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SUMMARY

DNAsequencevariants in theTBK1geneassociatewithorcausesporadicor familial amyotrophic lateral sclerosis

(ALS). Here we show that mice bearing human ALS-associated TBK1 missense loss-of-function mutations, or

mice in which the Tbk1 gene is selectively deleted inmotor neurons, do not display a neurodegenerative disease

phenotype.However, loss of TBK1 function inmotor neurons of theSOD1G93Amousemodel of ALS impairs auto-

phagy, increases SOD1 aggregation, and accelerates early disease onset without affecting lifespan. By contrast,

pointmutations thatdecreaseTBK1kinaseactivity inall cellsalsoacceleratediseaseonsetbutextendthe lifespan

ofSOD1mice.Thisdifferencecorrelateswith the failure toactivatehigh levelsofexpressionof interferon-inducible

genes in glia. We conclude that loss of TBK1 kinase activity impacts ALS disease progression through distinct

pathways in different spinal cord cell types and further implicate the importance of glia in neurodegeneration.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative dis-

ease characterized bymotor neuron loss, neuromuscular denerva-

tion, and progressive paralysis. Although cell-autonomousmecha-

nisms in motor neurons are central to ALS pathology, many non-

cell-autonomous contributions to disease onset and progression

have been identified, originating frommicroglia, astrocytes, and ol-

igodendrocytes (Tayloretal., 2016).Accumulationofmisfoldedpro-

teins in cytoplasmic inclusions is a common feature of both spo-

radic and familial ALS and other neurodegenerative diseases

(Blokhuis et al., 2013). Other cellular abnormalities in ALS include

mitochondrial vacuolization, fragmentation of the Golgi apparatus,

and abnormal neuromuscular junctions (Blokhuis et al., 2013). In

addition, the spread of protein aggregates and neuroinflammation

through the spinal cord and brain is a hallmark of disease progres-

sion in ALS (Taylor et al., 2016). Pathology-associated protein

aggregates and damaged cellular organelles are targeted to the

ubiquitin-proteasomepathwayand theautophagysystem forclear-

ance. An important role of autophagy in ALSwas revealed by large-

scale whole-exome sequencing and genome-wide association

studies (GWAS) studies, which identified DNA sequence variants

in several autophagy pathway genes in ALS patients, including

VCP,UBQLN2,CHMP2B, p62,OPTN,C9orf72, andTANK-Binding

Kinase 1 (TBK1) (Oakes et al., 2017; Taylor et al., 2016).

In previous studies we investigated the role of autophagy in ALS

by conditionally deleting the essential autophagy gene Atg7 from

cholinergic neurons in the SOD1G93A mouse model of ALS

(Rudnick et al., 2017).We found that the lossof autophagy inmotor

neuronsaccelerates thedenervationofneuromuscular junctions in

early stages of the disease but diminishes the spread of pathology

toother cell types late indisease, thus reducingneuroinflammation

in a non-cell-autonomous manner (Rudnick et al., 2017).

Neuroinflammation is a prominent feature in postmortem ALS

patient samples and in mutant SOD1 transgenic mouse models

of ALS (Taylor et al., 2016) and is characterized by the activation

of microglia and astrocytes, as well as inflammatory pathways

that contribute to progressive neurodegeneration (Geloso et al.,

2017). In addition, genetic approaches in mouse models have

revealed an important role for astrocytes and microglia in driving

neurodegeneration (Boillée et al., 2006; Clement et al., 2003;

Yamanaka et al., 2008). All these studies have shown that the

accumulation of misfolded protein aggregates, autophagy, and

neuroinflammation play important roles in the ALS disease pro-

cess. A detailed understanding of the regulatory mechanisms

that underlie these activities and their interplay is crucial to better

understand ALS disease mechanisms.

TBK1, which plays an important regulatory role in autophagy,

innate immunity, neuroinflammation, and apoptosis (Oakes et al.,

2017; Xu et al., 2018), was identified as an ALS gene in large-scale
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Figure 1. The TBK1 R228H Mutation Leads to Partial Loss of Kinase Function and Alters ALS Disease Progression in SOD1G93A Mice

(A–C)Western blot (A) and relative band densitometry of protein lysates fromHEK293T cells transfectedwith the indicated constructs show that TBK1G217R and

R228H mutations completely or partially (respectively) reduce autophosphorylation (B) and kinase activity toward the transcription factor IRF3 (C).

(D) Interferon-b promoter luciferase assay shows reduced ability of TBK1 G217R and R228H mutants to activate the Interferon-b promoter.

(E and F)Western blot (E) and relative band densitometry (F) of protein lysates from fibroblasts of ALS patients carrying the TBK1G217Rmutation show that TBK1

protein levels are lower compared to healthy controls.

(G and H) Kinase assays show that TBK1 R228H is less effective than TBK1 WT in phosphorylating the autophagy receptors optineurin (G) and p62 (H).

(I) Generation of TBK1 mutant SOD1G93A mice. The position of the R228H mutation in the kinase domain of the TBK1 gene is shown (KD, kinase domain; ULD,

ubiquitin-like domain; SDD, scaffold dimerization domain; CTD; C-terminal domain). Different colors designate different genotypes.

(J) Kaplan-Meier plot showing effects of the TBK1 R228Hmutation on disease onset. TBK1R228H/R228H; SOD1G93A Log-rank test = 27.35, p < 0.0001; TBK1R228H/+;

SOD1G93A Log-rank test = 0.269, p = 0.6.

(K and L) TBK1R228H/R228H; SOD1G93A but not TBK1R228H/+; SOD1G93A mice showed reduced performance on the rotarod (K) and grip strength force assay (L).

Results are shown as mean ± SEM; *p = 0.0332, **p = 0.0021, ***p = 0.0002, ****p < 0.0001; multiple t tests.

(legend continued on next page)
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whole-exome sequencing studies of sporadic and genetic studies

of familial ALS, respectively (Cirulli et al., 2015; Freischmidt et al.,

2015). TBK1 plays a central role in the cellular innate immune

response, in particular the induction of type-I interferon gene

expression, mainly through phosphorylation of IRF3/7 transcrip-

tion factors (Fitzgerald et al., 2003;McWhirter et al., 2004; Sharma

et al., 2003; Solis et al., 2007), and in selective autophagy. Specif-

ically, TBK1-mediated phosphorylation of autophagy receptors

enhances their binding to autophagosomal proteins and/or to

ubiquitin, thus facilitating the clearance of protein aggregates

and damaged mitochondria (Heo et al., 2015; Lazarou et al.,

2015; Matsumoto et al., 2015; Moore and Holzbaur, 2016; Richter

et al., 2016; Wild et al., 2011). Heterozygous TBK1 frameshift,

splice-site, nonsense,missense, anddeletionmutations associate

with sporadic and familial ALS cases (reviewed in Oakes et al.,

2017). Nonsense and frameshift mutations may act through a

hemizygous loss of function mechanism. However, TBK1 func-

tions as a dimer. Therefore, missensemutations and single amino

acid deletions could also act through a complete or partial loss of

function or a dominant negative mechanism.

Similar to our previous study of the role of the Atg7 gene and

autophagy in ALS disease progression (Rudnick et al., 2017),

the role of TBK1 was studied using the SOD1 mouse model.

Specifically, the effect of TBK1 haploinsufficiency was studied

by global heterozygous deletion of TBK1 in SOD1G93A mice

(Brenner et al., 2019). This led to a modest acceleration of

disease onset, denervation of neuromuscular junctions with no

effect on motor neuron survival, and an impact on gliosis

(Brenner et al., 2019). In particular it was proposed that TBK1

haploinsufficiency modulates the contribution of microglia to

inflammation (Brenner et al., 2019). Although that study builds

upon genetic evidence implicating a role for TBK1 in ALS, a het-

erozygous deletion may not faithfully model the human cases in

which one of the two TBK1 alleles bears a missense mutation. In

addition, given that the kinase activity of TBK1 is essential for its

pleiotropic functions, the requirement of this activity for ALS dis-

ease onset and progression is critical to understanding the role

of TBK1 in ALS.

Here we generate and characterize two different mouse

strains, each bearing a distinct human ALS-associated point

mutation which either diminishes or abolishes TBK1 kinase ac-

tivity. We also examine the phenotypes of mice in which TBK1

is conditionally deleted in motor neurons, the vulnerable ALS

cells, and thus provide insights into the cell-autonomous ef-

fects of TBK1 loss of function. We find that TBK1 kinase activity

is required in the spinal cord of ALS mice for the phosphoryla-

tion of distinct downstream targets in specific cell types, and

that TBK1 loss of function in motor neurons or other spinal

cord cells differentially affects autophagy or the interferon

response. These studies provide mechanistic insights into

how TBK1 kinase activity can modify neurodegenerative dis-

ease onset and progression and reveal the complexity of the

underlying genetic interactions.

RESULTS

Generation of Knockin TBK1 Mice Bearing Missense

ALS Mutations

Over90distinctTBK1DNAsequencevariantsassociatewith famil-

ial or sporadic ALS in genetic studies (Oakes et al., 2017). Among

these are single nucleotide substitutions in the kinase domain. We

recently reported a detailed study of the activities and dimerization

propertiesof 25of these substitutions (Yeet al., 2019). To establish

animal models of TBK1-associated ALS, the missense mutations

G217R (familial ALS) or R228H (associated with sporadic ALS) in

the Tbk1 gene were separately introduced into C57BL/6J mice

by CRISPR mutagenesis as described in STAR Methods. Both

single nucleotide mutations occur in the kinase domain of TBK1

and were chosen for in vivo studies based on results from

biochemical assays (Figures 1A–1H). Similar to other studies

(de Majo et al., 2018; Ye et al., 2019), when TBK1 G217R was

expressed in HEK293T cells, autophosphorylation of serine 172

(S172)wasnotobserved, consistentwithacomplete lossof kinase

activity. By contrast, TBK1R228Hdisplayedpartial autophosphor-

ylation and significantly reduced kinase activity toward TBK1 sub-

strates such as IRF3,Optineurin (OPTN), and p62 (Figures 1A–1H).

While a neurodegenerative disease phenotype was not

observed in heterozygous G217R mice, homozygous mutant

mice were nonviable (Figure S1B), consistent with the phenotype

of homozygous TBK1 deletion mice (Bonnard et al., 2000).

However, like homozygous TBK1 KO mice (Bonnard et al.,

2000), lethality of the homozygous TBK1 G217R mice can be

rescued by a homozygous deletion of the TNF receptor gene (Fig-

ure S1C). Thus, the homozygous G217R mutation behaves as a

complete loss-of-function mutation in vitro and in vivo. Western

blots of protein lysates from TBK1G217R/G217R; TNFR�/� mouse

brains revealed that themutant TBK1G217Rprotein is expressed

at low levels in vivo (Figure S1D), consistent with the reduced

TBK1 protein levels observed in TBK1 G217R patient fibroblasts

(Figures 1E and 1F). In contrast, homozygous R228H mice are

born at the expected Mendelian ratios (Figure S1F), and the

mutant TBK1 protein is stable in vivo (Figure S1G). Although het-

erozygous TBK1 loss-of-function mutations in humans associate

with ALS, heterozygous TBK1 G217R mice, as well as homozy-

gous and heterozygous TBK1 R228H mice, are viable and do

not show overt motor defects. Quantification of spinal cordmotor

neurons and innervationof neuromuscular junctions (NMJs) at the

ALS vulnerable tibialis anteriormuscle revealed no differencewith

wild-type (WT) littermates up to 2 years of age (Figures S1H and

S1I).Morphology analysis revealed fragmentation ofNMJs typical

of aging mice (Valdez et al., 2010), which was not affected by

TBK1 mutations (Figures S1J and S1K).

TBK1 G217R and R228H Mutations Accelerate Disease

Onset in SOD1G93A Mice

An alternative approach to generating mouse models to study

ALS disease was suggested by studies of the effects of genetic

(M) TBK1 R228H mutation extends the lifespan of SOD1 mice. TBK1R228H/R228H; SOD1G93A Log-rank test = 26.88, p < 0.0001; TBK1R228H/+; SOD1G93A Log-rank

test = 12.31, p = 0.0005.

(N) Disease duration is extended by 1.4-fold in TBK1R228H/+; SOD1G93A and by 2.7-fold in TBK1R228H/R228H; SOD1G93A compared to SOD1G93A mice. n = 18

animals per genotype, 9 males and 9 females.
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variability in inbred mouse lines on disease progression of

SOD1G93A mice (Heiman-Patterson et al., 2011). Due to the

lack of an overt neurodegenerative phenotype in the TBK1

mutant knockin mice, we crossed TBK1 G217R and TBK1

R228H mutant mice with SOD1G93A transgenic mice to deter-

mine whether ALS-associated mutations in TBK1 affect disease

progression in this ALS mouse model (Figures 1I and S2A).

To assess the specific contribution of TBK1 to disease pro-

gression, we also included in this study the loss of IKKε, a closely

related kinase that shares protein substrates with TBK1 (Fitzger-

ald et al., 2003), addressing the possibility that the two kinases

affect overlapping or redundant pathways that could contribute

to neurodegeneration. With respect to TBK1, we observed a

substantial (24.5%) acceleration of the onset of hind limb tremor

in TBK1R228H/R228H; SOD1G93A mice (Figure 1J; median onset

was 126.5 days in SOD1G93A versus 89 days in TBK1R228H/R228H;

SOD1G93A mice). By contrast, the heterozygous TBK1 R228H

mutation did not alter disease onset (median disease onset for

TBK1R228H/+; SOD1G93A was 123 days), thus revealing a clear

dosage effect on disease onset. Notably, when subjected to

motor function tests such as rotarod and grip strength force as-

says, TBK1R228H/R228H; SOD1G93A mice (but not TBK1R228H/+;

SOD1G93A mice) displayed a significant exacerbation of the mo-

tor deficits (Figures 1K and 1L). Surprisingly, however, the TBK1

R228H allele (either heterozygous or homozygous) extended the

survival of SOD1mice by 13%and 16%, respectively (Figure 1M;

median survival was 163 days for SOD1G93A versus 185 days in

TBK1R228H/+; SOD1G93A mice and 189 days in TBK1R228H/R228H;

SOD1G93A mice). Thus, the TBK1 R228H mutation resulted in a

significant increase in disease duration (time elapsed from dis-

ease onset to disease end stage). The increase was greater in

homozygous mice, where disease duration was increased by

2.7-fold, while in heterozygous mice disease duration was

increased by 1.4-fold compared to SOD1G93A mice (Figure 1N).

The TBK1 familial G217R heterozygous mutation similarly

affected disease onset and survival of SOD1G93A mice (Figures

S2B and S2D; median disease onset for TBK1G217R/+; SOD1G93A

was 103 days and median survival was 180 days), resulting in a

1.8-fold increase in disease duration (Figure S2D). By contrast,

homozygous deletion of IKKε had no effect on disease onset,

survival, disease duration, or motor performance of SOD1 mice

(Figures S2E–S2J). Thus, although IKKε and TBK1 share a sub-

set of protein substrates, the loss of kinase activity of IKKε has

no apparent effect on neurodegenerative disease progression

in SOD1 mice. We conclude that reduced or abolished TBK1

kinase activity profoundly affects both early and late disease

progression in the SOD1G93A ALS mouse model.

Uncoupling NMJ Denervation from Motor Neuron Death

in TBK1 R228H; SOD1G93A Mice

NMJ degeneration typically precedes motor neuron loss and

appearance of motor symptoms in the SOD1G93A mouse model

andcan therefore serve as a sensitive anatomical correlate of dis-

ease. To determine the effects of the TBK1 R228H mutation on

muscle innervation of SOD1 mice, we visualized innervation of

the NMJs at the ALS-vulnerable fast tibialis anterior (TA) muscle.

Consistent with the observed reduction in motor performance of

TBK1R228H/R228H; SOD1G93A compared to SOD1G93A mice, we

found that the denervation of NMJs occurred earlier in mutant

mice compared to mice with normal levels of TBK1 expression.

Specifically, at postnatal day (P) 50, TBK1R228H/R228H; SOD1G93A

mice showed 44.33% innervated NMJs compared to 64.17% in

SOD1G93A littermates (Figures 2A and 2B). However, at P100,

TBK1R228H/R228H; SOD1G93A and SOD1G93Amice showed similar

levels of NMJ innervation at the TA (31.8% and 34.73%, respec-

tively), revealing a reduced rate of NMJ denervation in TBK1

mutant mice at later stages of the disease.

Unexpectedly, the mutant TBK1 R228H allele delayed motor

neuron death, as shown by quantification of Choline Acetyltrans-

ferase (ChAT)-positive motor neurons from the L4-L5 lumbar seg-

ments of the spinal cord (TBK1R228H/R228H; SOD1G93A mice have

significantly more motor neurons per ventral horn compared to

SOD1G93Amice at P100 and P145) (Figures 2C and 2D). These re-

sults are in contrast to a previous study, where the heterozygous

deletion of TBK1 in the SOD1G93A background had no effect on

motor neuron survival and ameliorated motor performance,

although it accelerated early NMJ denervation (Brenner et al.,

2019). We note that our studies are focused on point mutations

that affect the kinase activity of TBK1 as opposed to hemizygous

loss of TBK1 protein.

Conditional Deletion of TBK1 in Motor Neurons Is

Sufficient to Accelerate Disease Onset in SOD1G93A Mice

In order to understand the contribution of loss of TBK1 function in

motor neurons alone to the observed phenotypes, we generated

mice bearing a conditional TBK1 deletion in motor neurons

(TBK1 cKO). Specifically, we bred TBK1flox/flox mice to ChAT-Cre

mice to selectively delete the Tbk1 gene in cholinergic neurons,

which includemotor neurons (Figure3A). Immunostainingof spinal

cord sections confirmed the absence of TBK1 protein in motor

neurons (Figure 3B). We found that TBK1 cKO mice are viable

and do not display obvious neurological ormotor defects. Howev-

er, when the TBK1cKOmicewere crossedwith SOD1G93Amice, a

substantial acceleration (36.5%) in the onset of hind limb tremor in

double mutant mice was observed compared to SOD1G93A mice

(Figure 3C; median onset was 111 days in TBK1 cWT; SOD1G93A

versus 70.5 days in TBK1 cKO; SOD1G93A littermates). Complete

loss of TBK1 from motor neurons of SOD1 mice also significantly

diminished motor performance in the rotarod test, wire hang grip

strength, and grip strength force assays (Figures 3D–3F). We

note that complete loss of TBK1 from motor neurons alone had

more impact on disease onset and motor performance of

SOD1G93A mice compared to the homozygous knockin of TBK1

R228Hmutation in all cells.Despite early disease onset anddimin-

ished motor performance, TBK1 cKO; SOD1G93A mice did not

exhibit a shortened lifespan compared to SOD1G93A mice (Fig-

ure 3G). However, disease duration (fromdisease onset to disease

end stage) significantly increased in TBK1 cKO; SOD1G93Amice

compared to TBK1 cWT; SOD1G93A mice (Figure 3H).

Conditional Deletion of TBK1 in Motor Neurons

Accelerates Denervation of Neuromuscular Junctions

and Motor Neuron Death

Consistent with the reduced motor performance of TBK1 cKO;

SOD1G93A mice compared to TBK1 cWT; SOD1G93A mice,

denervation of NMJs at the TA muscle occurred earlier in the
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TBK1 cKO; SOD1G93A mice starting from early stages of the dis-

ease (Figures 4A and 4B; 29.1% innervated NMJs at P50 in TBK1

cKO; SOD1G93A versus 64.17% in TBK1 cWT; SOD1G93A mice).

Increased NMJ denervation was similarly observed at P100

(Figure 4B; 16% innervated NMJs at P100 in TBK1 cKO;

SOD1G93A versus 36.83% in TBK1 cWT; SOD1G93A mice). Histo-

logical analysis of transverse sections of TA muscles also

revealed that muscle denervation is accompanied by muscle at-

rophy, as indicated by a significant increase in the number of

fibers with smaller cross-sectional area and decreased number

of larger fibers in TBK1 cKO; SOD1G93A animals (Figures S3A

and S3B). We conclude that deletion of TBK1 in motor neurons

is sufficient to accelerate denervation of NMJs of vulnerable

ALS muscles in SOD1G93A mice.

Quantification of ChAT-positive motor neurons from the L4-L5

lumbar segments of the spinal cord during disease progression

(P30–P145) revealed that motor neuron loss occurred earlier in

TBK1 cKO; SOD1G93A mice compared to TBK1 cWT; SOD1G93A

littermates (Figures 4D and 4E; the mean number of motor neu-

rons/ventral horn was 40.81 versus 41.53 at P50, 22.36 versus

30.5 at P100, and 20.07 versus 26.81 at P150, respectively).

These data show that, in contrast to the reduced rate of motor

neuron death observed in the TBK1 knockin mice, where TBK1

activity is concomitantly lost from motor neurons and all other

cell types in the spinal cord, selective loss of TBK1 function

from motor neurons accelerates motor neuron death in SOD1

mice. Consistent with the absence of motor defects in TBK1

cKO mice without the SOD1 mutation, the loss of TBK1 from

motor neurons of WT mice did not affect innervation of NMJs

at the vulnerable TA muscle (Figure 4C), morphology of the

NMJs (Figures S3C and S3D), or motor neuron survival (Fig-

ure 4F). Thus, the impact of the complete loss of TBK1 function

on motor neuron viability and muscle innervation requires the

presence of mutant SOD1 protein in this mouse model.

TBK1 Is Active in Ubiquitinated Inclusions Targeted for

Autophagy in Motor Neurons

To understand the mechanisms that lead to accelerated disease

onset and decreased motor performance of TBK1 mutant mice,

we initially focused on the cell-autonomous effects of loss of

TBK1 function. We previously reported that in the SOD1 mouse

model, ‘‘round bodies’’ (RBs), composed of protein aggregates

and autophagosome components, can be detected in vulnerable

motor neurons at early stages of ALS disease progression using

antibodies against ubiquitin, the autophagy receptors p62 and

NBR1, and the autophagosomal proteins LC3 and GABARAPL1
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Figure 2. TBK1 R228H Mutation Accelerates Denervation of NMJs but Delays MN Death in SOD1G93A Mice

(A) Tibialis anterior NMJs revealed by presynaptic synaptophysin (red) and postsynaptic a-bungarotoxin (green) labeling. Scale bars, 50 mm.

(B) Quantification of the percentage of innervated NMJs.

(C) Staining of lumbar spinal cord sections from mice of the indicated genotypes with an antibody against ChAT (green). DAPI, blue. Scale bars, 200 mm.

(D) Quantification of ventral horn motor neurons in TBK1R228H/R228H; SOD1G93A and SOD1G93A mice. Data are shown as mean ± SEM (two-way ANOVA, Sidak’s

post hoc test). n = 3–5 animals per genotype per time point.

*p = 0.0332, **p = 0.0021, ***p = 0.0002, ****p < 0.0001.

ll
Article

Neuron 106, 789–805, June 3, 2020 793



(Rudnick et al., 2017). Previous in vitro studies have shown that

autophagy receptors are phosphorylated by TBK1, and this

phosphorylation enhances the clearance of autophagic cargos

(reviewed in Oakes et al., 2017). Our recent study revealed that

TBK1 mutations can affect the phosphorylation of autophagy

receptors (Ye et al., 2019), raising the possibility that these mu-

tations might impact selective autophagy. Immunofluorescent

analysis detected discrete foci of p-TBK1 (phospho-serine

172, amarker for activated TBK1) that co-localizedwith the auto-

phagy receptor p62, ubiquitin, and the autophagosomal protein

LC3 in ChAT+ neurons of the lumbar spinal cord of P50

SOD1G93A mice (Figures 5A and 5B). These data indicate that

early in ALS disease progression, TBK1 is active in motor

neurons and is directly involved in the autophagy pathway that

targets protein aggregates for clearance.

TBK1 Is Required for Normal Proteostasis in Motor

Neurons

Immunofluorescent staining of spinal cord sections using anti-

bodies against pS403 p62 and pS177 OPTN (known TBK1
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(A) Breeding scheme to obtain conditional deletion of TBK1 from motor neurons of SOD1 mice. Different colors indicate different genotypes.
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(C) Kaplan-Meier plot showing effects of TBK1 conditional deletion on disease onset. Log-rank test = 45.86, p < 0.0001.

(D–F) TBK1 cKO; SOD1G93A mice showed reduced performance on motor tests such as rotarod (D), wirehang grip test (E), and grip strength force assay (F).

Results are shown as mean ± SEM; *p = 0.0332, **p = 0.0021, ***p = 0.0002, ****p < 0.0001; multiple t tests.

(G) Genotype had no effect on survival. Log-rank test = 0.487, p = 0.4853.
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targets involved in autophagy) revealed that both autophagy re-

ceptors are phosphorylated in SOD1G93A motor neurons but not

in those lacking TBK1 (Figures 5C and 5D). Consistent with the

observed partial loss of kinase activity of the TBK1 R228H

mutant protein (Figures 1G and 1H), we also detected reduced

pS403 p62 and pS177 OPTN in TBK1R228H/R228H; SOD1G93A

mice (Figures 5C, 5D, and S4A), an effect specific to the loss

of TBK1 but not IKKε (Figures S4A–S4C). Finally, we observed

that loss of TBK1 function from motor neurons (MNs) of SOD1

mice—in either TBK1 conditional deletion animals or mutant

TBK1 knockin animals—led to a substantial increase in the num-

ber of RBs (Figures 5E and 5F; themean number of ubiquitinated

aggregates per cell was 12.11 in SOD1G93A versus 23.42 in TBK1

cKO; SOD1G93A and 22.3 in TBK1R228H/R228H; SOD1G93A at P50).

Significantly, these inclusions appear earlier in motor neurons of

TBK1 cKO; SOD1G93A and TBK1R228H/R228H; SOD1G93A mice

compared to SOD1G93A animals and persist throughout disease

progression (Figure 5G; mean percentage of MNs with RBs was

6.71 in TBK1 WT versus 33.77 in TBK1 cKO and 41.16 in TBK1

R228H at P30, 40.33 in TBK1 WT versus 52.74 in TBK1 cKO

and 45.49 in TBK1 R228H at P50, 7.55 in TBK1 WT versus

25.26 in TBK1 cKO and 28.61 in TBK1 R228H at P100, and

0.81 in TBK1 WT versus 10.79 in TBK1 cKO and 10.72 in TBK1

R228H at end stage). Evidence that the aggregates contain

SOD1 protein was provided by filter trap analysis (Medinas

et al., 2018) of spinal cord extracts from WT, SOD1G93A, and

TBK1R228H/R228H; SOD1G93A mice (Figures 5H and 5I).

We note that knocking out either individual autophagy recep-

tors (p62 or OPTN) or the critical autophagy gene Atg7 does not

prevent the phosphorylation of TBK1 in MNs (Figure S4D).
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(A) Tibialis anterior NMJs revealed by presynaptic synaptophysin (red) and postsynaptic a-bungarotoxin (green) labeling. Scale bars, 50 mm.

(B and C) Quantification of the percentage of innervated NMJs in TBK1 cKO; SOD1G93A and TBK1cWT; SOD1G93A mice at the indicated time points (B) and in
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(D) Staining of lumbar spinal cord sections with an antibody against ChAT (green). DAPI, blue. Scale bars, 200 mm.

(E and F) Quantification of the number of motor neurons/ventral horn in TBK1 cKO; SOD1G93A and TBK1 cWT; SOD1G93Amice at the indicated time points (E) and

in 10-month-old TBK1 cKO and WT mice (F). Data are shown as mean ± SEM (two-way ANOVA, Sidak’s post hoc test). *p = 0.0332, **p = 0.0021, ***p = 0.0002,
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Nevertheless, TBK1 mutants led to a reduction in the phosphor-

ylation of autophagy receptors and an increase in the accumula-

tion of ubiquitinated aggregates in ALS motor neurons in vivo,

likely impairing autophagic clearance.

The Absence of TBK1 in Motor Neurons Leads to an

Enhanced Cellular Stress Response

RNA-seqanalysesof L4-L5spinal cords fromP50WTandmutant

mice revealed an increase in transcription of a specific set of

genes in the TBK1 cKO; SOD1G93A compared to the SOD1G93A

spinal cord at early stages of disease (Table S1). Among these

genes is ATF3, a key transcription factor involved in the cellular

stress response pathway. ATF3 was previously shown to be up-

regulated inALSmotor neurons at thepre-symptomatic stagesof

neurodegeneration (Lobsiger et al., 2007). Increased levels of

ATF3 mRNA were also detected early in disease in the spinal

cord of TBK1R228H/R228H; SOD1G93Amice (Figure 6A). Immunoflu-

orescent staining of ATF3 in spinal cord sections revealed that

it is upregulated in motor neurons containing p62 positive

aggregates (Figure 6B), which also stained positive for nuclear

phospho-c-Jun (p-c-Jun) (Figure 6B). We note that ATF3

and p-c-Jun signals were significantly increased in TBK1 cKO;

SOD1G93A motor neurons as well as in TBK1R228H/R228H;

SOD1G93Amotor neurons compared to SOD1G93Amotor neurons

at early disease stages (Figures 6C and 6D).

The cellular stress response can also induce morphological

changes of organelles. For example, fragmentation of the Golgi

apparatus (i.e., the transformation of the Golgi apparatus from

a network of linear stacks to dispersed smaller elements) is a

typical feature observed in a subset of motor neurons of ALS pa-

tients and SOD1-ALS mice, where Golgi fragmentation starts as

early as 15weeks of age (Vlug et al., 2005). To test the hypothesis

that the stress response correlates with Golgi damage in motor

neurons lacking TBK1, we stained spinal cord sections of

7-week-old mice for the cis-Golgi protein GM130 and p-c-Jun

and found that the appearance of Golgi fragmentation in motor

neurons significantly increased in the absence of functional

TBK1, which correlates with the presence of nuclear phospho-

c-Jun and the abundance of p62+ aggregates (Figures 6E–6G).

These data indicate that loss of TBK1 function leads to the accel-

erated activation of the ATF3/p-c-Jun stress response pathway

and Golgi fragmentation in SOD1G93A motor neurons, likely a

result of increased accumulation of SOD1 aggregates due to

defective autophagic clearance.

Loss of TBK1 Function in Motor Neurons Alters the

Distribution of Protein Aggregates and Gliosis in the

Spinal Cord at Late Disease Stages

A critical step in ALS disease progression in humans is the spread

of pathology over time (Ravits, 2014). At late disease stages in the

SOD1 mouse model, p62-positive, ubiquitin-positive, hSOD1-

positive skein-like inclusions appear in ChAT-negative interneu-

rons of the intermediate zone and dorsal horn of the spinal cord

(Figures 7A and 7B) (Rudnick et al., 2017). Activation of microglia

and astrocytes is also observed in the same spinal cord regions

(Figure 7E) (Rudnick et al., 2017). We previously reported that

the distribution of pathological markers (such as p62- and ubiqui-

tin-positive inclusions and gliosis) in the spinal cord is affected by

the level of autophagic activity in motor neurons (Rudnick et al.,

2017). To determine whether conditional deletion of TBK1 from

motor neurons or the presence of the TBK1 R228H mutation in

all cell types also affect the distribution of pathology in the spinal

cord, we stained the lumbar spinal cord of P150 mice for p62, the

microglial marker Iba1, and the astrocyte marker GFAP. We note

that the P150 time point is close to the end stage time point for

both the SOD1G93A and TBK1 cKO; SOD1G93A mice but not for

TBK1R228H/R228H; SOD1G93A mice (end stage �190 days; Figures

1M and 3E). A decrease in the levels of protein aggregation in in-

terneurons and gliosis was observed in the intermediate zone and

dorsal horn of P150 TBK1 cKO; SOD1G93A and TBK1R228H/R228H;

SOD1G93A compared to SOD1G93A mice (Figures 7C–7G).

However, by P190 TBK1R228H/R228H; SOD1G93A mice showed

levels of protein aggregation and gliosis similar to that of

SOD1G93A mice (Figures 7C–7G).

Dynamic changes in cell-type-specific gene expression during

disease progression can also be inferred from RNA-seq data.

We analyzed RNA-seq data from L4-L5 spinal cords of WT

(P150), SOD1G93A (P150), TBK1 cKO; SOD1G93A (P150), and

TBK1R228H/R228H; SOD1G93A (P150 and P190) mice. Using spinal

cord cell subtype transcriptional signatures (Rosenberg et al.,

2018; Zhang et al., 2014), we observed a selective increase of

astrocyte and microglial markers in SOD1G93A mice, which was

delayed in TBK1R228H/R228H; SOD1G93A mice (Figure 7H). These

data suggest that the loss or reduction of TBK1 activity specif-

ically in motor neurons is sufficient to delay the wider distribution

of protein aggregates and gliosis in other regions of the spinal

cord.We also found that motor neuron and other neuronmarkers

were diminished in SOD1G93A mice compared to WT mice, and

this depletion was significantly delayed in TBK1R228H/R228H;

Figure 5. Autophagy Defects in SOD1G93A Motor Neurons Lacking WT TBK1

(A) Immunofluorescent labeling of ChAT (gray) and p-TBK1 (green) in P50 WT and SOD1G93A motor neurons.

(B) Co-immunostaining of p-TBK1 (red) and ubiquitin (green, first panel), p62 (green, middle panel), and LC3 (green, right panel) in SOD1G93A motor neurons

at P50.

(C and D) Immunostaining of SOD1G93A motor neurons with antibodies against ubiquitin (green) and phosphorylated p62 (red, C) or phosphorylated optineurin

(red, D).

(E) SOD1G93A spinal cord motor neurons (ChAT, gray) stained with an antibody against ubiquitin (green). The right panels show high magnification of motor

neurons bearing round bodies.

(F) Quantification of round bodies/cell/stack.

(G) Quantification of motor neurons with round bodies. n = 3–5 animals per genotype.

(H) Filter trap assay (top) shows enhanced accumulation of SOD1 aggregates in the spinal cord of P50 TBK1R228H/R228H; SOD1G93A compared to SOD1G93Amice.

Western blot analysis (bottom) shows similar levels of human SOD1 and actin in the same samples.

(I) Quantification of band intensity from filter trap normalized over western blot of SOD1 in the spinal cords. n = 4 per genotype. Data are shown as mean ± SEM;

*p = 0.0332, **p = 0.0021, ***p = 0.0002, ****p < 0.0001 (two-way ANOVA, Holm-Sidak’s multiple comparisons test). Scale bars, 10 mm. DAPI, blue.
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Figure 6. TBK1 Loss from Motor Neurons Accelerates the Cellular Stress Response

(A) ATF3 mRNA levels in lumbar spinal cord of WT, SOD1G93A, TBK1 cKO; SOD1G93A, and TBK1R228H/R228H; SOD1G93A mice.

(B) Immunofluorescent labeling of p62 (red) and ATF3 (green, left panel) or p-c-Jun (green, right panel) in lumbar spinal cord sections from the indicated genotypes

at P50. Scale bars, 50 mm.

(C) Quantification of ATF3 mean nuclear intensity.

(D) Quantification of MNs with phosphorylated c-Jun.

(E) Double immunofluorescent labeling of spinal motor neurons with the Golgi marker GM130 (red) reveals severe Golgi fragmentation in motor neurons positive

for p-c-Jun (green).

(F) Quantification of MNs with severe Golgi fragmentation.

(G) Double immunofluorescent labeling of spinal motor neurons with the Golgi marker GM130 (red) and p62 (green). Scale bars, 10 mm. Data are shown asmean ±

SEM; *p = 0.0332, **p = 0.0021, ***p = 0.0002, ****p < 0.0001 (one-way ANOVA, Holm-Sidak’s multiple comparison test).
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Figure 7. Cell-Autonomous Loss of TBK1 Affects Glial and Interneuron Pathology

(A) Immunofluorescent labeling of a Skein-like inclusion (SLI) with antibodies against ubiquitin (green) and p62 (red) in interneuron (blue) of the dorsal region of the

spinal cord.

(B) Immunofluorescent labeling of ChAT-positive and ChAT-negative interneurons shows accumulation of SLIs (red) in non-cholinergic interneurons.

(C) Immunofluorescent labeling of lumbar spinal cord sections from the indicated genotypes with an antibody against p62 (red). Scale bars, 200 mm.

(D) Quantification of Nissl+, ChAT� interneurons with p62+ inclusions in intermediate zone (IZ) and dorsal horn (DH) of the spinal cord.

(E) Immunofluorescent labeling of GFAP (green) and Iba1 (gray) in lumbar spinal cord sections from the indicated genotypes. Scale bars, 200 mm.

(legend continued on next page)
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SOD1G93Amice, consistent with the delayedmotor neuron death

described above (Figures 7H, 4C, and 4D). These observations

are consistent with reduced neuroinflammation observed in the

spinal cord of TBK1+/�; SOD1G93A compared to SOD1G93A

mice (Brenner et al., 2019). However, our data demonstrates

that the reduction of gliosis observed by Brenner et al. in the spi-

nal cord is a non-cell-autonomous result of selective loss of

TBK1 function in motor neurons.

Loss of TBK1 Function Reduces the Interferon

Response in the Spinal Cord of SOD1G93A Mice

Gene ontology analysis by DAVID on genes differentially downre-

gulated in end stage TBK1R228H/R228H; SOD1G93A spinal cord,

compared to the SOD1G93A spinal cord, revealed that the ‘‘innate

immunity,’’ ‘‘defense response to virus,’’ and ‘‘interferon (IFN)

response’’ categories were the most highly enriched gene

ontology (GO) terms (Figure 8A). Comparison of these genes to

IFN-regulated genes (Liu et al., 2012) showed that selected genes

in this pathway are upregulated in SOD1G93Amice bearing theWT

TBK1 gene (Table S2). Interestingly, some of these genes were

recently shown to be upregulated in reactive astrocytes or micro-

glia in aging, brain injury, or neurodegenerative diseases (Decz-

kowska et al., 2017; Hammond et al., 2019; Liddelow et al.,

2017; Mathys et al., 2017) and in spatial transcriptomic studies of

spinal cord of SOD1-ALS mice (Maniatis et al., 2019). However,

wenote that the inductionofasubgroupof the IFN-induciblegenes

is markedly reduced in TBK1R228H/R228H; SOD1G93A mice

(Figure 8B).

In order to gain further mechanistic insights, our bulk RNA-seq

results were validated by single cell immunofluorescence and

single molecule FISH (smFISH) analysis of selected targets.

Specifically, we found that high levels of the transcription factor

interferon activated protein 204 (IFI204) were detected in nuclei

of microglia from SOD1G93A mice but not in WT mice nor in

TBK1R228H/R228H; SOD1G93A mice (Figures 8C and 8D). SmFISH

(RNA scope) combined with immunofluorescence revealed that

IRF7 and USP18 mRNAs were upregulated in microglia of

SOD1G93Amice compared toWT controls (Figures 8E–8H). How-

ever, this induction was significantly reduced in the absence of

normal levels of functional TBK1 (Figures 8E–8H). By contrast,

the expression of Lgals3, an NF-kB regulated gene known to

be upregulated in microglia during neurodegeneration (Krase-

mann et al., 2017), is not affected by the TBK1 R228H mutation

(Figures 8I and 8J). SmFISH for the transcription factor IRF7 and

USP18 RNAs, combined with immunofluorescent staining of as-

trocytes (GFAP) or neurons (Nissl stain), revealed that USP18

levels were also reduced in astrocytes by the loss of function

of TBK1 (Figures S5D and S5E). These data indicate that the

TBK1 R228H loss-of-function mutation decreases the expres-

sion of selected interferon-inducible genes in microglia and to

a smaller extent in astrocytes.

Western blots of protein lysates from lumbar spinal cords of

end stage mice revealed that the transcription factor IRF3—

which is required for type-I IFN gene expression (Au et al.,

1995)—is phosphorylated in the spinal cord of SOD1G93A mice.

Although both TBK1 and IKKε are able to phosphorylate IRF3,

the partial loss of function of TBK1—but not IKKε—is sufficient

to reduce the phosphorylation of IRF3 and expression of a sub-

set of interferon-regulated genes in the spinal cord of SOD1-ALS

mice (Figure 8M).

We conclude that the interferon signaling pathway is activated

in microglia and astrocytes in the spinal cord of SOD1G93A mice,

and the loss of TBK1 function selectively reduces the induction

of a subset of interferon-inducible genes in these cells during

disease progression.

DISCUSSION

Neurodegenerative disease progression is a complex process

involving many different cell types in the brain and spinal cord,

and dynamic changes in cell-cell interactions over time. Key intra-

cellular pathways or drug targets at one stage of progression can

be completely different at another stage. Thus, targeting a specific

pathway could be beneficial at one stage and detrimental at

another. We provide an interesting example of this here. We find

that the loss of function of TBK1 accelerates disease progression

at early times and slows progression at late times of disease in the

SOD1G93A ALS mouse model. An additional complication is that

different cell types (for example, motor neurons and glia) respond

differently to TBK1 loss-of-function mutations.

Loss of TBK1 Function in Motor Neurons Disrupts

Proteostasis and Accelerates Early Stages of ALS

Disease Symptoms

Our studies of disease progression in SOD1G93A mice in which

Tbk1 (this study) or Atg7 (Rudnick et al., 2017) are conditionally

deleted in motor neurons provide strong support that motor

neuron autophagy is a key pathway in early disease progression.

The role of TBK1 in selective autophagy has been studied in both

neuronal and non-neuronal cells in culture (reviewed in Oakes

et al., 2017). Here we find that defects in proteostasis down-

stream of TBK1 in motor neurons correlate with earlier onset of

cellular and pathological hallmarks of ALS. Specifically, we

found that early in ALS disease progression partial loss of

TBK1 kinase activity leads to hypophosphorylation of the auto-

phagy receptors p62 and optineurin in motor neurons, which,

in turn, leads to increased accumulation of protein aggregates,

presumably due to the negative impact on autophagy. This in-

crease is accompanied by the activation of the ATF3/c-jun stress

response pathway and Golgi damage earlier in disease progres-

sion compared to the SOD1G93Amouse lacking TBK1mutations.

The transcription factor ATF3 plays an important role in medi-

ating the cellular response to injury and stress (Hunt et al., 2012).

It is unclear whether ATF3 induction in motor neurons drives pro-

survival or cell death mechanisms. For example, overexpression

of ATF3 in SOD1 mice resulted in delayed neuromuscular

(F and G) Quantification of GFAP (F) and Iba1 (G) intensity in the ventral horn (VH), intermediate zone (IZ), and dorsal horn (DH) of the spinal cord in

arbitrary units (au). n = 3 animals per genotype, sex matched. Data are shown as mean ± SEM; ***p < 0.001, ****p < 0.0001 (two-way ANOVA, Tukey’s post

hoc test).

(H) Single-sample gene set enrichment analysis (ssGSEA) for cell-type-specific transcriptional signatures. Sub columns represent biological replicates.
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junction denervation by inducing axonal sprouting and

enhancingmotor neuron viability (Seijffers et al., 2014). However,

in other studies of SOD1mice ATF3 upregulationwas associated

with Golgi damage (van Dis et al., 2014; Mourelatos et al., 1996;

Vlug et al., 2005) or with ER stress, specifically in vulnerable—but

not resistant—ALS motor neurons (Saxena et al., 2009).

Golgi pathology is a prominent feature of neurodegenerative

diseases, including Alzheimer’s and Parkinson’s disease, where

Golgi fragmentation is often detected as an early event and

believed to contribute to disease pathogenesis (Haase and Ra-

bouille, 2015; Sundaramoorthy et al., 2015). Golgi damage was

previously observed in motor neurons of rodent models of ALS,

as well as in sporadic ALS patients and familial ALS patients

bearing mutations in SOD1, FUS, or OPTN (Sundaramoorthy

et al., 2015). In addition, previous studies demonstrated a corre-

lation between the presence of TDP-43 aggregates and Golgi

fragmentation in spinal motor neurons of ALS patients and in

transgenic rats overexpressing human TDP-43 (Fujita et al.,

2008; Tong et al., 2012). Here we show that the accumulation of

SOD1 protein aggregates, activation of the cell stress response,

and Golgi damage in motor neurons of SOD1G93A mice are all

accelerated by the selective loss of TBK1 in motor neurons.

Loss of TBK1 Function from Motor Neurons Delays

Disease Propagation in the Spinal Cord

In contrast to the negative effects early in disease progression,

the absence of TBK1 in motor neurons is beneficial late in this

SOD1 mouse model. Our data suggests that this is a conse-

quence, at least in part, of the impact on cell-non-autonomous

effects in the spinal cord. Previous studies have led to the pro-

posal that in ALS, pathology initiates focally and then spreads

spatiotemporally (Ravits, 2014). Such disease spread has also

been reported for Alzheimer’s disease, Parkinson disease, tauo-

pathies, and Huntington disease as a result of the accumulation

and spread of misfolded or aggregated proteins and the accom-

panying neuroinflammation from a focal site to neighboring cells

(Brundin et al., 2010; Polymenidou andCleveland, 2011). Studies

of in vivo and in vitro models of ALS disease have provided evi-

dence thatmisfoldedSOD1aggregates propagate between cells

(Ayers et al., 2014, 2016; Bidhendi et al., 2016; Grad et al., 2014;

Silverman et al., 2016; Thomas et al., 2017). Our previous studies

on macroautophagy showed that deletion of the essential auto-

phagy gene Atg7 from motor neurons leads to a decrease in

the appearance of pathological protein aggregates in other cells

over time in the spinal cord (Rudnick et al., 2017). Here we show

that theconditional deletion of TBK1 frommotor neurons similarly

slows the appearance of disease hallmarks throughout the spinal

cord. This could be a result of a direct effect of autophagy on for-

mation and release of extracellular vesicles bearing protein

aggregates (such as exosomes) or alternatively an indirect

consequence of a reduction in the ability of stressed motor neu-

rons with severe Golgi damage to form and release vesicles,

which would lead to diminished spread of these aggregates.

We note that the conditional deletion of either Atg7 or TBK1 leads

to a similar increase in disease duration (1.8-fold and 1.5-fold,

respectively) compared to mice with normal motor neuron auto-

phagy. This suggests that suppression of disease spread through

inhibition of motor neuron autophagy might contribute to the

observed increase in disease duration. We note that conditional

deletion of Atg7 in motor neurons leads to an extended lifespan

in SOD1 animals, while deleting TBK1 in motor neurons does

not affect survival. We speculate that this difference may result

from the earlier disease onset in TBK1 cKO; SOD1G93A mice

compared to Atg7 cKO; SOD1G93A animals (disease onset was

accelerated by 36.5% in TBK1 cKO; SOD1G93A and by 22% in

Atg7 cKO; SOD1G93A compared to SOD1G93A littermates). This

is likely a reflection of thepleiotropic functions of TBK1compared

to Atg7, which exclusively functions in autophagy.

Loss of TBK1 Function Reduces the Expression of

Interferon-Regulated Genes

The type I interferon pathway is amajor component of the cellular

immune response to tissue-damaging agents, the presence of

cytoplasmic DNA (Blank and Prinz, 2017), or DNA released

from damaged mitochondria (West and Shadel, 2017). Chroni-

cally elevated type-I IFN response has been shown to contribute

to the pathology of humanCNSdiseases and in animal models of

neurodegeneration (Blank and Prinz, 2017; Owens et al., 2014).

In addition, persistent expression or excessive levels of IFN in

the CNS has been linked to pathological changes, including

aging (Baruch et al., 2014; Deczkowska et al., 2017), neurode-

generation, and microgliosis (Akwa et al., 1998). Moreover,

chronic challenge of SOD1 mice with LPS—a potent inducer of

the IFN response—exacerbated disease progression and motor

axon degeneration (Nguyen et al., 2004), while deletion of the IFN

receptor gene extended the lifespan of SOD1 mice (Wang et al.,

2011). Treatment of human ALS patients with IFN-a or -b caused

severe inflammation and accelerated disease progression

(Beghi et al., 2000; Poutiainen et al., 1994). Thus, abnormal acti-

vation of the IFN pathway in ALS and other neurodegenerative

diseases appears to play a major role in disease progression.

Here we show that loss of TBK1 kinase activity in all cells of the

spinal cord reduces the phosphorylation of the transcription factor

IRF3. TBK1R228H/R228H; SOD1G93A mice display a diminished

Figure 8. TBK1 R228H Mutation Decreases the Induction of IFN-Regulated Genes in the Spinal Cord Microglia of SOD1 Mice

(A) GO analysis of genes significantly downregulated at disease end stage in TBK1R228H/R228H; SOD1G93A mice compared to SOD1G93A mice.

(B) Bar plot of fold changes (compared toWT) of selected IFN-regulated genes in TBK1R228H/R228H; SOD1G93A (P190, end stage) and SOD1G93A (P150, end stage)

lumbar spinal cord.

(C and D) Immunostaining (C) and relative quantification (D) of mean nuclear intensity signal for IFI204 (red) in microglia (green) in the indicated genotypes at the

end stage of the disease.

(E–L) Single molecule FISH (RNAscope) using RNA probes for IRF7 (E), USP18 (F), and Lgals3 (I) (red) combined with immunostaining of microglia (green) and

relative quantification (F, H, J) of number of RNA molecules per cell. Scale bars, 10 mm. Panels below are higher magnification of cells indicated by white

arrowheads. Data are shown as mean ± SEM; ***p < 0.001, ****p < 0.0001 (one-way ANOVA, Holm-Sidak’s multiple comparison test).

(M) Western blot showing diminished phosphorylation of IRF3 and expression of selected proteins encoded by ISGs in end stage TBK1R228H/R228H; SOD1G93A

compared to SOD1G93A and IKKε�/�; SOD1G93A mice.
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induction of a subset of interferon stimulated genes (ISGs) in

microglia and astrocytes compared to SOD1G93A mice. In

addition, a slower rate of motor neuron loss, prolonged disease

duration (2.7-fold), and extended lifespan are observed in

TBK1R228H/R228H; SOD1G93A mice.

Taken together, our data support the hypothesis that the

decrease in the interferon response in spinal cord microglia

and astrocytes of TBK1R228H/R228H; SOD1G93A mice is a result

of the decrease in the mutant TBK1 activity, and this leads to

the slowing of neurodegeneration, contributing to the extension

of survival of SOD1 mice late in disease progression.

At the present time, DNA sequence variants in more than 25

different genes have been linked to ALS. These genes function

in many distinct cellular pathways yet lead to a common spec-

trum of disease phenotypes. Therefore, the identification of

disease mechanisms on which multiple ALS genes converge,

is the key for the discovery of potential therapeutic targets. In

this study we showed that early in ALS disease progression

the loss of TBK1 disrupts autophagy inmotor neurons and accel-

erates ALS pathology. However, as the severity of the disease

advances with age, the loss of TBK1 function is beneficial due

to a diminished immune response. We therefore provide an

example of how multiple pathways can be targeted through

manipulation of a single gene, and how modulating specific

pathways in ALS can be beneficial or detrimental depending

on the stage of disease progression.
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Antibodies

TBK1 Abcam Cat# ab40676; RRID: AB_776632

p-TBK1 S172 Cell Signaling Cat# 5483; RRID: AB_10693472

GFAP Abcam Cat# ab4674; RRID: AB_304558

ChAT Millipore Cat# AB144P; RRID: AB_2079751

Optineurin Abcam Cat# ab23666; RRID: AB_447598

p-IRF3 S396 Cell Signaling Cat# 4947; RRID: AB_823547

p-IRF3 S386 Abcam Cat# ab76493; RRID: AB_1523836

p-p62 S403 (clone4F6) Millipore Cat# MABC186-I

p-p62 S403 Cell Signaling Cat# 39786; RRID: AB_2799162

p-Optineurin S177 Cell Signaling Cat# 57548; RRID: AB_2799529

Iba1 Abcam Cat# ab5076; RRID: AB_2224402

Iba1 Wako Cat# 019-19741; RRID: AB_839504

Synaptophysin SY Synaptic Systems Cat# 101004; RRID: AB_1210382

a-bungarotoxin conjugated to Alexa fluor 488 Thermo Fisher Cat# B13422

p-c-Jun S63 Cell Signaling Cat# 9261; RRID: AB_2130162

p62 Abcam Cat# ab56416; RRID: AB_945626

ATF3 Abcam Cat# ab207434; RRID: AB_2734728

Ubiquitin FK2 Enzo Life Sciences Cat# BML-PW8810; RRID: AB_10541840

GM-130 BD Cat# 610823; RRID: AB_398142

Critical Commercial Assays

SMARTer Stranded Total RNA-Seq Pico input

mammalian RNA kit

Takara-Bio Cat# 634411

RNAScope Multiplex Fluorescent V2 Assay ACD Cat# 323100

Deposited Data

Sequencing data This paper GEO: GSE146141

Experimental Models: Cell Lines

Primary Fibroblasts Dr. Frank Baas N/A

HEK293T cells ATCC Cat# CRL-1573; RRID: CVCL_0045

Experimental Models: Organisms/Strains

Mouse: C57BL/6J-Tbk1 em3Lutzy /1J This paper Cat# Jax 027080; RRID: IMSR_JAX:027080

Mouse: C57BL/6J-Tbk1 em6Lutzy /J This paper Cat# Jax 027983; RRID: IMSR_JAX:027983

Mouse: B6.Cg-Tg(SOD1*G93A)1Gur/J Jackson Labs Cat# Jax 004435; RRID: IMSR_JAX:004435

Mouse: B6;129S6-Chattm2(cre)Lowl/J Jackson Labs Cat# Jax 006410; RRID: IMSR_JAX:006410

Mouse: C57BL/6-Tbk1tm1.1 mr Taconic Cat# 11131; RRID: IMSR_TAC:11131

Mouse: B6.Cg-Ikbketm1Tman/J Maniatis lab Cat# Jax 006908; RRID: IMSR_JAX:006908

Oligonucleotides

CRISPR gRNAG217R TCTAAACGGCAGCGACCCCG

(antisense strand)

This paper N/A

CRISPR donor DNAG217R

accatcagaagaagtacggggctaccgttgat

ctgtggagtgttggagtgacattctaccatgcag

ccacgAggtcgctgccgtttagacccttcgagg

ggcctcggaggaacaaagaagtaat

This paper N/A
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LEAD CONTACT AND MATERIAL AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tom

Maniatis (tm2472@columbia.edu). The TBK1 knock-in G217R and R228H mouse lines generated in this study have been deposited

to Jackson Labs (C57BL/6J-Tbk1em3Lutzy/1J, stock number 027080, and C57BL/6J-Tbk1em6Lutzy/J, stock number 027983).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All mouse experimental procedures were performed in accordance to the Columbia University Medical Center, Columbia Zuckerman

Institute and The Jackson Laboratory Institutional Animal Care and Use Committees. Newly generated TBK1 knock-in mutant mouse

strains are available from the Jackson Laboratory (Bar Harbor, ME) stock 027080 (C57BL/6J-Tbk1 em3Lutzy /1J) and 027983

(C57BL/6J-Tbk1 em6Lutzy /J) and the isogenic control mouse strain C57BL/6J (Stock 000664). Mice transgenic for human

SOD1G93A (B6.Cg-Tg(SOD1*G93A)1Gur/J, stock number 00435) and ChAT-Cre mice (B6;129S6-Chattm2(cre)Lowl/J; stock num-

ber 006410) were acquired from Jackson Laboratory (Bar Harbor, ME). TBK1 flox mice (C57BL/6-Tbk1tm1.1 mr; stock number

11131) were obtained from Taconic (NY). IKKε�/� mice were previously generated in our lab (Tenoever et al., 2007) and deposited

at Jackson Laboratory (B6.Cg-Ikbketm1Tman/J, stock number 006908), p62�/�mice were a gift of Jaekyoon Shin of Sungkyunkwan

University School of Medicine and Samsung Biomedical Research Institute, Suwon, Korea. OPTN�/� mice were a gift of Neil

Shneider (Columbia University). TNFR�/�micewere a gift of Ellen Niederberger (Klinikumder Goethe-Universit€at Frankfurt, Germany)

and Jonathan Budzik (UC Berkley). ChAT-Cre and TBK1 flox mice were backcrossed five generations to obtain C57BL/6 congenic

mouse lines prior to analysis. TBK1 flox mice were bred to ChAT-Cre mice to generate mice deficient for TBK1 in the motor neurons.

These mice were then bred to SOD1G93A mice to generate SOD1 transgenic mice deficient for TBK1 in the motor neurons. Male and

female mice were used for all experiments and experimental groups were sex balanced. Animals were provided with food and water

ad libitum. Body weight was recorded twice a week throughout disease progression. During late-stage disease, diet was supple-

mented with gel-based food. Disease end-stage was determined by loss of righting reflex for more than 15 s or when 30% of

body weight was lost, whichever was reached soonest.

Cell lines

HEK293T cells and primary fibroblasts derived from G217R TBK1 mutation carriers (males) (a gift from Dr. Frank Baas of Leiden

University Medical Center in the Netherlands) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% Fetal

Bovine Serum.

METHOD DETAILS

Generation of TBK1 knock-in mice

CRISPR/Cas9 endonucleasemediated genome editing of themurine Tbk1 genewas performed using sequence specific guide RNAs

with the appropriate donor oligonucleotides and plasmids expressing Cas9 microinjected into the cytoplasm of C57BL/6J-derived

single cell zygotes containing well recognized pronuclei and transferred to pseudopregnant females. Correctly targeted founder

mice were identified by PCR amplification of the target region following by DNA sequencing and further bred to C57BL/6J for

2 generations.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CRISPR gRNAR228H GTTCCTCCGAGGCCCCTCGA

(antisense strand)

This paper N/A

CRISPR donor DNAR228H

gttggagtgacattctaccatgcagccacggggtc

gctgccgtttagacccttcgaggggcctcATagg

aacaaagaagtaatgtaagcacctctgcgtctgc

cgttagacggggtttctgatg

This paper N/A

Software and Algorithms

CANJI Rudnick et al., 2017 N/A

GraphPad

Prism

GraphPad Software https://www.graphpad.com/

scientific-software/prism/;

RRID: SCR_002798

FIJI Schindelin et al., 2012 http://fiji.sc;

RRID: SCR_002285
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Behavioral Assessment

Tremor was assessed qualitatively by allowing mice to rest their forelimbs on the cage top and observing hind limbs. Motor balance,

strength and coordination of TBK1 cKO; SOD1G93A mice were assessed using an accelerating Rotarod apparatus (Ugo Basile 7560)

set at a speed of 4 rpm with acceleration up to 40 rpm over 300 s. For TBK1 knock-in mice an accelerating Rotarod apparatus (Har-

vard Apparatus 760770) with the same settings was used. Longest latency was recorded, 300 s being the maximum. At 4 weeks,

mice were trained for 3 days, two attempts each. After training, mice were subjected to Rotarod three times a day once a week

from 5 weeks to 24 weeks. Muscular strength was tested by the hanging-wire test. Each mouse was placed on a wire grid and gently

inverted. The grid was suspended 30 cm above soft bedding and the latency to fall was timed. Eachmousewas given 3 attempts for a

maximum of 180 s. After one training session at 4 weeks, the animals were assessed once a week from 5 weeks to when they could

not grip. Forelimb grip strength was measured using a digital grip strength meter (Columbus Instruments, 0167-005L) which mea-

sures the maximum force applied by the mouse on the grid. The highest value obtained in three consecutive trials was normalized

against mouse body weight. Mice were tested once a week from 5 weeks of age to end stage. Rotarod, hanging wire test and grip

strength were each assessed on different days of the week.

Immunohistochemistry

Mice were perfused transcardially with first phosphate-buffered saline (PBS), then 4% paraformaldehyde (PFA) in PBS after being

deeply anesthetized using tribromoethanol (300mg/kg). Spinal cord was dissected and post-fixed overnight at 4�C in 4%PFA. Using

ventral root anatomy, the L4-L5 lumbar regionwas isolated and embedded in 4%agarose (WorldWideMedical Products, Bristol, PA).

Free-floating 70 mm transverse sections were collected using a vibratome (Leica VT 1200 S). Tissue sections were incubated in block-

ing solution (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 5% Donkey serum). For spinal cord samples, combinations

of the following primary antibodies were used: ChAT (Millipore AB144P, 1:250), GFAP (Abcam ab4674, 1:500), Iba1 (Wako Chemi-

cals, 1:500), p62 (Abcam ab91526 and ab56416, 1:500), ubiquitin FK2 (Enzo Life Sciences, 1:500), p-c-Jun Ser63 (Cell Signaling

9261, 1:100), p-TBK1/NAK ser172 (Cell Signaling D52C2, 1:50), Synaptophysin (Synaptic Systems 101004, 1:500), TBK1 (abcam

1:100), ATF3 (Abcam ab207434, 1:200), GM130 (BD, 1:300), p-P62 S403 (Millipore MABC186-I, 1:200), p-OPTN S177 (Cell Signaling

57548, 1:100). Primary antibody incubations were performed for two consecutive overnights at room temperature. After washing,

secondary antibody incubation overnight at room temperature. Secondary antibodies used were raised in donkey and conjugated

to Alexa Fluor 405, 488, 568, 633 or 647 (Thermo Fisher). Neurotrace 435/455 blue fluorescent Nissl stain (Thermo Fisher, 1:500)

was included with secondary antibodies for pan-neuronal staining for some experiments. Sections were mounted on slides with

Fluoromount-G (Southern Biotech, Birmingham, Alabama) prior to imaging.

Tibialis Anterior and Soleusmuscles were dissected andwashed overnight in PBS prior to successive incubations in 15%and 30%

sucrose in PBS for cryopreservation. Then muscles were embedded in OCT compound (Sakura, Torrance, CA) and frozen at�80�C.

A freezing microtome was used to collect 30 mm section onto Superfrost Plus Micro Slides (VWR, Radnor, PA). Primary antibody

incubations were performed overnight at 4�C and after washing, secondary antibody incubation for 2 h at room temperature. a-bun-

garotoxin conjugated to Alexa fluor 488 (Thermo Fisher, 1:500) was included during secondary antibody incubation for visualization of

motor end plates in muscles.

Motor neuron Analyses

Manual analysis of images of spinal cord section imaged by confocal microscopy using 20X objective. Neurons positive for ChAT in

the lateral motor column were traced individually in the plane at which the nucleolus was most visible. For analysis of intracellular

aggregates, circular p62 structures were considered to be RBs. Linear p62 structures present in proximal dendrites were considered

to be SLIs. Analysis of p62 aggregates was subsequently verified by manual inspection of each neuron at 60 3 magnification.

Quantification of RBs was performed by researchers blinded to genotype, and the number of ubiquitin+, p62+ inclusions in motor

neurons was counted in the plane at which the nucleolus was most visible.

Neuromuscular Junction Analyses

Muscle sections stainedwith synaptophysin and a-bungarotoxin were imagedwith anOlympus FV1000 confocal microscope using a

10x objective, and individual images were stitched together to reconstruct the entire muscle using FluoView software. The resulting

images were processed using CANJI, a custom image analysis suite developed using ImageJ, R, and Shiny (Rudnick et al., 2017).

NMJs were considered to be innervated if at least 10% of the a-bungarotoxin–labeled motor endplate was overlapped by synapto-

physin-labeled presynaptic terminal. To analyze NMJ morphology, muscle sections were imaged using a 40x objective and

maximum intensity projections of confocal stacks were created using ImageJ. NMJs were considered moderately fragmented if

composed of 2-4 AChR clusters or severely fragmented if composed of 5 ormore AChR islands and/or a segment of the postsynapse

showing severe abnormalities such as small and/or irregularly shaped AChR clusters (Valdez et al., 2010).

Quantification of Astrogliosis and Microgliosis

Spinal cord sections stained with antibodies against GFAP and Iba1 were imaged by confocal microscopy using a 20x objective, and

pixel intensities were maintained within a linear range to ensure accurate quantification. Individual images were stitched together to

reconstruct the entire section, and regions of interest corresponding to the ventral horn, intermediate zone, and dorsal horn were
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superimposed onto maximum-intensity projections. Subsequently, mean fluorescence intensity for each region was determined

using Fiji (Schindelin et al., 2012).

Transfection and Luciferase assay

Transfection experiments were carried out with Lipofectamine 3000 transfection reagent (Invitrogen) according to manufacturer’s

manual. For reporter assays, 293T cells (seeded in 96-well plates, 45,000 cells/well) were transfected with TBK1 expression

constructs together with IFN-b promoter and HSV TK promoter-driven Renilla luciferase constructs. Luciferase activity was

measured 24 h after transfection with Dual-Glo luciferase assay system (Promega) by a BioTek synergy HT plate reader.

In vitro kinase assays

Kinase assays were conducted in a buffer system of 20 mM HEPES, pH 7.5, 20 mM b-Glycerophosphate, 0.1 mM Na3VO4, 10mM

MgCl2 and 50 mM ATP, with recombinant TBK1 and IRF3, OPTN or GST-p62 as substrates at 30�C for increasing time. The reaction

was terminated by adding equal amount of 2XSDS loading buffer. Phosphorylation of target proteins was analyzed by western blot

probed with phospho-specific antibodies.

Filter Trap Assay

Filter Trap Assay of SOD1 aggregates was performed as described in (Medinas et al., 2018) with some modifications. Briefly, mouse

spinal cord was dissected out and stored frozen at�80�C until analysis. The tissue was homogenized in 400 mL of TEN buffer (10mM

Tris-HCl, 1 mM EDTA, 10 mMNaCl, pH 8.0, containing protease and phosphatase inhibitors) by mechanical disruption using a glass

douncer on ice. After homogenization, the tissue extract was diluted to different fractions: 1) 1:1 dilution of 150 mL homogenate into

TEN buffer containing the non-ionic detergent Nonidet P-40 (NP-40) and iodoacetamide (0.5% and 50 mM final concentrations,

respectively) for analysis of disulfide-dependent HMW protein aggregates, and 2) 1:1 dilution of 150 mL homogenate in TEN buffer

containing NP-40 (also to a final concentration of 0.5%) for analysis of total protein. The fractions were sonicated at minimum power

for 15 s on ice. Fraction 1was incubated for 20min at Room temperature, in the dark. Fraction 2was incubated for 20min at 4�C. Both

fractions were centrifuged at 2,000 rcf at 4�C. Protein concentration of the supernatant was determined by the Pierce BCA Protein

Assay kit (ThermoFisher, 23225). For Filter Trap 50 mg of proteins were diluted in PBS 1%SDS to a final volume of 200 mL and filtered

through 0.22 mm acetate cellulose membrane under vacuum using a dot-blot apparatus. For western blot, 10 mg of proteins were

prepared in Sample Buffer.

Analysis of Protein Levels

Proteins were resolved by SDS/PAGE using 4%–12% Bis-Tris gels and were transferred to PVDF membranes (Bio-Rad) using an

X-cell II Blot module transfer unit (Thermo Fisher). Membranes were incubated with the following primary antibodies: TBK1,

p-TBK1 S172, IRF3, p-IRF3 S368, actin-HRP, optineurin, p62. Bands were visualized using HRP-conjugated secondary antibodies

(GE Healthcare Life Sciences) and quantified using ImageJ.

Gene-Expression Analysis

Lumbar spinal cords were dissected from each mouse genotype in quadruplicate. RNA was isolated using TRIzol (Thermo Fisher).

RNA concentration and integrity were assessed on RNA 6000 Chips using an Agilent 2100 Bioanalyzer (Agilent Technologies).

Sequencing libraries for total RNAweremade using the SMARTer Stranded Total RNA-Seq Pico input mammalian RNA kit. The qual-

ity of all the libraries was assessed by bioanalyzer and quantified using a combination of bioanalyzer and qubit. Multiplexed libraries

were sequenced on a NEXT-Seq 500/550.

Illumina real-time analysis (RTA) was used to perform base calling, and CASAVA (version 1.8.2) was used for converting base call

files (.BCL) to FASTQ format and also to perform sequence adaptor trimming. Reads were then mapped to the mouse reference

genome (mm10) using STAR (https://github.com/alexdobin/STAR), using default parameters. Counts tables were generated from

aligned reads with HTSeq version 0.6.1. Statistical analysis was performed in R version 3.5.0. A matrix of read counts in all genes

across samples was created from each samples’ individual count data and pre-processing included removal of genes with zero

expression across all samples. Differentially expressed genes were identified using the DESeq2 package version 1.22.2. Significantly

expressed genes were thresholded using an adjusted p value of 1e-4 and a fold change of ± 2.

Single molecule FISH combined with immunofluorescence

Mice were quickly perfused in ice-cold PBS and the lumbar spinal cord dissected out and post-fixed in 4% PFA for 18 h. After 2

washes in ice cold PBS, tissues were subjected to sucrose gradient (10%, 20%, 30%) and subsequently embedded in OCT. A

freezing microtome was used to collect 15 mm transverse section onto Superfrost Plus Micro Slides (VWR, Radnor, PA) and slides

were stored at �80�C until use. For smFISH the RNA scope kit v2 was used (Advanced Cell Diagnostic, ACD 323100). The exper-

imental conditions were optimized using Positive Control Probes (catalog number 320881) and Negative Control Probes (catalog

number 320871). For detection of mRNAs of interest, catalog probes against mouse IRF7, USP18 and Lgals3 (catalog numbers

534541-C3, 524651 and 461471-C2) were used. We followed the manufacturer’s protocol, except for Protease III treatment, which

was optimized to 22 min for better results in the downstream immunofluorescence application. Each probe was conjugated to
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Opal-570 dye (Akoya, FP1488001KT). Subsequent immunofluorescent staining with antibodies against Iba1 (Abcam ab5076, 1:200)

or GFAP (Abcam ab4674, 1:500) was performed overnight at 4�C in PBS 0.05%Triton supplemented with 5% Donkey serum. Sec-

ondary antibodies (1:500) and Nissl stain (1:500) were incubated at Room temperature for 4 h. Slides were mounted using Prolong

gold antifade mountant with DAPI (Thermo Fisher, P36931) and imaged using a 20x objective. RNA molecules in each cell type were

counted by an observer blind to genotype in 50 cells (per each cell type) per mouse.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical tests used in this study are indicated in the respective figure legends. In general, data with single independent

experiments were analyzed by Student unpaired t test to determine statistically significant effects (p < 0.05). Data with multiple

independent experiments were analyzed by one-way ANOVA to determine statistically significant effects (p < 0.05).

DATA AND CODE AVAILABILITY

The data discussed in this work have been deposited in NCBI’s Gene Expression Omnibus under accession number GEO:

GSE146141.
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