired t-test, *p<0.05. White
arrows indicate synaptophysin puncta inside microglia and is zoomed in white box.
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Figure 4: Enhanced synaptic pruning in microglia specific C9orf72 knockout mice.
(A) Ibal and CD68 co-stain in motor cortex of 12-month C90rf727 and

C9orf721M-Cx3criCre* mice showing CD68+ lysosomal accumulations (white arrows).
Scale bars: 5um. (B) & (C) Quantification of cells with CD68* lysosomal accumulations.
For panel B, mean £SEM, Unpaired t-test with Welch correction, two-tailed, n=4 per
genotype, *p<0.05. For panel C, mean +SEM, Two-way ANOVA with Sidak’s multiple
comparison test, n=4-5 per genotype per age. **p < 0.005, *p < 0.05. (D) Representative
images of C1q immunoreactivity in the motor cortex of 12-month-old C90rf72™ and
C0rf72™-Cx3criCre* mice and (E) quantification, mean +SEM, Unpaired t test with
Welch’s correction, two-tailed, n=4-5 per genotype, *p<0.05. (F) Motor cortex from 12-
month-old C9orf72"" and C9orf72"-:Cx3criCre* mice immunostained with
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synaptophysin and (G) quantification, mean £SEM, Unpaired t-test with Welsh correction,
two-tailed, n=4-5 per genotype, *p<0.05. Scale bars: 10um. (H) Representative confocal
images of vGLUT1 immunoreactivity in 12-month-old C9orf72™ and
C90rf72™M-Cx3criCre™ mice and (1) quantification, mean +SEM, Unpaired t test with
Welch’s correction, two-tailed, n=4-5 per genotype, **p<0.005. (J) Representative images
of vGLUT1 (green) and C1q (red) proteins in the motor cortex of 12-month C90rf72"1% and
Corf721-Cx3criCre* mice. Scale bars: 10pm Rectangular box indicates magnified
region. Scale bars: 5um. White arrows indicate vGLUT1 positive puncta either co-localized
or next to C1q immunoreactive puncta and (K) quantification, mean £SEM, Unpaired t test
with Welch’s correction, two-tailed, n=4-5 per genotype, **p<0.005. (L) Confocal and
IMARIS reconstruction images showing vGLUT1+ puncta within 1ba+ microglia in motor
cortex of 12-month C9orf72" and Corf721-:Cx3criCre* (white arrows), scale bars 5um,
1um and (M) quantification, mean £SEM, Unpaired t-test with Welsh correction, two-tailed,
n=4-5 per genotype, *p< 0.05. (N) Confocal images showing PSD95+ structures within Iba
+ microglia in motor cortex of 12-month C90rf7217 and C90rf721M:Cx3criCre* (white
arrows) and (O) quantification, mean £SEM, Unpaired t-test, two-tailed, n=4-5 per
genotype, *p< 0.05. Scale bars: 5um.
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Figure 5: Decreased C9orf72 gene dosage alters amyloid plaque burden and microglial plaque

engagement.

(A) Schematic of breeding strategy for experimental groups. (B) Immunostaining for Ap
with mHJ3.4 antibody in 6-month-old 5XFAD, 5XFAD/C90rf72"!~, and 5XFAD/ C90rf727!~
animals. Scale bars: 100um. (C) & (D) Quantification of Ap immunoreactivity in the cortex
and hippocampus respectively, mean £SEM, One-way ANOVA with Tukey’s multiple
comparison test, **p<0.005, ***p<0.0005. (E-H) Soluble and insoluble AB1_40 and AB1_42
levels in hippocampus of 2-month-old 5XFAD, 5XFAD/ C9orf72"~, and 5XFAD/ C9orf72~
mice as detected by ELISA. (1) Representative confocal maximum intensity projections
images of Iba+ microglia in the cortex of 5XFAD, 5XFAD/ C9orf72'~, and 5XFAD/
C9orf72~ animals at 6 months. Scale bars: 100 um, inset 25um. (J) Quantification of Iba+
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immunoreactivity and (K) microglial density in cortex, n=5-7 per genotype, mean £SEM,
One-way ANOVA with Tukey’s multiple comparison test, *p<0.05, **p<0.005. (L)
Representative images of plaque morphology in 6-month-old 5XFAD, 5XFAD/ C9orf72*~,
and 5XFAD/ C9orf72!~ mice. Scale bars: 100 um, inset 25um. (M) Average plaque size and
(N) circularity in indicated genotypes, n=6 mice per group, mean +SEM, One-way ANOVA
with Tukey’s multiple comparison test, *p<0.05, **p<0.005, ***p<0.0005. (O) Images
showing interaction between microglia (Ibal+, red) and plaques (ThioS, green) in cortex of
6-month-old 5XFAD, 5XFAD/ C90rf72"~, and 5XFAD/ C90rf72""~ mice. Scale bars: 50 pm,
inset 20um. (P) Quantification of plaque-associated microglia (Ibal+). n=4 animals per
genotype, mean £SEM, One-way ANOVA with Tukey’s multiple comparison test,
****p<0.0001. See also Figure S4, Figure S5.
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Figure 6: Enhanced microglial lysosome accumulation, neuronal and synaptic defects in
5XFAD:C90rf727/~ mice.
(A) Confocal images of CD68*/Ibal* microglia from motor cortex of 4-month-old wild-type

(WT), C9orf727"=, 5XFAD, and 5XFAD/C90rf72”'~ mice. Scale bars: 25um. (B) & (C)
Quantification of CD68" total number and volume in different genotypes. Volumes are
expressed as pixel2/um? per microglia, n=3 mice per genotype, 10-24 microglia per animal
per genotype, mean +SEM, One-way ANOVA with Tukey’s multiple comparison test,
**p<0.005, ***p<0.0005. (D) Images of neuronal morphology and neuronal tracings from
motor cortex of Golgi stained 4-month-old WT, 5XFAD, and 5XFAD/ C90rf727'~ animals.
Scale bars: 20um. (E) Sholl analysis, Two-way ANOVA, ****p<0.001, n=5-6 animals per
genotype. (F) Total length of neurites in indicated genotypes, mean £SEM, Ordinary One-
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way ANOVA, **p<0.05. (G) Immunostaining of vGLUT1 (green) and C1q (red) in motor
cortex of 4-month-old WT, C90rf727/~, 5XFAD, and 5XFAD/C90rf727'~ animals. Scale
bars: 10um. Rectangular box denotes magnified region. White arrows indicate vGLUT1
positive puncta either co-localized or next to C1q immunoreactive puncta. Scale bars: 5um.
(H) Quantification of total C1g immunoreactivity, n=4 per genotype. mean £SEM, One-way
ANOVA with Tukey’s multiple comparison test, *p<0.05, **p<0.005. (I) Quantification of
Cl1q positive vGLUT1 puncta, mean +SEM, One-way ANOVA with Tukey’s multiple
comparison test, n=4 per genotype, *p<0.05, **p<0.005. (J) Confocal images showing
PSD95+ structures within Iba+ microglia (white arrows) in motor cortex of WT, C9orf727'~,
5XFAD, and 5XFAD/ C90rf727'~ mice, scale bars 10um and (K) quantification, mean
+SEM, n=3 per genotype. One-way ANOVA with Tukey’s multiple comparison test,
**p<0.05, ***p<0.0005. (L) Barnes maze analysis of primary latency from 4-month-old
WT, C90rf72"=, 5XFAD, and 5XFAD/C90rf727'~ mice (n=7 per genotype), Two-way
repeated measure ANOVA with Tukey’s multiple comparison test, time x genotype, F(12,
96)=1.972, p=0.0351, time effect: F(2.521, 60.51)=16.59, p<0.0001, genotype effect: F(3,
24)=9.832, p=0.0002, *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001. See also Figure
S6.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Ap antibody, mHJ3.4

David M. Holtzman

Rabbit polyclonal anti-1bal antibody Wako Cat #019-19741;
RRID:AB_839504

Guinea pig anti vGLUT1 Synaptic Systems Cat #135304; RRID:AB_887878

Mouse monoclonal (1gG2a) anti PSD95 Upstate Cat #05-494; RRID:AB_2315219

Rabbit monoclonal anti-synaptophysin Synaptic Systems Cat #101203; RRID:AB_2810218)

Rabbit monoclonal anti C1q Abcam Cat. #ab227072; N.A

Rat monoclonal anti-CD68 Bio-Rad Lab Cat #MCA1957;
RRID:AB_322219

Mouse monoclonal anti GFAP Millipore Cat #MAB360,
RRID:AB_11212597

Mouse monoclonal anti PSD95 Millipore Cat #MAB1596,
RRID:AB_2092365

Rabbit monoclonal anti-synaptophysin Abcam Cat #ab16659; RRID:AB_443419

Mouse monoclonal anti  tubulin Sigma-Aldrich Cat # T6074; RRID:AB_477582

mouse monoclonal anti-C9orf72 GeneTex Cat #. GTX634482,

RRID:AB_2784545

Rabbit polyclonal anti PSD95

Thermo Fisher Scientific

Catalog # 51-6900;
RRID:AB_2533914

Rabbit monoclonal anti STING Cell Signaling Catalog # 13647
RRID:AB_ 2732796
Rabbit polyclonal anti-Homer 1 Synaptic Systems Cat# 160 002, RRID:AB 2120990
Guinea pig anti Bassoon Synaptic Systems Cat# 141 004, RRID:AB_2290619
IRDye® 800CW Goat anti-Rabbit 1gG Secondary Antibody Licor P/N: 926-32211;
RRID:AB_621843
IRDye® 680RD Goat anti-Mouse 1gG Secondary Antibody Licor P/N: 926-68070;

RRID:AB_10956588

Alexa Fluor 488 goat anti-mouse 19gG (H+L)

Thermo Fisher Scientific

Cat #A11029; RRID:AB_138404

Alexa Fluor 555 goat anti-rabbit 1gG (H+L)

Thermo Fisher Scientific

Cat #A21428;
RRID:AB_2535849

Alexa Fluor 488 donkey anti-rat 1IgG (H+L)

Thermo Fisher Scientific

Cat #A21208;
RRID:AB_2535794

Alexa Fluor 647 donkey anti-mouse 1gG (H+L)

Thermo Fisher Scientific

Cat #A31571;
RRID:AB_162542

Alexa Fluor 647 donkey anti-rabbit 1gG (H+L)

Thermo Fisher Scientific

Cat #A31573;
RRID:AB_2536183

Alexa Fluor 647 goat anti-rabbit 1gG (H+L)

Thermo Fisher Scientific

Cat #A21244;
RRID:AB_2535812

Alexa Fluor 555 F(ab’)2 oat anti-mouse 1gG (H+L)

Thermo Fisher Scientific

Cat #A21425;
RRID:AB_2535846

Prolong Gold Antifade Reagent with DAPI

Thermo Fisher Scientific

Cat # P36931; N.A

Bacterial and Virus Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Cresyl violet Sigma-Aldrich Cat #C5042
cOmplete, Roche protease inhibitor cocktail Sigma-Aldrich Cat #5892970001
PhosSTOP phosphatase inhibitor cocktail Sigma-Aldrich Cat #4906837001
Critical Commercial Assays

FD Rapid GolgiStain™ Kit FD Neuro Technologies, Inc. Cat #PK401

Mouse IgG ELISpot kit (HRP)

Mabtech

Cat #3825-2H

Mouse IFNg ELISPOT Set

BD Biosciences

Cat #551083

Neural Tissue dissociation kit

Miltenyi Biotech

Cat #130-092-628

Myelin Removal Beads |1

Miltenyi Biotech

Cat # 30-096-433

CD11b+ magnetic beads

Miltenyi Biotech

Cat #130-093-634

TruSeq Stranded mRNA Library Prep kit Illumina Cat #20020594
TruSeq RNA Single Indexes Set A Illumina Cat #20020492
TruSeq RNA Single Indexes Set B Illumina Cat # 20020493
VECTASTAIN Elite ABC Kit Vector labs Cat #PK-6100
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific Cat #23225
Mini-PROTEAN® TGX™ Precast Gels Bio-Rad Cat #4561096
Odyssey blocking buffer Li-Cor Cat #927-40000
RNeasy Micro Kit Qiagen Cat #74004
Single Cell 3" v3.1 Reagent Kits 10x Genomics

SPRIselect Reagent Kit Beckman Coulter B23319
Chromium Single-Cell 3" Library Kit 10x Genomics PN-120237
Collibri Library Quantification Kit (Thermo Fisher Scientific A38524100

Deposited Data

Bulk RNAseq data This paper GEO Accession numbers:

Single cell RNAseq data GSE164676 (superseries)
GSE164675 (Bulk RNAseq)
GSE164674 (Single Cell RNAseq)

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: C9orf72 (311004021Rik) knockout mouse In house O’Rourke et.al 2016

Mouse: B6SJL-

Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax

The Jackson Laboratory

MMRRC Stock No: 34840

Mouse: C9orf72fl/fl

Obtained from R Jeroen
Pasterkamp

Koppers et al., 2015
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse: (B6J.B6N(Cg)-Cx3criltml.1(cre)dung/d

The Jackson Laboratory

Stock No: 025524
RRID:IMSR_JAX:025524

Oligonucleotides

Recombinant DNA

Software and Algorithms

Fiji ImageJ

https://doi.org/10.1038/
nmeth.2019

https://imagej.net/Fiji

GraphPad Prism

GraphPad Software, La Jolla, CA,
USA

Version 9.0.0
https://www.graphpad.com/
scientific-software/prism/

WGCNA R package https://doi.org/ https://horvath.genetics.ucla.edu/
10.1186/1471-2105-9-559 html/
CoexpressionNetwork/Rpackages/
WGCNA
STRING https://doi.org/10.1093/nar/ https://string-db.org
gkw937
Galaxy https://doi.org/10.1093/nar/ http://usegalaxy.org/
gky379; https://doi.org/
10.1093/nar/gkw343
FASTQ Groomer (Galaxy Version 1.1.1) https://doi.org/10.1093/ http://usegalaxy.org/
bioinformatics/btq281
TopHat (Galaxy Version 2.1.1) https://doi.org/10.1186/ http://usegalaxy.org/
gbh-2013-14-4-r36
Bowtie2 (part of TopHat Galaxy Version 2.1.1) https://doi.org/10.1038/ http://usegalaxy.org/
nmeth.1923
Samtools (part of TopHat Galaxy Version 2.1.1) https://doi.org/10.1093/ http://usegalaxy.org/

bioinformatics/btp352

Partek Genomic Suite

Partek® Genomics Suite®, Partek
Inc., St. Louis, MO, 2018, version
7.17.0918

Version 7.17.0918
https://www.partek.com/partek-
genomics-suite/

Salmon

https://doi.org/10.1038/
nmeth.4197

Version 0.8.2
https://combine-lab.github.io/
salmon/

transcriptome annotation

mm10 (GRCm38) mouse reference genome sequence and

http://www.genome.org/cgi/doi/
10.1101/9r.213611.116

hosting webpage: https://
support.illumina.com/sequencing/
sequencing_software/
igenome.html

mm10 (continued)

download url used: http://
igenomes.illumina.com.s3-
website-us-east-1.amazonaws.com/
Mus_musculus/UCSC/mm10/
Mus_musculus_UCSC_mm10.tar.

gz

mm10 (continued)

Neuron. Author manuscript; available in PMC 2022 July 21.

README.txt file found in the
downloaded reference sequence in
the following directory ./
Mus_musculus/lUCSC/mmZ10/
Annotation : “The contents of the



https://imagej.net/Fiji
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
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https://string-db.org/
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http://www.genome.org/cgi/doi/10.1101/gr.213611.116
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

annotation directories were
downloaded from UCSC on: July
17, 2015. SmallRNA annotation
files were downloaded from
miRBase release 21.”

DESeq2 R package (Bioconductor version: Release 3.11)

https://doi.org/10.1186/
$13059-014-0550-8

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

STAR https://doi.org/10.1093/ Version 2.5.1
bioinformatics/bts635
Cell Ranger software 10X Genomics Version 4.0.0

GO Ontology database http://doi.org/10.5281/ Release 2020-10-09
zenodo.4081749

MyGeneSet https://doi.org/10.1038/ http://rstats.immgen.org/
ni1008-1091 MyGeneSet_New/index.html

R https://www.R-project.org/ Version 4.0.3

Rstudio http://www.rstudio.com Version 1.3.1093

Seurat R package https://doi.org/10.1038/nbt.4096 Version 3.2.2
https://doi.org/10.1016/
j.cell.2019.05.031
https://doi.org/10.1186/
$13059-019-1874-1

Harmony R package https://doi.org/10.1101/461954 Version 1.0.0

Tidyverse R package https://doi.org/10.21105/ Version 1.3.0

j0ss.01686

Matrix R package

Douglas Bates and Martin
Maechler (2019). Matrix: Sparse
and Dense Matrix Classes and
Methods.

Version 1.2-18

Cowplot R package Claus O. Wilke (2020). cowplot: Version 1.1.0
Streamlined Plot Theme and Plot
Annotations for ‘ggplot2’
Viridis R package Simon Garnier (2018). viridis: Version 0.5.1
Default Color Maps from
‘matplotlib’
Other
Leica digital image hub -N-A-
Li-COR imaging system (Odyssey CLx) -N-A-
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