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Abstract

Background Frontotemporal dementia (FTD) is a neurodegenerative disease, resulting in progressive problems in language
and/or behaviour and is often diagnosed before 65 years of age. Ubiquitin positive protein aggregates in the brain are among
the key pathologic hallmarks of frontotemporal lobar degeneration (FTLD) postmortem. The TANK-binding kinase 1 gene
(TBK1) is on the list of genes that can contribute to the development of FTD as well as the related neurodegenerative disease
amyotrophic lateral sclerosis (ALS).

Methods In this study, using an array of clinical and neuropathological data combined with biochemical and proteomics
assays, we analyze the TBK/ splice-mutation (c.1340+ 1G> A) in a Swedish family with a history of FTD and ALS. We
also explore the K63 ubiquitination landscape in post-mortem brain tissue and fibroblast cultures.

Results The intronic (c.1340+ 1G > A) mutation in TBK/ results in haploinsufficiency and affects the activity of the protein
in symptomatic and pre-symptomatic mutation carriers.

Conclusion Our results suggest that the mutation leads to a significant reduction of TBK1 activity and induce alterations in
K63 ubiquitination profile of the cell already in the presymptomatic stages.

Keywords Frontotemporal dementia - Neurodegeneration - Ubiquitination - TBK1 - Haploinsufficiency - Autophagy -
FTD - FTLD - ALS

Abbreviations UBAN  Ubiquitin binding in ABIN and NEMO
FTD Frontotemporal dementia PCR Polymerase chain reaction
NA Not available ddPCR  Digital droplet PCR
UPS Ubiquitin proteasome system MEF Mouse embryonic fibroblast
ALS Amyloid lateral sclerosis TUBE Tandem ubiquitin binding entity
FTLD Frontotemporal lobar degeneration NMD Non-sense mediated decay
TBK1 Tank binding kinsase 1 GENFI  GENetic frontotemporal dementia initiative
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MS Mass spectrometry

TBS Tris-buffered saline

TBST Tris-buffered saline, tween

RNA Ribonucleic acid

DNA Deoxyribonucleic acid

cDNA Complementary DNA

mRNA  Messenger RNA

NIR Near-infrared

PNFA Progressive non-fluent aphasia

nfv-PPA  Non-fluent variant primary progressive aphasia

NOS Not otherwise specified

bvFTD  Behavioural variant FTD

MND Motor neuron disease

PMC Presymptomatic mutation carrier

AMC Affected mutation carrier

DAVID Database for annotation, visualization and
integrated discovery

TDP-43 TAR DNA-binding protein 43

CVL Cerebrovascular lesion

GO Gene ontology

Background

Frontotemporal dementia (FTD) is a fatal neurodegenerative
disease that primarily affects the frontal and temporal lobes
of the brain, resulting in changes in personality, behaviour
and/or language [1]. Onset of FTD is generally in the mid-
dle years of life with approximately 8 years of survival [2,
3]. From a neuropathological perspective, frontotemporal
lobar degeneration (FTLD) is classified in three major cat-
egories of FTLD-TAU, FTLD-TDP and FTLD-FUS, based
on detection of the respective protein in the intracellular
inclusions. Nonetheless, a common feature among all groups
is positive immunoreactivity of the inclusions to ubiquitin
and p62 [4-6].

The current knowledge about the genetics of FTD sug-
gests that the majority of genetically inherited FTD can be
explained by a pathogenic mutation in C9ORF72, MAPT
and GRN genes. Nevertheless, rare mutations in other genes,
namely TARDBP, VCP, CHMP2B, SQSTM1, UBQLN1 and
TBK] are also reported to be causative for FTD [7]. To date,
more than 70 variants in the TBK1 gene have been reported
as causative for FTD and/or ALS [8].

The TBK1 protein is proposed to function in multiple
discrete pathways, among which regulation of autophagy
and inflammatory signaling are the most well studied [9, 10].
Both signaling pathways remain relevant in the context of
neurodegeneration, however, the autophagic pathway stands
out, as it is a major protein quality control mechanism for
the non-dividing neuronal cells [11, 12]. Mutations in genes
encoding different components of the autophagic pathway
namely Optineurin (OPTN) and Sequestosome-1 (SQSTM1)
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(coding for p62) are also associated with FTD and ALS.
Moreover, many other genes that in one way or another are
engaged with the components of the autophagy-lysosome
machinery, (such as GRN, VCP, C9ORF72) can also explain
the disease pathogenesis [13, 14].

Considering the regulatory role of TBK1 in autophagy
and inflammatory signaling, it is fitting to review the molec-
ular mechanisms of TBK1 activity. TBK1 is regulated by
phosphorylation on S172 within the kinase activation loop.
Serine-to-alanine substitution at this position abolishes
TBKI1 activity, whereas the phosphomimetic mutation
S172E partially restores the protein’s function [15]. Analysis
of the crystal structure of TBK1 suggests that recruitment
of TBKI1 to signaling complexes, occurs through interaction
with distinct scaffolding proteins such as optineurin. This in
turn results in TBK1-activation through proximity via trans
autophosphorylation [16]. Some studies suggest that up to
70% of the TBK1 activity is the result of its interaction with
the adaptor protein OPTN [17], while other studies have
reported that TBK1 regulates the autophagy receptors OPTN
and p62 during bacterial infection by phosphorylating the
UBAN domain on these proteins [18-20].

Conjugation of ubiquitin moieties to the proteins result in
different regulatory effects on the target protein. The ubiq-
uitin itself can also be polymerized on lysine residues form-
ing polyubiquitin chains. The K48 and K63 linkages are the
most abundant form of polyubiquitination, accounting for
approximately 80% of the total linkages in mammalian cells
[21]. While K48-linked ubiquitin chains are mostly associ-
ated with proteasomal degradation, K63-linked ubiquitin
chains regulate processes such as inflammatory signal trans-
duction, DNA repair, endocytosis, mitophagy and selective
autophagy [22, 23]. TBK1-mediated phosphorylation of
OPTN results in increased affinity of the ubiquitin-binding
domain of optineurin towards lysin-linked, K63-polyubiquit-
inated proteins, and therefore has strong implications for the
role of TBK1 in regulation of mitophagy and determining
the fate of the K63-ubiquitinated proteins [24]. Phospho-
rylation of p62 on Ser-403 also increases the affinity of p62
for K48- and K63-linked ubiquitin chains, and enhances the
autophagic clearance of p62 and polyubiquitinated protein
aggregates [20]. Previous studies have analyzed the effect
of TBKI loss of function in cells from a TBK-null mouse
model (Mouse Embryonic Fibroblasts, (MEF)), describ-
ing accumulation of LC3-II (a marker of early autophagic
vesicles), suggesting that TBK1 facilitates the maturation
of autophagosomes under basal conditions [19]. The same
study also shows the accumulation of ubiquitinated proteins
in ThkI knockout MEFs using a TUBE (Tandem Ubiquitin
Binding Entities) based purification. However, the nature
and function of these proteins were never studied further.

The TBK1 c.1340+ 1G> A (p.Ala417%*) mutation was
first identified in a Swedish family with a history of familial
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ALS [25]. The mutation leads to a substitution of Guanine
to Adenine, in the first nucleotide of intron 11, resulting in
skipping of exon 11[26]. Based on quantitative PCR analy-
sis, and detection of approximately 50% expression of TBK1
RNA in mutation carrier cells, previous studies have gener-
ally concluded that the mutation results in a loss of function
and have suggested that the mutant RNA is targeted for deg-
radation by non-sense mediated RNA decay (NMD). This
conclusion is further supported by Western Blot analysis
using anti-TBK1 antibody, rendering haploinsufficiency as
the proposed mechanism for the loss of function and patho-
genicity of the TBK1 p.Ala417* variant [25].

In this study, we describe the clinical phenotype, neu-
ropathology and molecular effects of the TBK1 p.Ala417*
mutation in another, to our knowledge unrelated, Swedish
family with multiple cases of FTD and ALS. The expres-
sion of TBKI p.Ala417* haploinsufficiency is explored in
fibroblast cell-cultures and blood samples from asympto-
matic mutation carriers as well as frontal cortex from an
affected mutation carrier. Furthermore, we have explored
the K63-ubiquitination landscape, in frozen postmortem
brain tissue from a patient with TBK1 p.Ala417*-FTD as
well as in fibroblasts from pre-symptomatic mutation carrier
and non-carrier donors. Interestingly we detect significant
changes of the protein-ubiquitination profiles in tissue from
both brain and fibroblast cultures with the TBK] mutation
compared to control tissues. Our results suggest that effects
of the TBK haploinsufficiency, caused by the p.Ala417%*
mutation, start already in the pre-symptomatic stage and
indeed affect important cellular regulatory mechanisms such
as autophagy and K63 ubiquitination in mutation carriers,
years before the onset of the disease.

Materials and methods
Family description

One large family with autosomal dominant FTD-ALS caused
by a pathogenic mutation in TBK was recruited via the Unit
for hereditary dementia at Karolinska University Hospital in
Stockholm, Sweden (Fig. 1). The family history of demen-
tia, and related disorders, were collected through inter-
views, patient medical records and the Swedish National
Archives. The clinical descriptions of patient phenotypes
were obtained from medical records and reviewed by the
authors (LO, CG) (Fig. 1B). Age at symptom onset was set
to the age at which the first symptom was noticed by medi-
cal personnel or an informant. Peripheral blood, fibroblasts
and brain samples were collected from a subset of the family
members (Fig. 1C). Asymptomatic, at-risk individuals in the
fourth generation (not shown in pedigree to keep anonymity)
were invited to participate in the clinical and prospective

GENetic Frontotemporal dementia Initiative (GENFI)
study [27]. At risk individuals were assessed at the Unit for
hereditary dementia (including medical and neuropsycho-
logical examinations and magnetic resonance imaging of
the brain) and showed no signs of cognitive dysfunction all
with a score equal to or above 26 on the Montreal cognitive
assessment (MOCA). The mutation status of participants
was assessed using PCR and Sanger sequencing as previ-
ously described by [26]. Genetic screening of two family
members with two different phenotypes (one with ALS and
one with bvFTD) was performed including several FTLD- /
ALS-related genes (C9ORF72, MAPT, GRN, VAPB, SODI,
TARDBP, SQSTM1, FUS, VPS131C, FLNC, TBKI) and
the only pathogenic variant detected was the TBK1 variant
p.Ala417*.The TBKI mutation was confirmed in affected
subjects with available DNA (Fig. 1).

All the brain samples used in the study were provided by
Karolinska Institutet brain bank. The two frozen brain sam-
ples that were provided as controls, were donated by male
donors with the age of 67 and 76 years old and no history
of dementia. The donors of the control brains exhibited no
FTLD- or ALS-related histopathology at the time of death.

Immunohistochemistry and neuropathology

After fixation in formaldehyde the brains were processed
using a standard protocol for neurodegenerative diseases.
Immunostainings were performed on superfrost slides of
5-um-thick sections from the frontal and temporal lobes as
well as from the hippocampus. For two patients, the medulla
oblongata was also stained. For all patients, the commer-
cially available antibodies to the following proteins were
used: TDP-43 (1:5000, Proteintech); pTDP-43 (1:20,000,
Cosmo Bio Co., Ltd), ubiquitin (1:50,000, Merck Millipore)
and p62 (1:1000, Enzo Life Sciences). The immunostainings
were performed in a Ventana BenchMark Ultra instrument.

RNA, cDNA preparation and droplet digital PCR
for gene expression

Peripheral blood was collected in PAXgene Blood RNA
tubes and the RNA was extracted with RNAeasy Plus Micro
Kit (QIAGEN, Hilden, De). All samples showed RIN > 7
on the Agilent 2100 Bioanalyzer. Furthermore, cDNA was
generated using the QuantiTect Rev Transcription Kit (QIA-
GEN, Hilden, De).

Droplet digital PCR (ddPCR) was used to examine the
TBKI cDNA levels. MIQE guidelines were followed for
development and data analysis of digital PCR. The TBKI
gene expression was determined by both relative (control
gene RPL3) and absolute copies/ul using ddPCR. However,
both approaches yielded similar results (data not shown)
and absolute copies are presented. One [1] microliter of
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Fig. 1 A Pseudonymized pedi- A &
gree of the Swedish family with H 2
a history of hereditary FTD y
and ALS caused by the TBK1 % ?2 4 %5 %6 %7 '8 9 | 110
p-Ala417* mutation. B Table of
demographic data for genera- L o) 050 689 A @ o Y
tiOl’lS IgI_IpV C Represegntation Of $1 ﬁz n:3 ﬁd :5 n:6 %7 ﬁl>8 %Q :10 m1 6512 :13 n:14
the number of individuals and o |v:[2M
the sample types used in the " o ,
Postmortem brain tissue available
StUdy as well as the genotype " Confirmed mutation carriers
and phenotype of the donors.  Avallable DNA sample
CVL, cerebrovascular lesion;
bvFTD, behaviour variant fron-
totemporal dementia; MCI, mild B Age at Disea_se Age at
cognitive impairment; NOS, . . . . onset duration . death
not otherwise specified; PNFA, Subject Clinical diagnosis (years) (years) Firstsymptom (years)
progressive non-fluent aphasia; II:2 CvL 63 16 Aphasia and weakness 79
ALS, amyotrophic lateral scle- I:4 Parkinsonism <65 ? N/A 65
rosis; NA, not available. Marked 1:9 Possible bvFTD (hearsay) >70 <5 Behaviour 75
by (a) indicate the individuals 1 | mcl 77 1 | Memoryimpairment 78
with available brain tissue. b 2 | Dementia-NOS 72 B Memory impairment 7
Represent the individuals with 114 PNFA 74 3 Aphasia 77
confirmed mutation status. ¢ : - -
Indicate the individuals with I1l:6 Dementia-NOS 75 7 Memory impairment 82
available DNA sample. d Indi- II:7“ | Vascular dementia 80 4 Memory impairment 84
cate that subject ITI:7 is known l1:10 | bvFTD 69 2 Behaviour 7l
to be a TBK1 non-carrier l:11 Dementia-NOS 73 4 Memory impairment 77
1:13 ALS 56 i Weakness, dysphagia 57
:14 bvFTD 67 4 Behaviour 71
IvV:1 Vascular dementia 57 17 Aphasia, weakness, behaviour| 74
Iv:2 ALS 46 6 Weakness 52
Median 70 4 76
C Number of
Samples individuals Phenotype Genotype
Fibroblast 2 asymptomatic 1 mutation carrier
asymptomatic 1 non-carrier
Peripheral blood 9 asymptomatic 2 mutation carriers
asymptomatic 7 non-carriers
Formalin fixed 4 symptomatic 4 mutation carriers, Subjects I11:4, 1I:6, 111:11, 111:14
brain tissue
Frozen Brain tissue 3 symptomatic 1 mutation carrier (Used for ddPCR and TUBE analysis), Subject I11:6
asymptomatic 1 control (Used only in ddPCR assay)
asymptomatic 1 control (Used for ddPCR and TUBE analysis)

cDNA per sample was mixed with QX200 ddPCR Evagreen
supermix (Bio-Rad, Hercules, CA) and primers amplifying
both the TBKI exon 10_11 junction and TBKI exon 11.
(TBKI Fwd atg att tag acg ggg atg ct and TBK1 Rev ttc tga
tac aga aat cca atg tga). Primers were designed based on
the TBK1 gene sequence: TBKI (ENST00000331710.10)
and checked with the Transcript: NM_013254.3; Protein:
NP_037386.1; UniProt: Q9UHD?2 in Alamut® Visual 2.11
(SOPHiA GENETICS, Lausanne, Swiss). Samples were
assayed in triplicates in three independent experiments
after optimization. PCR mixtures were emulsified in 1 nl
droplets generating 20,000 droplets per sample in a QX100
Droplet generator (Bio-Rad) and using the droplet genera-
tor DGS cartridge containing 20 pl of reaction mixture and
70 pl of QX200™ Droplet Generation Oil for EvaGreen

@ Springer

per well (Bio Rad). Multiple negative reactions containing
water mixed with the PCR reaction buffer were included
on each plate. PCR amplification was performed in a Bio-
Rad T100 Thermal Cycler as per manufacturer’s indications,
with annealing temperature set at 56 °C and the ramp rate
set at 2 °C. The fluorescence of the droplets was measured
using QX200 droplet reader (Bio-Rad, Hercules, CA, US)
and data was analyzed using the QuantaSoft™PRO Anal-
ysis Pro (Bio-Rad). Threshold was set manually against
multiple negative controls consisting of ddPCR cocktail
mixed with water as non-template control. The cluster cor-
responding to the mutant splice variant, resulting from the
mutation ¢.1340+ 1G> A (p.Ala417%), was defined manu-
ally using the loop tool in the 2D plot generated with the
QuantaSoft™PRO Analysis Pro. For this purpose, multiple
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mutant cDNA samples were compared against control sam-
ples with the reference allele.

Skin biopsy and cell culture

Skin biopsies were taken from participants according to
local protocols. Primary dermal fibroblasts were isolated,
cultured and stored in — 130 °C cryo-freezers by the Clini-
cal genetics facility at the Karolinska University hospital.
Fibroblasts were thawed and cultured in Dulbecco's Modi-
fied Eagle Medium (Thermo Scientific) supplemented with
15% Fetal Bovine Serum, L-glutamine and non-essential
amino acids.

Cell lysis and immunoblotting

Fibroblasts were cultured to a confluency of 95% in T75
flasks. Cells were then washed two times with ice-cold PBS
before harvesting for lysis. To prepare the protein lysate,
RIPA lysis buffer (Thermo Scientific) complemented with
Complete protease inhibitor cocktail (Roche), PhosSTOP™
(Roche) and 100 nM N-Ethylmaleimide (Merck) were used.
Next, lysis buffer was added to the flask and cells were
scraped off followed by 20-min incubation on ice. The
lysate was then collected and sonicated three times for 20 s
with 10 s breaks in between on ice. The lysates where then
cleared by centrifugation at 20,000g. The cleared lysate was
collected for further analysis. BCA protein Assay kit (Ther-
mofisher) was used for protein concentration measurement.
The protein samples were either used immediately or mixed
with 4 X Laemmli Sample Buffer (Bio-rad), heated in 95 °C
for 5 min, and stored in — 80 °C in aliquots. For TUBE pull-
down experiments, as suggested by the TUBE bead manu-
facturers, 1,10-Phenanthroline and PR-619 (Lifesensors)
were also added to the lysis buffer prior to the lysis.

Western blot analysis was performed according to stand-
ard protocols. Protein lysates were separated by Any kD
SDS-PAGE gels (Bio-Rad) and transferred to a 0.2 pm
PVDF membrane (Bio-Rad) using a semi-dry Trans-Blot
Turbo transfer system (Bio-Rad). All membranes were
blocked with 5% BSA in 1 X TBS (50 mM Tris — HCI, pH
7.5, 150 mM NaCl) for 1 h at RT and incubated with pri-
mary antibodies overnight at 4 °C. Primary antibodies were
diluted in 1 X TBS with 3% BSA at the following dilutions:
rabbit anti-TBK1 (Abcam) at 1:500, mouse anti-Tubulin
at 1:4000 (Sigma-Aldrich), rabbit anti p-TBK1 (abcam) at
1:500 and rabbit anti-LC3B (Novus) at 1:500. The mem-
branes were washed five times for 10 min in TBST (1 X TBS
with 0.075% Tween-20), incubated with the appropriate NIR
tagged secondary antibodies against the relevant host spe-
cies at 1:10,000 (Licor) for 1 h and washed again five times
10 min, all at RT, before detection by Odyssey® CLx imag-
ing system (Licor).

TUBE pulldown assay and mass spectrometry

The mass spectrometry (MS) was performed together with
the Karolinska Institutet core facility for mass spectrometry-
based proteomics (Solna, Sweden), similar to [28] and as
described below.

The analysis was performed using three biological repli-
cates of protein extracts from frontal cortex of an FTD brain
sample (III:6 in Fig. 1A) and from a control brain sample
alongside fibroblast protein extracts from a pre-symptomatic
mutation carrier and from a non-carrier control. For each
sample subjected to MS-based identification of K63 ubiqui-
tinated proteins, Tandem ubiquitin binding entities (TUBE)
in the form of Magnetic K63-TUBE beads (Lifesensors)
were used as described according to the manufacturers
protocol. K63 polyubiquitinated proteins from 2 mg of pro-
tein lysates from fibroblasts and post-mortem brain tissues
were incubated with 100 pl of pre-equilibrated K63-TUBE
magnetic beads in 20 mM Tris, pH 8.0, 0.15 M NaCl, 0.1%
Tween-20 (TBS-T) with rotation overnight at 4°C. Mag-
netic beads were separated using a magnetic stand and were
washed three times with 1 X TBST. To perform the Mass
spectrometry analysis, the washed beads were subjected to
three extra steps of washing with TBS followed by on-bead
digestion with Trypsin. The resulting peptides were injected
onto an LC-MS/MS system (UltimateTM 3000 RSLCnano
chromatography system and Q Exactive Plus Orbitrap mass
spectrometer, Thermo Scientific), where they were separated
on a homemade C18 column, 25 cm (Silica Tip 360 pm
OD, 75 pm ID, New Objective, Woburn, MA, USA) with a
60-min gradient at a flow rate of 300 nl/minute. The gradi-
ent went from 5 to 26% of Buffer B (2% Acetonitrile, 0.1%
Formic acid) in 120 min up to 95% of Buffer B in 5 min. The
obtained peptides were identified by screening the MS data
against the Uniprot KB database.

Data analysis

The quality control and preliminary statistical analysis of the
mass spectrometry data was done in Proteome Discoverer
2.4 (Thermo Scientific) (Supplementary Fig. 3A-B). The
heatmaps and volcano plots were constructed using R (The
R Foundation for Statistical Computing; version 4.0.2) and
R Studio software (RStudio Team; version 1.2.5033) based
on clustering analyses using agglomerative hierarchical
clustering and Wards clustering criterion. The dissimilarity
matrices were constructed using Pearson correlations.

In the case of missing values for specific features (pro-
teins), a suitable substitute value was imputed via the follow-
ing algorithm: first the number of missing values for that fea-
ture was checked across all replicates for each sample. If that
number exceeded one (i.e., two out of three replicates do not
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have values), then that feature was excluded. Next, the algo-
rithm checked if a peak was detected. If not, the feature was
excluded. If a peak was detected, then the missing value was
set to the minimum detected value divided by two, among
the other two replicates for that feature that have a value.
This was done separately for both the features identified in
the K63 ubiquitination dataset obtained from the fibroblasts
and the brain sample dataset.

Differential ubiquitination was assessed using a statistical
t-test analysis, which identified those proteins with signifi-
cantly altered abundance levels (p <0.05) and a log2 fold
difference of at least two between the control and mutation
carrier replicates.

Gene Ontology terms for the biological processes asso-
ciated with each identified protein were extracted and sub-
jected to statistical clustering using the DAVID (Database
for Annotation, Visualization and Integrated Discovery)
functional annotation clustering tool.

Results

Clinical and neuropathological description
of the TBK1 p.Ala417* FTD cases

Symptoms associated with FTD and/or ALS was observed
in members of the family in three generations (Fig. 1A). The
TBK] splice-mutation p.Ala417* segregates with disease
and follows an autosomal dominant pattern with variable
expressivity. In one branch of the family, the phenotypes
are described as progressive non-fluent aphasia (PNFA,
also called non-fluent variant of primary progressive apha-
sia, nfv-PPA), dementia-NOS (not otherwise specified),
and parkinsonism while the phenotypes in the other branch
includes both FTD as well as ALS, consistent with FTD-
ALS. The mean age at onset of dementia was 70 years (range
57-80 years) whereas the two individuals with ALS had a
younger age at onset, 46 and 56 years, respectively.

The clinical features of four individuals, where autopsy
and postmortem neuropathology is also available, are pre-
sented here. A summary of the clinical diagnoses, ages at
onset and ages at death of all affected individuals in the
family is presented in Fig. 1B. A summary of the neuro-
pathological examinations is presented in Fig. 2.

Subject II1:4: onset of effortful speech with reduced flu-
ency and word retrieval difficulties at the age of 74 years.
Fulfils clinical criteria for PNFA [29]. Along with the lan-
guage difficulties, motor symptoms (mainly spasticity and
ataxia) were developed as the disease progressed and the
patient died at the age of 77 years. Immunohistochemistry
for TDP-43 and pTDP-43 showed a few intracytoplasmic
inclusions in mainly superficially located neurons. Occa-
sional neuronal lentiform intranuclear inclusions were also
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found. Positive short threads were present in the cortex
and subcortical white matter. Some oligodendroglial cyto-
plasmic inclusions were seen. In the granular cell layer of
the dentate gyrus, a few intracytoplasmic inclusions were
found.

Subject II1:6: onset of episodic memory dysfunction,
impaired executive and visuospatial skills and mild behav-
ioral symptoms at the age of 75 years. Due to slow pro-
gression, minor cortical atrophy and preserved functions of
daily living, the symptoms were evaluated as mild cognitive
impairment for many years. Subsequently, tremor and walk-
ing difficulties developed, which led to the suspicion of atyp-
ical parkinsonian disorder or motor neuron disease. Electro-
myography (EMG) showed affected peripheral neurons but
not definitive MND/ALS. After 6 years of mild symptoms,
the disease progressed, and the diagnosis was converted
to Dementia-NOS. Death occurred at the age of 82 years and
a neuropathological examination was performed. Immuno-
histochemistry for TDP-43 and pTDP-43 showed intracyto-
plasmic inclusions in mainly superficially located neurons.
A few neurons had a lentiform intranuclear inclusion. Short
positive threads were seen in the cortex and subcortical
white matter. Some oligodendrocytes with intracytoplasmic
inclusion were found. The pathology seemed to be more
pronounced in the temporal lobe. Intracytoplasmic neuronal
inclusions in the granular cell layer of the dentate gyrus were
found. In the olivary nuclei of the medulla oblongata, posi-
tive threads and intracytoplasmic neuronal inclusions were
present. Immunoreactivity was not observed in motor neu-
rons of the hypoglossal nuclei.

Subject III:11: onset of memory problems and apraxia
at the age of 73 years. Cognitive impairment in episodic
memory, verbal fluency and executive function. Develops
motor symptoms including rigidity, loss of facial expres-
sions, slowness and tremor supporting a possible diagno-
sis of atypical parkinsonian disorder. Death occurred at
age of 77 and a neuropathological examination was per-
formed. Immunohistochemistry for TDP-43 and pTDP-43
showed frequent neurons with intracytoplasmic inclusions
in mainly superficial cortical layers. Intranuclear lentiform
inclusions were also present. Positive short threads were
seen in the cortex and the subcortical white matter. Intra-
cytoplasmic inclusions in many oligodendrocytes were
also found. In the granular cell layer of the dentate gyrus,
many neurons contained a positive intracytoplasmic inclu-
sion. Occasional neuron had a lentiform intranuclear inclu-
sion. In the inferior olives, nuclei in the medulla positiv-
ity was seen in threads and in neuronal intracytoplasmic
inclusions. Immunoreactivity was not present in motor
neurons of the hypoglossal nuclei.

Subject III:14: onset of an accelerating apathy and inertia
at the age of 67 years. Also present with stereotypic behav-
ior and disinhibition and therefore fulfils clinical criteria
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Fig.2 Representative images of
the neuropathological exami-
nation of TBK1 p.Ala417*-
mutation carriers in the family
in Figure A. A, B Superior view
and coronal section of the brain.
There is minimal amount of
atrophy which is highlighted
with the red box corresponding
to the right temporal lobe. C
Hematoxylin and eosin staining
of frontal cortex with some
superficial vacuolization. D

p62 staining of frontal cortex.
E) Ubiquitin staining of frontal
cortex. F pTDP-43 staining of
the granular cells of the dentate
gyrus in hippocampus G pTDP-

A

43 staining of frontal cortex. H
pTDP-43 staining of the white F
matter. The scale bars represent
50 pm. Pictures are taken from Py
three of the four postmortem -
cases: Panels A and B from
one individual (diagnosed with
Dementia-NOS), panels C, F,
G and H are from a second
individual (diagnosed with

-

Dementia-NOS frontal) and .
panels D, and E are from a third
individual with bvFTD

for behavioral variant FTD [30]. There was no clinical sus-
picion of motor neuron disease or parkinsonian disorder at
any time in the disease course. The patient died at an age
of 71 years. Immunohistochemistry for TDP-43 and pTDP-
43 showed superficially located neurons with intracyto-
plasmic inclusions. Occasional neurons with intranuclear
lentiform inclusion were found. Positive short threads
were present in the cortex and subcortical white matter.
Cytoplasmic oligodendroglial inclusions were found. In
the granular cell layer of the dentate gyrus reactivity was
present in the cytoplasm of some neurons.

For all cases, the TDP-43 immunohistochemical
staining pattern corresponded to frontotemporal lobar
degeneration-TDP type A pathology [31] and the stain-
ing pattern of pTDP-43 was similar to the ubiquitin and
p62 staining (Fig. 02 D-H).

TBK1**'7X carriers have decreased TBK1-expression
and -activity

We have previously reported the p.Aladl17%,
(c.13404+ 1G> A) variant in the present Swedish family with
multiple cases of FTD and ALS [26] (Fig. 3A). The muta-
tion was first identified by [25] in another Swedish family
with a history of familial ALS. The variant c.1340+ 1G> A
is a point mutation in the splice-donor site in intron 11
which results in skipping of exon 11 during mRNA splicing
and an out of frame stop-codon at amino acid position 417
(Fig. 3A).

For a more detailed analysis of the mutation in this
family, we used samples from both presymptomatic
mutation carriers (PMC) (blood and fibroblasts) as well
as affected mutation carriers (AMC) (postmortem brain
tissue) (Fig. 1C). As shown in Fig. 3B, the mutant TBK/
blood-mRNA is incompletely degraded in the presympto-
matic mutation carrier as determined by visual inspection
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Fig.3 A Forward and reverse primers used in the TBKI transcript
analyses illustrated in panels B—-G. The amplicon contains the loca-
tion of the TBKI c.1340+ 1G> A (p.Ala417*) mutation in intron
11. B Image of an agarose gel electrophoresis of cDNA extracted
from blood in non-carriers (lanes 1, 3, 4, and 5) and a presympto-
matic mutation carrier (lane 2). The asterisk indicates the wildtype
transcript and the arrowhead indicates the shorter mutated transcript
with an exon-11 deletion. C—G ddPCR of ¢cDNA from blood (two
presymptomatic mutation carriers and seven non-carriers), fibroblasts
(one presymptomatic mutation carrier and one non-carrier) and fro-
zen brain tissue (one mutation carrier with FTD and two non-car-

of fragments and agarose gel electrophoresis. Freischmidt
et al., 2015 showed similar results in patient-derived cells
with this and other TBK1 loss of function-mutations. They
also reported a reduction of TBK1 expression to~50% as
determined by qRT-PCR measurement of TBKI mRNA
abundance in patient-derived cells [25]. We robustly con-
firmed this reduction in presymptomatic mutation carriers
and assessed the absolute expression of the mutant and
wildtype TBK1 alleles. For this, ddPCR was used to quan-
tify the levels of mutant and wildtype TBKI-transcripts
in blood and fibroblasts obtained from PMC as well as
brain, obtained from AMC and controls. As shown in
Fig. 3 C-G, there is a significant reduction of the expres-
sion of the mutant allele compared to the wildtype allele
in the PMC samples. The absolute expression follows as
4+1.5vs 16.7 + 1.8 copies/ul (adjusted p <0.02) in PMC
blood, whereas, in PMC fibroblasts the values are 1.4+ 0.2
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Mutation Non-carrier

Mutation Non-carrier
carrier

riers). Clusters are formed from the signals in single droplets: blue
(wildtype transcript), green (mutated transcript) and grey (empty
droplets). C, D Representative two-dimensional ddPCR plots. E-G
Absolute number of transcript copies per microliter. Statistical dif-
ferences were calculated by one-way ANOVA followed by Tukey’s
Multiple comparison post hoc Test. Adjusted p values: *p<0.020,
**p <0.0007, ***p <0.005. Taken together our results confirm previ-
ously described haploinsufficiency of TBK1 in affected mutation-car-
riers and we also show that the haploinsufficiency is present already
at the presymptomatic stage

vs 15.5 + 1.5 copies/ul, (adjusted p <0.0001) (Fig. 3 E-F).
Similar pattern follows in AMC frontal cortex where
there are 11.8 +2 vs 66.4 +2 copies/ul of the mutant vs
the wildtype allele (adjusted p <0.02) (Fig. 3G). Further-
more, we were not able to detect any sign of compensatory
increased expression of the wildtype allele in response to
the reduced mutant allele-expression, at least not in fibro-
blast and brain tissue (Fig. 3 F, G). Our data suggest a
total decrease of TBKI RNA-expression in mutation car-
riers which corresponds to 54% and 70% of the levels in
controls, in fibroblasts and brain tissue respectively, indi-
cating a chronic reduction in expression of TBK/ starting
in preclinical phases and extending to more severe FTD
stages. (Fig. 3F, G).

We further show that both the levels of TBK1 protein and
its active form, phospho-TBK1 (Ser172), are significantly
reduced already at the presymptomatic stage in fibroblasts as
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well as in post mortem tissue of a mutation carrier (Fig. 4).
This suggests that the reduced TBK1 expression and its
activity (reflected by the levels of the phosphorylated form),
is potentially a life-long stressor that occurs many years
before the onset of symptoms in presymptomatic mutation
carriers. Although we did not attempt to explore the effect
of the TBK1 mutation on autophagic flux, we did observe
increased levels of LC3II in fibroblast-lysates from the TBK1
p-Ala417* presymptomatic mutation carrier. This is indeed
in agreement with the role for TBK1 in the maturation of
autophagic organelles, however, we were not able to detect
a similar effect in a brain sample from an affected mutation
carrier (Supplementary Fig. 2), suggesting a certain degree
of tissue specificity in this regard.
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Fig.4 Western blot analysis of TBK1 expression; A Expression of
TBKI1 and pTBKI1 is reduced in the brain lysates from an affected
mutation carrier sample; B Expression of TBK1 and pTBKI is
reduced in the fibroblast sample from TBK/ pre-symptomatic muta-
tion carrier. Quantification of the band intensity relative to tubulin
blot and normalized against the non-carrier sample is presented for
each panel

TBK1 haploinsufficiency alters the K63
ubiquitination profile of the cell

Previously, it was established that 7hk! knockout results in
accumulation of polyubiquitinated proteins in MEFs [19].
To study the latter in our samples, we designed a TUBE-
based proteomics assay and analyzed the K63 ubiquitination
landscape of brain and fibroblasts. Using label free mass
spectrometry analysis of the TUBE purified K63 ubiqui-
tinated proteins we identified 2234 proteins in brain and
952 proteins in fibroblasts (Supplementary Tables 1 and 2,
respectively). From the total number of identified proteins
371 (13.1%) occurred in both sample types, and the remain-
ing proteins were consequently found solely in brain or fibro-
blast samples. (Supplementary Fig. 03C).

As shown in dendrograms in Fig. 5 A and B, these identi-
fied proteins were able to correctly cluster the samples by
mutation status. Furthermore, as depicted in Heatmaps,
there are two clusters of proteins in all mutation carrier- and
control-replicates in which we detect a relative increased or
decreased K63-ubiquitination. These clusters consist of 615
proteins (23.1%) from the brain dataset and 208 proteins
(21.8%) from the fibroblast dataset that display decreased
K63 ubiquitination, and 1440 proteins (64.5%) from the
brain dataset and 550 proteins (57.8%) from the fibroblast
dataset that exhibit a relative increased K63 ubiquitination
(Fig. 5 A-B). Comparability of the different replicates were
ascertained by plotting the overall detected signal for all
features. (Supplementary Fig. 3 A, B).

In brain samples, of the total number of identified pro-
teins, 168 proteins were significantly differentially ubiqui-
tinated, whereas, in fibroblasts, 109 proteins were differ-
entially ubiquitinated. The latter is illustrated in Volcano
plots in Fig. 5, describing the ratio of the protein abun-
dances between the two different genotypes and the Benja-
mini—-Hochberg adjusted p value for each identified protein
(Fig. 5C, D). Interestingly, five of these hits, overlap between
the brain tissue and fibroblast samples. (Supplementary
Fig. 3D).

To map the major functional categories to which the dif-
ferentially ubiquitinated proteins belong, we employed a
compilation of the gene ontology terms associated with the
identified proteins. Using the functional annotation cluster-
ing tool (DAVID), the identified differentially ubiquitinated
proteins were grouped into several functional clusters. The
analysis revealed 21 GO terms grouped in 6 major func-
tional clusters for detected proteins in the fibroblast dataset
and 19 GO terms grouped into 6 major functional clusters
for the detected proteins in the brain dataset. A summary
of the gene ontology analysis against the whole proteome
is presented in supplementary Fig. 4. The major clusters
that are highlighted in both fibroblast and brain samples are
the GO terms associated with protein expression regulatory
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Fig.5 Analysis of the K63
ubiquitination landscape of
TBKI mutation carriers and
controls in fibroblasts and brain.
A, B Heatmap representing

the log2 fold-change values of
differentially K63-ubiquitinated
proteins in 7TBKI mutation
carrier samples vs. control
samples. Proteins and samples
are separately clustered via
hierarchical clustering. Proteins
are colored based on the
intensity of detected signal post
TUBE-purification with green
representing a fourfold decrease
and red representing a fourfold
increase in the detected signal
relative to the mean signal of
the protein across all replicates
of each genotype. C, D Volcano
plots of proteins in brain (C)
and fibroblasts (D) identified by
mass spectrometry according

to their Benjamini—-Hochberg
adjusted p value (y axis) and
their relative abundance ratio
(log2 fold change) (x axis).

Red dots represent the proteins
detected with increased levels C
in mutation carrier samples and
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mechanisms as well as cell-cell adhesion proteins. However,
when we limit the background GO dataset to cover only the
identified K63 ubiquitinated proteins, the only significant
hit corresponds to the cluster with mitochondrial respiratory
chain (p <0.05).

Discussion

In this report, we put the knowledge of TBK/ haploinsuf-
ficiency from the initial analysis into a new perspective by
studying the specific TBKI ¢.1340+ 1G> A (p.Ala417%)
mutation in depth in both clinical and molecular aspects.
Interestingly we observe a certain degree of consistency in
the results from post-mortem brain tissue and samples from
pre-symptomatic mutation carriers.

@ Springer
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The clinical presentation of neurodegenerative disease in
this family varies with regards to age at onset, initial symp-
tom and phenotype. From the third generation, the family
is divided into two main branches. Patients in one of the
branches (right side of pedigree in Fig. 1A) present predomi-
nantly with FTD or ALS while the phenotypes in the other
branch is more heterogeneous. The varying presentations
might be due to complicating factors in diagnosing demen-
tia such as comorbidity (e.g., cardio-vascular-related symp-
toms). We could also speculate that the diversity potentially
is a result of variable penetrance of the TBK ] mutation and
genetic-modifiers but this is not yet known.

At the cellular level, it has been proposed that TBK1 acti-
vation and substrate specificity are driven by recruitment to
discrete signaling complexes or adaptor proteins such as p62
and OPTN that regulate its subcellular localization [10, 16,
17]. High local concentration of TBK1 or phosphorylation
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by other kinases that are localized to the same molecular
scaffold are the critical parameters when it comes to regula-
tion of TBK1 activity. Therefore, a reduction in the expres-
sion of TBK1 potentially result in changes in the stoichio-
metric dynamics of TBK1 recruitment by adaptor proteins
and thereby affect overall activation of the kinase and cause
a chronic chain reaction of downstream stressors. TBK1 is
also needed to enable the entry of p62 into autophagic deg-
radative pathway, and several ubiquitinated cargos do not
enter degradative pathways in the absence of TBK1 [20].
Interestingly, despite their diverse clinical phenotypes, the
neuropathological examinations of four of the family mem-
bers showed similar pattern with all having TDP-43 type
A pathology and positive aggregates of p62 and ubiquitin
which overlap with the staining’s from pTDP-43 aggregates.

K63 ubiquitination has been associated with formation
and clearance of protein inclusions in neurodegenerative dis-
eases [32]. At the cellular level, dysregulation of the cellular
protein homeostasis- and protein degradation-machineries
such as selective autophagy and the Ubiquitin Proteasome
System (UPS) are among the main candidate causative
mechanisms of neurodegeneration in FTD [33]. We were
able to identify specific patterns regarding increase and
decrease of K63 ubiquitinated proteins in response to muta-
tion in TBK 1. These results suggest that even though TBK1
is not a direct regulator of the ubiquitination machinery, it
can indirectly influence the overall K63-ubiquitination pro-
file of the cell in dermal fibroblasts and brain tissue. More
importantly the changes to the ubiquitination pattern seem
to occur many years before the onset of the disease and are
already detectable in peripheral cells such as fibroblasts in
presymptomatic mutation carriers.

Taken together, these findings imply that using TUBE
based profiling of ubiquitination can be a valuable tool to
study the neurodegenerative diseases. Similar attempts on
ubiquitination profiling have already been done for Alzhei-
mer disease (Tramutola et al., 2018) [34]. We believe that
this analysis is an initiative to put more focus on the impor-
tance of the ubiquitination profiling as a potential marker for
deciphering the underlying cause of the neurodegenerative
diseases such as FTD or ALS.

An important question that our study raises is about the
fate and nature of these alternatively ubiquitinated pro-
teins. It remains unclear whether these proteins contrib-
ute to the overload to the cellular protein quality control
systems or if they act as a primer to form protein aggre-
gates that result in neuronal cytotoxicity through aging.
We attempted to tackle this question using a gene ontol-
ogy profiling of our list of differentially K63-ubiquitinated
proteins for each examined tissue. Even though we believe
drawing robust conclusions from gene ontology analysis
is not feasible, due to the diverse nature of gene ontology
terms and small sample size, we are able to see specific

patterns emerging in functional clustering of GO terms
that fit the theme of protein expression and regulatory
mechanisms. To further validate our gene ontology analy-
sis, we made a separate GO-analysis and instead if using
the genome as reference we restricted the background/ref-
erence to the pool of K63-ubiquitinated proteins that we
were able to detect and looked for gene ontology terms
that are occurring only in the significantly altered ubiqui-
tinated proteins. Interestingly the cluster referring to mito-
chondrial respiratory chain stand out as statistically sig-
nificant (p <0.05), which is in line with previous reports
about the role of TBK1 in regulation of mitophagy [35].

Given the small number of available samples and the
lack of material from individuals who have developed
the disease, we were unable to expand the ubiquitination
study in the affected individuals beyond the post-mortem
brain tissue. Based on what we have observed in terms of
diversity between ubiquitination landscape of fibroblast
and brain tissue is not possible to draw decisive conclu-
sions. Nonetheless, the significance of the ubiquitination
differences in response to TBK1 loss of function remains
relevant. Overall, we hope that this study lays a founda-
tion for future studies in the underlying consequences
of TBK1 haploinsufficiency and the mechanisms of its
pathogenicity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-021-10887-x.

Acknowledgements We would like to thank several people that made
this work possible. First of all, our colleagues in the Unit for Heredi-
tary Dementia, research coordinator, and molecular geneticist Mikaela
Cruz-Delgado, Nathalie Oh-Asperén and Hakan Thonberg who helped
us arrange the visits and sample collections as well as the original
finding of the mutation in the family. Secondly, we are highly grate-
ful for the professional help and guidance obtained by the Karolinska
Institutet Proteomics Biomedicum core facility for mass-spectrometry
based proteomics analysis. We also acknowledge Genetic Frontotempo-
ral dementia Initiative (GENFI) for our joint aim to understand genetic
FTD. We would further like to acknowledge the importance of the
Brain Bank at Karolinska Institutet for providing the brain samples
and the Department of Pathology at Karolinska University Hospital.

Author contributions BK designed and directed the study with super-
vision from CG. BK, JL and KP performed the experiments. AU and
BK analyzed the data. CG, LO and IN assessed the clinical and neu-
ropathological aspects of the project. BK wrote the manuscript with
consultation from AU, JL, LO, KP, IN and CG. All authors read and
approved the final manuscript.

Funding Open access funding provided by Karolinska Institute. This
work was supported by grants from Schorling Foundation- Swedish
FTD Initiative, The Swedish Research Council (Dnr VR 2018-02754
and JPND), Swedish Alzheimer foundation, Swedish Brain Foundation,
Alf Medicine in Region Stockholm, Demensfonden, Stohnes founda-
tion, Gamla tjanarinnor foundation.

@ Springer


https://doi.org/10.1007/s00415-021-10887-x

3048

Journal of Neurology (2022) 269:3037-3049

Data availability The authors confirm that the data supporting the
findings of this study are available within the article [and/or] its sup-
plementary materials.

Declarations

Conflicts of interest We declare that we have no conflicts of interest
to disclose.

Ethical approval and consent to participate All material has been col-
lected with informed consent and ethical approval. The family and
family members’ integrity will be protected in such way that individual
identities are not exposed.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Piguet O, Hornberger M, Mioshi E, Hodges JR (2011) Behav-
ioural-variant frontotemporal dementia: Diagnosis, clinical stag-
ing, and management. Lancet Neurol 10: 162—72. Available from:
https://pubmed.ncbi.nlm.nih.gov/21147039/

2. Neary D, Snowden J, Mann D (2005) Frontotemporal dementia.
Lancet Neurol 4: 771-780. Available from: https://pubmed.ncbi.
nlm.nih.gov/16239184/

3. Moore KM, Nicholas J, Grossman M, McMillan CT, Irwin D]J,
Massimo L et al (2020) Age at symptom onset and death and dis-
ease duration in genetic frontotemporal dementia: an international
retrospective cohort study. Lancet Neurol 19(2):145-156. https://
doi.org/10.1016/S1474-4422(19)30394-1

4. Nakano I (2012) Frontotemporal lobar degeneration (FTLD)—
changes of its concept and classification based on aggregated
proteins. In: Clinical Neurology. Rinsho Shinkeigaku: 1218-20.
Available from: https://pubmed.ncbi.nlm.nih.gov/23196569/

5. Van Der Zee J, Van Broeckhoven C (2014) Dementia in 2013:
Frontotemporal lobar degeneration-building on breakthroughs.
Nat Rev Neurol 10: 70-72. Available from: https://pubmed.ncbi.
nlm.nih.gov/24394289/

6. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi
MC, Chou TT, et al (2006) Ubiquitinated TDP-43 in frontotempo-
ral lobar degeneration and amyotrophic lateral sclerosis. Science
314(5796):130-133. Available from: https://pubmed.ncbi.nlm.nih.
2ov/17023659/

7. Greaves CV, Rohrer JD (2019) An update on genetic frontotem-
poral dementia. J Neurol 266:2075-2086. https://doi.org/10.1007/
s00415-019-09363-4

8. Freischmidt A, Miiller K, Ludolph AC, Weishaupt JH, Andersen
PM (2017) Association of mutations in TBK1 with sporadic and

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

familial amyotrophic lateral sclerosis and frontotemporal demen-
tia. JAMA Neurol 74(1):110-113. Available from: https://pub-
med.ncbi.nlm.nih.gov/27892983/

Ahmad L, Zhang SY, Casanova JL, Sancho-Shimizu V (2016)
Human TBK1: a gatekeeper of neuroinflammation. Trends Mol
Med 22: 511-527. Available from: https://pubmed.ncbi.nlm.nih.
gov/27211305/

Goncalves A, Biirckstiimmer T, Dixit E, Scheicher R, G6rna MW,
Karayel E, et al (2011) Functional dissection of the TBK1 molec-
ular network. PLoS One 6(9): ¢23971. Available from: https://
pubmed.ncbi.nlm.nih.gov/21931631/

Mizushima N, Hara T (2006) Intracellular quality control by
autophagy: How does autophagy prevent neurodegeneration?
Autophagy 2(4):302-324. Available from: https://pubmed.ncbi.
nlm.nih.gov/16874082/

Evans CS, Holzbaur ELF (2020) Quality control in neurons:
mitophagy and other selective autophagy mechanisms. J Mol
Biol 432:240-260

. Kragh CL, Ubhi K, Wyss-Corey T, Masliah E (2012) Autophagy

in dementias. In: Brain Pathology. NIH Public Access 99-109.
Available from: /pmc/articles/PMC3243049

Deng Z, Sheehan P, Chen S, Yue Z (2017) Is amyotrophic lat-
eral sclerosis/frontotemporal dementia an autophagy disease?
Mol Neurodegeneration 12. Available from: /pmc/articles/
PMC5746010

Kishore N, Khai Huynh Q, Mathialagan S, Hall T, Rouw S,
Creely D, et al (2002) IKK-i and TBK-1 are enzymatically dis-
tinct from the homologous enzyme IKK-2. Comparative analy-
sis of recombinant human IKK-i, TBK-1, and IKK-2. J Biol
Chem 277(16):13840-13847. Available from: https://pubmed.
ncbi.nlm.nih.gov/11839743/

Ma X, Helgason E, Phung QT, Quan CL, Iyer RS, Lee MW,
et al (2012) Molecular basis of Tank-binding kinase 1 activa-
tion by transautophosphorylation. Proc Natl Acad Sci U S A
109(24):9378-9383. Available from: https://pubmed.ncbi.nlm.
nih.gov/22619329/

Heo JM, Ordureau A, Paulo JA, Rinehart J, Harper JW (2015)
The PINK1-PARKIN Mitochondrial Ubiquitylation Pathway
Drives a Program of OPTN/NDP52 Recruitment and TBK1
Activation to Promote Mitophagy. Mol Cell 60(1):7-20. Avail-
able from: https://pubmed.ncbi.nlm.nih.gov/26365381/

Wild P, Farhan H, McEwan DG, Wagner S, Rogov VV, Brady
NR, et al (2011) Phosphorylation of the autophagy receptor
optineurin restricts Salmonella growth. Science 333(6039):228-
233. Available from: https://pubmed.ncbi.nlm.nih.gov/21617
041/

Pilli M, Arko-Mensah J, Ponpuak M, Roberts E, Master S, Man-
dell MA, et al (2012) TBK-1 promotes autophagy-mediated
antimicrobial defense by controlling autophagosome maturation.
Immunity 37(2):223-234. Available from: https://pubmed.ncbi.
nlm.nih.gov/22921120/

Matsumoto G, Wada K, Okuno M, Kurosawa M, Nukina N (2011)
Serine 403 phosphorylation of p62/SQSTM1 regulates selec-
tive autophagic clearance of ubiquitinated proteins. Mol Cell
44(2):279-289. Available from: https://pubmed.ncbi.nlm.nih.
2ov/22017874/

Ohtake F, Saeki Y, Ishido S, Kanno J, Tanaka K (2016) The K48-
K63 Branched Ubiquitin Chain Regulates NF-xB Signaling. Mol
Cell 64(2):251-266. Available from: https://pubmed.ncbi.nlm.nih.
2ov/27746020/

Husnjak K, Dikic I (2012) Ubiquitin-binding proteins: decod-
ers of ubiquitin-mediated cellular functions. Annu Rev Biochem
81:291-322. Available from: https://pubmed.ncbi.nlm.nih.gov/
22482907/


http://creativecommons.org/licenses/by/4.0/
https://pubmed.ncbi.nlm.nih.gov/21147039/
https://pubmed.ncbi.nlm.nih.gov/16239184/
https://pubmed.ncbi.nlm.nih.gov/16239184/
https://doi.org/10.1016/S1474-4422(19)30394-1
https://doi.org/10.1016/S1474-4422(19)30394-1
https://pubmed.ncbi.nlm.nih.gov/23196569/
https://pubmed.ncbi.nlm.nih.gov/24394289/
https://pubmed.ncbi.nlm.nih.gov/24394289/
https://pubmed.ncbi.nlm.nih.gov/17023659/
https://pubmed.ncbi.nlm.nih.gov/17023659/
https://doi.org/10.1007/s00415-019-09363-4
https://doi.org/10.1007/s00415-019-09363-4
https://pubmed.ncbi.nlm.nih.gov/27892983/
https://pubmed.ncbi.nlm.nih.gov/27892983/
https://pubmed.ncbi.nlm.nih.gov/27211305/
https://pubmed.ncbi.nlm.nih.gov/27211305/
https://pubmed.ncbi.nlm.nih.gov/21931631/
https://pubmed.ncbi.nlm.nih.gov/21931631/
https://pubmed.ncbi.nlm.nih.gov/16874082/
https://pubmed.ncbi.nlm.nih.gov/16874082/
https://pubmed.ncbi.nlm.nih.gov/11839743/
https://pubmed.ncbi.nlm.nih.gov/11839743/
https://pubmed.ncbi.nlm.nih.gov/22619329/
https://pubmed.ncbi.nlm.nih.gov/22619329/
https://pubmed.ncbi.nlm.nih.gov/26365381/
https://pubmed.ncbi.nlm.nih.gov/21617041/
https://pubmed.ncbi.nlm.nih.gov/21617041/
https://pubmed.ncbi.nlm.nih.gov/22921120/
https://pubmed.ncbi.nlm.nih.gov/22921120/
https://pubmed.ncbi.nlm.nih.gov/22017874/
https://pubmed.ncbi.nlm.nih.gov/22017874/
https://pubmed.ncbi.nlm.nih.gov/27746020/
https://pubmed.ncbi.nlm.nih.gov/27746020/
https://pubmed.ncbi.nlm.nih.gov/22482907/
https://pubmed.ncbi.nlm.nih.gov/22482907/

Journal of Neurology (2022) 269:3037-3049

3049

23.

24.

25.

26.

217.

28.

29.

Komander D, Rape M (202) The ubiquitin code. Annu Rev Bio-
chem 81:203-229. Available from: https://pubmed.ncbi.nlm.nih.
gov/22524316/

Richter B, Sliter DA, Herhaus L, Stolz A, Wang C, Beli P, et al
(2016) Phosphorylation of OPTN by TBK1 enhances its bind-
ing to Ub chains and promotes selective autophagy of damaged
mitochondria. Proc Natl Acad Sci U S A 113(15):4039-4044.
Available from: https://pubmed.ncbi.nlm.nih.gov/27035970/
Freischmidt A, Wieland T, Richter B, Ruf W, Schaeffer V, Miil-
ler K, et al (2015) Haploinsufficiency of TBK1 causes familial
ALS and fronto-temporal dementia. Nat Neurosci 18(5):631-636.
Available from: https://pubmed.ncbi.nlm.nih.gov/25803835/
van der Zee J, Gijselinck I, Van Mossevelde S, Perrone F, Dil-
len L, Heeman B, et al (2017) TBK1 Mutation Spectrum in an
Extended European Patient Cohort with Frontotemporal Dementia
and Amyotrophic Lateral Sclerosis. Hum Mutat 38(3):297-309.
Available from: https://pubmed.ncbi.nlm.nih.gov/28008748/
Rohrer JD, Warren JD, Fox NC, Rossor MN (2013) Presympto-
matic studies in genetic frontotemporal dementia. In: Revue Neu-
rologique. Rev Neurol: 820-824. Available from: https://pubmed.
ncbi.nlm.nih.gov/24012408/

Kean MJ, Couzens AL, Gingras AC (2012) Mass spectrometry
approaches to study mammalian kinase and phosphatase associ-
ated proteins. Methods57: 400—408. Available from: https://pub-
med.ncbi.nlm.nih.gov/22710030/

Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez
M, Cappa SF, et al (2011) Classification of primary progressive
aphasia and its variants. Neurology 76(11):1006-1014. Available
from: https://pubmed.ncbi.nlm.nih.gov/21325651/

30.

31.

32.

33.

34.

35.

Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH,
Neuhaus J, et al (2011) Sensitivity of revised diagnostic criteria
for the behavioural variant of frontotemporal dementia. Brain
134(9):2456-2477. Available from: https://pubmed.ncbi.nlm.nih.
gov/21810890/

Lee EB, Porta S, Michael Baer G, Xu Y, Suh ER, Kwong LK,
et al (2017) Expansion of the classification of FTLD-TDP: dis-
tinct pathology associated with rapidly progressive frontotemporal
degeneration. Acta Neuropathol 134(1):65-78. Available from:
https://pubmed.ncbi.nlm.nih.gov/28130640/

Tan JMM, Wong ESP, Kirkpatrick DS, Pletnikova O, Ko HS, Tay
SP, et al (2008) Lysine 63-linked ubiquitination promotes the for-
mation and autophagic clearance of protein inclusions associated
with neurodegenerative diseases. Hum Mol Genet 17(3):431-439.
Available from: https://academic.oup.com/hmg/article/17/3/431/
599942

Chung CG, Lee H, Lee SB (2018) Mechanisms of protein toxicity
in neurodegenerative diseases. Cell Mol Life Sci 75: 3159-3180.
Available from: /pmc/articles/PMC6063327/?report=abstract
Tramutola A, Triani F, Di Domenico F, Barone E, Cai J, Klein
JB, Perluigi M, Butterfield DA (2018) Poly-ubiquitin profile in
Alzheimer disease brain. Neurobiol Dis 118:129-141. https://doi.
org/10.1016/j.nbd.2018.07.006

Richter B, Sliter DA, Herhaus L, Stolz A, Wang C, Beli P, et al
(2016) Phosphorylation of OPTN by TBK1 enhances its binding
to Ub chains and promotes selective autophagy of damaged mito-
chondria. Proc Natl Acad Sci USA 113(15):4039-4044. Available
from: www.pnas.org/lookup/suppl/. doi:https://doi.org/10.1073/
pnas.1523926113/-/DCSupplemental

@ Springer


https://pubmed.ncbi.nlm.nih.gov/22524316/
https://pubmed.ncbi.nlm.nih.gov/22524316/
https://pubmed.ncbi.nlm.nih.gov/27035970/
https://pubmed.ncbi.nlm.nih.gov/25803835/
https://pubmed.ncbi.nlm.nih.gov/28008748/
https://pubmed.ncbi.nlm.nih.gov/24012408/
https://pubmed.ncbi.nlm.nih.gov/24012408/
https://pubmed.ncbi.nlm.nih.gov/22710030/
https://pubmed.ncbi.nlm.nih.gov/22710030/
https://pubmed.ncbi.nlm.nih.gov/21325651/
https://pubmed.ncbi.nlm.nih.gov/21810890/
https://pubmed.ncbi.nlm.nih.gov/21810890/
https://pubmed.ncbi.nlm.nih.gov/28130640/
https://academic.oup.com/hmg/article/17/3/431/599942
https://academic.oup.com/hmg/article/17/3/431/599942
https://doi.org/10.1016/j.nbd.2018.07.006
https://doi.org/10.1016/j.nbd.2018.07.006
http://www.pnas.org/lookup/suppl/
https://doi.org/10.1073/pnas.1523926113/-/DCSupplemental
https://doi.org/10.1073/pnas.1523926113/-/DCSupplemental

	TBK1 haploinsufficiency results in changes in the K63-ubiquitination profiles in brain and fibroblasts from affected and presymptomatic mutation carriers
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Materials and methods
	Family description
	Immunohistochemistry and neuropathology
	RNA, cDNA preparation and droplet digital PCR for gene expression
	Skin biopsy and cell culture
	Cell lysis and immunoblotting
	TUBE pulldown assay and mass spectrometry
	Data analysis

	Results
	Clinical and neuropathological description of the TBK1 p.Ala417* FTD cases
	TBK1A417X carriers have decreased TBK1-expression and -activity
	TBK1 haploinsufficiency alters the K63 ubiquitination profile of the cell

	Discussion
	Acknowledgements 
	References




