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Abstract

Aims: Frontotemporal dementias are neuropathologically characterised by frontotem-

poral lobar degeneration (FTLD). Intraneuronal inclusions of transactive response DNA-

binding protein 43 kDa (TDP-43) are the defining pathological hallmark of approximately

half of the FTLD cases, being referred to as FTLD-TDP. The classification of FTLD-TDP

into five subtypes (Type A to Type E) is based on pathologic phenotypes; however, the

molecular determinants underpinning the phenotypic heterogeneity of FTLD-TDP are

not well known. It is currently undetermined whether TDP-43 post-translational modifi-

cations (PTMs) may be related to the phenotypic diversity of the FTLDs. Thus, the inves-

tigation of FTLD-TDP Type A and Type B, associated with GRN and C9orf72 mutations,

becomes essential.

Methods: Immunohistochemistry was used to identify and map the intraneuronal

inclusions. Sarkosyl-insoluble TDP-43 was extracted from brains of GRN and C9orf72

mutation carriers post-mortem and studied by Western blot analysis, immuno-electron

microscopy and mass spectrometry.

Results: Filaments of TDP-43 were present in all FTLD-TDP preparations. PTM profiling

identified multiple phosphorylated, N-terminal acetylated or otherwise modified resi-

dues, several of which have been identified for the first time as related to sarkosyl-

insoluble TDP-43. Several PTMs were specific for either Type A or Type B, while others

were identified in both types.

Conclusions: The current results provide evidence that the intraneuronal inclusions in

the two genetic diseases contain TDP-43 filaments. The discovery of novel, potentially

type-specific TDP-43 PTMs emphasises the need to determine the mechanisms leading

to filament formation and PTMs, and the necessity of exploring the validity and occu-

pancy of PTMs in a prognostic/diagnostic setting.
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INTRODUCTION

Transactive response (TAR) DNA-binding protein with molecular

weight (MW) of 43 kDa (TDP-43) is a highly conserved RNA/DNA-

binding protein. TDP-43 is made of 414 amino acids, with an amino-

terminal (N-term) domain containing a nuclear localisation signal

(NLS), two RNA recognition motifs (RRM1 and RRM2) and glycine-rich

and glutamine/asparagine (Q/N)-rich domains in the C-terminal region

(low-complexity [LC] domain); these domains allow TDP-43 to bind

single-stranded DNA, RNA and proteins [1, 2]. In normal brains, TDP-

43 is primarily found in the nucleus of neurons and glia; however,

TDP-43 is able to shuttle between the cytoplasm and the nucleus [3].

In many forms of frontotemporal dementia (FTD), amyotrophic

lateral sclerosis (ALS) and in limbic-predominant age-related TDP-43

encephalopathy (LATE), TDP-43 is the main component of the intra-

cellular inclusions found in the central nervous system [3–6].

The identification and study of TDP-43 post-translational modifi-

cations (PTMs) are essential steps towards our understanding of dis-

eases’ pathogenetic mechanisms and for the development of potential

diagnostic tools [7–13]. PTMs may regulate protein conformation,

biophysical properties, protein interactions, function and subcellular

localisation [14, 15]. Although PTMs occur physiologically, many have

been detected in association with protein aggregates in diverse neuro-

degenerative diseases [14, 16–21].

Previous studies have shown pathological TDP-43 to be cleaved,

ubiquitinated and hyperphosphorylated [3, 4]. Phosphorylation of two

residues (serine [S] 409 and 410) has been observed in TDP-43 asso-

ciated with neurodegenerative disorders but not in control tissue [10,

11, 13, 22]. Using mass spectrometry (MS), PTMs of TDP-43 have

only been identified in ALS and ALS with frontotemporal lobar degen-

eration (FTLD); however, it remains to be determined which of the

changes observed are disease specific [6, 23]. Data showing that in

pathological conditions TDP-43 may differ in susceptibility to proteol-

ysis may suggest that diverse TDP-43 conformations might character-

ise the numerous diseases associated with the presence of TDP-43

aggregates, similarly to what has been found in disorders with tau

pathology [24–28].

Among the clinical phenotypes of FTD, the most common are

those associated with FTLD and tau or FTLD and TDP-43 (FTLD-Tau

or FTLD-TDP). Mutations in the granulin precursor (GRN) and C9orf72

genes have been found to be associated with various FTD pheno-

types. In view of the neuropathologic heterogeneity of FTLD-TDP,

five distinct pathological subtypes (Type A to Type E) have been

established [29–31]. FTLD-TDP Type A is associated with mutations

in both GRN and C9orf72, and Type B is associated with mutations in

C9orf72 but not GRN; therefore, we asked the question whether, in

dominantly inherited FTD associated with either GRN or C9orf72

mutations, a distinction of PTM patterns is possible through the analy-

sis of the frontal cortex in two different subtypes of FTLD-TDP. For

the current experimental work, we carried out a proteomic analysis of

frontal cortices, comparing those of GRN mutation carriers, FTLD-

TDP Type A, with those of C9orf72 mutation carriers with FTLD-TDP

Type B.

MATERIALS AND METHODS

See the supporting information for descriptions of Brain Tissue, Neu-

ropathology, Genetics and Reagents.

PTM studies

Preparation of the sarkosyl-insoluble fraction

Sarkosyl-insoluble TDP-43 was extracted from the grey matter of the

frontal cortex (Figure S1). The tissue was homogenised in cold extrac-

tion buffer (10 mM Tris–HCl pH 7.4, 0.8 M NaCl, 1 mM ethylenedia-

minetetraacetic acid (EDTA), 1 mM dithiothreitol and 10% sucrose,

containing an inhibitor cocktail for proteases, phosphatases, deacety-

lases and deubiquitylating enzymes). Magnesium chloride, benzonase

and sarkosyl were added to the sample to reach final concentrations

of 3 mM, 1.25 U/μl and 1%, respectively. Sample was incubated at

37�C for 30 min and centrifuged at 3000 � g for 10 min at room tem-

perature (RT). Supernatant (S1) was collected and centrifuged at

100,000 � g for 25 min at RT in a TLA-110 rotor (Beckman) to gener-

ate a supernatant (S2; sarkosyl-soluble fraction) and a pellet (P2). P2

was washed in extraction buffer containing protease and phosphatase

inhibitors and centrifuged at 100,000 � g for 20 min, RT. The pellet

generated (P3) was resuspended in 10 mM Tris–HCl pH 7.4, 150 mM

Key Points

• In the brain of patients affected by hereditary FTD

caused by GRN and C9orf72 mutations, novel post-

translational modifications (PTMs) of TDP-43 have been

identified.

• In FTLD-TDP Type A and Type B, the presence of neuro-

nal intracytoplasmic TDP-43 inclusions is associated with

PTMs.

• TDP-43 intracytoplasmic inclusions contain TDP-43 fila-

ments as shown by immuno-electron microscopy.

• Post-translational modifications are biologically relevant

events that may have an important role in the phenotypic

variability seen in FTLD-TDP.

2 of 13 CRACCO ET AL.



NaCl or 5% sodium dodecyl sulphate (SDS)–Tris-EDTA (TE) buffer and

referred to as sarkosyl-insoluble fraction (Figure S1). The supernatant

(S3) was stored at �80�C.

Electrophoresis and immunoblot

TDP-43 antibodies (Abs) and dilutions used are listed in Table S2.

Phosphorylated sites targeted by these Abs are shown in Figure 1.

Electrophoresis and immunoblot protocols are described in the sup-

porting information.

Immuno-gold electron microscopy

A 1.5 μl droplet of the 1:20 sarkosyl-insoluble TDP-43 fraction was

pipetted onto carbon nickel transmission electron microscopy (TEM)

grids (300 mesh) and blotted dry. The grid was blocked in 0.1% gelatin

in phosphate-buffered saline (PBS) for 20 min; then, excess solution

was blotted off with filter paper. The primary Ab (Table S2) diluted

1:50 in 0.1% gelatin in PBS was added for 1 h at RT. The grid was

then washed three times in 0.1% gelatin in PBS for 5 min each wash.

Grids were incubated in secondary Ab (Table S2) diluted 1:40 in 0.1%

gelatin in PBS for 1 h at RT. Secondary Ab was washed off three times

in 0.1% gelatin in PBS and blotted dry. Negative staining was per-

formed with NanoVan for 5 s at RT. TEM images were taken on a

Tecnai G2 Spirit Twin scope equipped with an AMT CCD Camera.

Negative controls were prepared to omit primary Abs to assess the

possible cross-reaction of the secondary Ab with the sample.

Enzymatic digestion

Sarkosyl-insoluble TDP-43 preparations in 5% SDS–TE buffer were

reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP) at RT for

30 min and alkylated using a final concentration of 10 mM chloroace-

tamide (CAA) for 30 min in the dark at RT. Samples were then diluted

to 1% SDS in 8 M urea and 100 mM Tris pH 8.5 for a modified filter-

aided sample preparation (FASP) digestion. Each sample was split

loaded onto four FASP spin filters and centrifuged at 14,000 � g for

15 min at RT. The 30 kDa filters were washed with 2 � 200 μl 8 M

urea followed by 2 � 200 μl 50 mM Tris–HCl, pH 8.5. Samples were

then digested overnight at 25� C with either Trypsin/Lys-C (two filters

each with 3 μg in 50 mM Tris–HCl, pH 8.5) or chymotrypsin (two

filters each with 12.5 μg in 100 mM Tris–HCl, 10 mM CaCl2, pH 7.8).

Filters were moved to clean collection tubes and centrifuged at

15,000 � g for 10 min, and the membranes were rinsed with 40 μl of

50 mM Tris–HCl followed by 50 μl of 0.5 M sodium chloride solution.

The eluted peptides were acidified with trifluoroacetic acid (TFA,

0.5% final v/v). Trypsin and chymotrypsin digestions were cleaned up

using Waters SepPak 50 mg vacuum manifold cartridges (with a 1 ml

wash of 0.1% TFA and elution in 70% acetonitrile 0.1% formic acid

[FA]).

Phosphopeptide enrichment

Peptides were dried in a speed vacuum, and phosphopeptides were

enriched using a High-Select TiO2 phosphopeptide enrichment kit.

The elution from the TiO2 tips was dried and resuspended in 28 μl

0.1% FA for phosphopeptide liquid chromatography with tandem MS

(LC–MS/MS). The flow-through and wash from the tips were retained,

desalted on a Waters SepPak column as previously described, resus-

pended in 50 μl 0.1% FA and run as ‘non-phospho’ samples.

Liquid chromatography with tandem MS

Each sample was run in technical duplicate on an Easy nano LC1200

coupled to a Fusion Lumos Orbitrap Eclipse using an EasySpray 25 cm

column. Phosphopeptides (6 μl) were analysed in a 90 min EtHCD/

HCD decision tree method and 120 min CID with MSA method,

whereas non-phosphopeptides (3 μl) were analysed on 180 min gradi-

ent EtHCD/HCD and CID methods. Full gradient and LC–MS/MS set-

tings are described below:

• EtHCD/HCD method: 6–35% B (80% acetonitrile and 0.1% FA)

over 85 min, 35–80% B over 3 min and 80–6% B over 2 min all at

400 nl/min. Orbitrap was operated at 120,000 resolution, APD

and IC on, with standard AGC, auto max IT, minimum intensity of

2e4 and 60 s dynamic exclusion excluding isotopes. MS2 settings

(3 s cycle time) were operated with a decision tree of EtHC-HCD

options both with Orbitrap resolution 50,000, 1.7 m/z isolation

window, standard AGC and dynamic IT. EtHCD prioritised precur-

sors with highest charge state/lowest m/z for calibrated ETD plus

20% HCD. HCD-only scans were operated with 30% CE.

• CID with multistage activation phosphopeptide method: LC: 4–28%

B (80% acetonitrile and 0.1% FA) over 110 min, 28–80% B over

F I GU R E 1 Schematic representation of TDP-43 protein domains. Numbers on the top of the diagram represent the residues delimiting each
domain; numbers on the bottom of the diagram represent potentially phosphorylated sites targeted by antibodies used in this study. LC, low-
complexity; NLS, nuclear localisation signal; RRM, RNA recognition motif
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7 min, 80% B hold for 1 min and 80–6% B over 2 min all at 400 nl/

min. Orbitrap was operated at 120,000 resolution, 400–1600 m/z,

APD and IC on, with standard AGC, auto max IT, minimum intensity

of 2e4 and 60 s dynamic exclusion excluding isotopes. MS2 settings

(3 s cycle time) were operated at CID of 35%, Orbitrap resolution of

15,000, 1 m/z isolation window, standard AGC, dynamic IT and mul-

tistage activation with a neutral mass loss of 97.9673 on.

• CID for non-phosphopeptides: 6–35% B (80% acetonitrile and

0.1% FA) over 160 min, 35–80% B over 10 min, 80% hold for

4 min and 80–6% B over 4 min all at 400 nl/min. Orbitrap was

operated at 120,000 resolution, 400–1600 m/z, APD and IC on,

with standard AGC, auto max IT, minimum intensity of 5e3 and

60 s dynamic exclusion excluding isotopes. MS2 settings (3 s cycle

time) were operated at CID of 35%, ion trap rapid resolution,

1 m/z isolation window, standard AGC and dynamic IT.

Data analysis

Data were analysed using PEAKS Studio Xpro (Bioinformatics Solu-

tions Inc.). Each sample resulted in eight separate LC–MS/MS raw

files loaded as samples with corresponding protease, fragmentation

and detection parameters into a single PEAKS project. PEAKS data-

base search was performed using the reviewed human UniProt

database and common contaminants with 10 ppm precursor error and

0.5 Da fragment tolerances. Semi-specific digest mode was

utilized, with protease and fragmentation type specified at the sample

level; a maximum of three missed cleavages were allowed with up to

three variable modifications of N-terminal (N-term) acetylation, (M, H,

W) oxidation, (S, T, Y) phosphorylation, C carbamidomethylation and

K ubiquitination. PEAKS PTM and SPIDER were performed, and data

were exported with a 1% false discovery rate cut-off at the peptide

level, AScore ≥10, mutation ion intensity ≥5 and de novo scores ≥80%.

AScore is a localisation score assigned to modifications on peptide as

the �10 log of a p value corresponding to the probability that the

modification occurs at the reported position compared with other

possible positions. Ion intensity is the minimum relative fragment ion

intensity required for accurate localisation of a mutation or PTM on a

specific amino acid. The de novo score applies a threshold cut-off for

de novo sequence tags not identified in database search algorithms.

RESULTS

Neuropathology

The tissue studied neuropathologically was obtained from the cerebral

hemisphere contralateral to that used for biochemical studies

F I G UR E 2 TDP-43
immunohistochemistry in the frontal
cortex of five GRN mutation carriers
(Cases 1–5). TDP-43 immunoreactive

intracellular inclusions and neuropil
deposits in two fields of the second layer
of the frontal cortex (A, B). Neuronal
cytoplasmic inclusions (NCIs), a neuronal
intranuclear inclusion (NII, arrowhead) and
granular deposits are seen in the neuropil.
The pattern of TDP-43 inclusions is
consistent with Mackenzie Type A
classification. Scale = 20 μm; antibody:
pS409/410
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(Table S1). The frontal and temporal cortices of the five GRN and the

two C9orf72 mutation carriers showed numerous intracellular TDP-43

aggregates. Neuronal loss ranged from moderate to severe and was

most prominent in the brain areas that contained the TDP-43 aggre-

gates. TDP-43-immunoreactive neuronal cytoplasmic inclusions

(NCIs) and neurites ranged from sparse to frequent and were primarily

seen in the second layer of the cerebral cortex, where spongiosis of

the neuropil was also consistently present. In the GRN cases, TDP-43

NCIs were consistently found in the frontal cortex (Figure 2), temporal

cortex and hippocampus, including the dentate gyrus. Neuronal

nuclear inclusions were infrequently detected in the cerebral cortex.

All GRN cases but Case 2 had TDP-43 NCIs in the striatum; sparse to

frequent NCIs were identified in the amygdala and inferior olivary

nucleus, thalamus (Cases 1 and 4) and midbrain (Case 2).

In the two samples obtained from the C9orf72 mutation carriers

(Cases 6 and 7), TDP-43 aggregates were present in frontal (Figure 3),

temporal and parietal cortices as well as in the hippocampus, including

the dentate gyrus. Case 6 had NCIs also in the insular cortex, caudate

and putamen, thalamus and medulla. Case 7 had NCIs in the amygdala

and striatum. Sparse NCIs were seen in the occipital cortex in one

brain. TDP-43 aggregates were not identified in the cerebellum. Vari-

able numbers of neurites and NCIs were present in the white matter.

Characterisation of sarkosyl-insoluble TDP-43 by
immunolabelling techniques

The TDP-43 extraction protocol was designed to maximise the solu-

bility of TDP-43 with benzonase while preserving the nature of all

TDP-43 species using inhibitors for proteases, phosphatases,

deacetylases and deubiquitylating enzymes [26] (Figure S1). Western

blots (WBs) of sarkosyl-soluble and sarkosyl-insoluble fractions from

FTLD-TDP and control (CTR) cases with phosphoserine (pS) 409/410

Ab consistently showed the presence of phosphorylated TDP-43 only

in the sarkosyl-insoluble fraction of FTLD-TDP cases (Figures 4A,C,D

and S2). Full-length phosphorylated TDP-43 and several C-terminal

fragments (CTFs) were also present (Figures 4A,C,D and S2). A small

amount of full-length non-phosphorylated at S409/410 TDP-43 was

also detected in the sarkosyl-insoluble pellet of the FTLD-TDP Type A

and CTR samples after double-immunolabelling WB with pS409/410

and C-terminal pan TDP-43 Abs (Figure 4B), as previously described

[6, 11]. A comparison between Type A and Type B cases is shown in

Figure 4C,D. Immunoblotting of FTLD-TDP Type A and Type B cases

with pS409/410 Ab revealed the presence of full-length phosphory-

lated TDP-43 migrating around 45 kDa, enriched CTFs with MWs in

the range of 17–25 kDa, and a multitude of bands with MW between

25–44 kDa and above 50 kDa (Figure 4C,D). The electrophoretic pat-

tern of the CTFs in the two FTLD-TDP types was similar (Figure 4D).

All FTLD-TDP Type A and Type B cases positively immunoreacted

with pS403/404 Ab, but, interestingly, prominent bands were

observed at MW ≥ 37 kDa, whereas CTFs were less immunoreactive

(Figure 4C,D). Immunoblotting with pS369 Ab generated biochemical

profiles reminiscent of those observed with the pS409/410 Ab, in

Type A and Type B cases; additionally, significant immunoreactivity

was displayed by species with MW ≥ 70 kDa and by a �38 kDa band

in three FTLD-TDP Type A and one Type B specimen (Figure 4C,D).

Ubiquitination was detected with Ubi-1 Ab and, as expected, affected

mostly high MW species in all samples (Figure 4C,D). Although the

presence of numerous proteins in the sarkosyl-insoluble fraction

makes it impossible to determine the number and identity all

F I GU R E 3 TDP-43
immunohistochemistry in the frontal
cortex of two C9orf72 mutation carriers

(Cases 6 and 7). TDP-43 immunoreactive
intracellular inclusions and neuropil
deposits in two fields of the second layer
of the frontal cortex (A, B) and of the fifth
layer of the frontal cortex (C, D). Neuronal
cytoplasmic inclusions (NCIs) and diffuse
granular NCIs (dNCIs) are present. The
pattern of TDP-43 inclusions is consistent
with Mackenzie Type B classification.
Scale = 20 μm; antibody: pS409/410
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polypeptides recognised by the Ubi-1 Ab, ubiquitination of TDP-43

has been already established [3].

Sarkosyl-insoluble preparations were also assessed for the presence

of TDP-43 filaments using immuno-gold labelling and TEM (Figure 5).

TDP-43 filaments from both Type A and Type B cases were immunoposi-

tive for pS409/410 and pS403/404 Abs, with Ab labelling decorating the

length of the fibrils in all cases (Figure 5). Although the pS369 Ab was

previously reported to rarely recognise TDP-43 Type A by immunohisto-

chemistry, pS369 reactivity was observed in isolated TDP-43 filaments

from all our cases, including FTLD-TDP Type A, suggesting this epitope

to be exposed and accessible using this specific technique (Figure 5). No

TDP-43 filaments were detected in CTR samples.

Identification of PTMs by MS

Sarkosyl-insoluble preparations from all FTLD-TDP and CTR cases

were subjected to LC–MS/MS to detect PTMs. A modified filter-aided

digestion (FASP) technique was used to compensate for the insoluble

nature of the samples. Both Trypsin/Lys-C and chymotrypsin diges-

tions were performed to maximise TDP-43 sequence coverage.

Potential de novo peptides, which would not be created from specific

digestion conditions, were excluded from the coverage count shown

in the final table. Although only PTMs with high localisation to a par-

ticular site (AScore ≥10) were considered in the analysis of all samples,

potentially modified sites for each modification are also listed and

indicated in yellow in Tables 1, 2 and S3–S6. In the CTR samples, few

TDP-43 peptides were identified with an average sequence coverage

of 32% (Table S7); no potentially biologically relevant PTM

(e.g., phosphorylation) changes were detected. MS analyses of FTLD-

TDP sarkosyl-insoluble samples identified significantly more numer-

ous TDP-43 peptides (average sequence coverage was 64% and 61%,

in Type A and Type B, respectively) (Table S7) than in controls as well

as peptides containing multiple modifications, which were potentially

biologically relevant. This difference in results between pathological

samples, which had abundant phosphorylated TDP-43 and a minimal

F I GU R E 4 Isolation and biochemical characterisation of sarkosyl-insoluble TDP-43 in FTLD-TDP Type A and Type B cases.
(A) Representative Western blot (WB) of sarkosyl-soluble and -insoluble fractions of a control (CTR) (1) and FTLD-TDP Type A (2) case with
pS409/410 antibody (Ab); phosphorylated TDP-43 is only detected in the insoluble fraction of the Type A case. (B) Sarkosyl-insoluble fractions
from CTR (1) and FTLD-TDP Type A (2) simultaneously immunoblotted with pS409/410 (blue) and C-terminal pan TDP-43 (green) Abs. A band of
�43 kDa (arrow) is observed in both preparations, corresponding to insoluble, non-phosphorylated full-length TDP-43. TDP-43 isolated from the
frontal cortex of Type A (1–5) (C) and Type B (6 and 7) (D) cases immunoreacted with Abs targeting phosphorylated serines 409/410, 403/404
and 369, generating similar electrophoretic signatures within and between sets of samples. Ubiquitination affected mostly high molecular weight
(MW) bands in all specimens; Ab: Ubi-1. Asterisk indicates insoluble phosphorylated full-length TDP-43, and bracket indicates C-terminal
fragments (CTFs). Position and size (kDa) of MW markers are indicated on the left side of each WB
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amount of insoluble, full-length non-phosphorylated TDP-43, and

CTR specimens, which lacked phosphorylated TDP-43, indicated that

the contribution of insoluble, full-length and non-phosphorylated

TDP-43 to PTM profiles was negligible.

Multiple PTMs, which may be potentially considered biologically

relevant, were recovered in all FTLD-TDP cases, including phosphory-

lation, N-term acetylation, cysteine oxidation to cysteic acid and dea-

midation (Figure 6 and Tables 1, 2, S3 and S4). These modifications

were mapped on the human TDP-43 sequence (Figure 6). Additional

modifications were also detected, such as oxidation, ammonia loss,

sulfation, pyro-Glu from glutamine, dihydroxy, dihydroxy methyl-

glyoxal adduct, dehydration, formylation, sulphone, sodium adduct,

tryptophan oxidation to kynurenine, carboxyethyl, the addition of

carbon to cysteine, carbamidomethylation, carbamylation, cyano

and 2-amino-3-oxo-butanoic acid (Tables S5 and S6). Several of

these are modifications known to occur during sample processing

(e.g., oxidation) or electrospray ionisation MS (e.g., water loss, ammo-

nia loss and metal adducts) [32]. However, although oxidation is

sometimes associated with sampling processing, it is impossible to rule

out that some sites that have been reported previously may have a

biological significance [6, 23, 33]. For this reason, this modification

has been included in our analysis.

MS analyses overall detected 23 confidently localised phospho-

sites in FTLD-TDP Type A and Type B samples (Figure 6 and Table 1).

Twelve were common to both groups, with three phosphosites (S183,

S242 and S266) being detected in all Type A and Type B cases

(Figure 6 and Table 1). Eleven sites were exclusively identified in Type

A specimens, all but one located in the LC domain (Figures 1 and 6

and Table 1). No Type B-specific phosphorylation changes were

revealed in our analyses (Figure 6 and Table 1).

Phosphorylated S369 and S403 residues were detected by MS

only in Type A samples, although by WB and immuno-electron

microscopy (EM), these residues appeared phosphorylated in both

groups of pathological cases (Figures 4 and 5 and Table 1). Phosphory-

lated S409 and S410 were not identified by MS, although the appro-

priate Ab detected them in all cases (Figures 4 and 5 and Table 1). Not

all the cases within each group displayed the same sets of phosphory-

lated residues (Table 1).

In the C-terminal region of TDP-43 (peptides S375–W385,

G386–F397, F398–W412 and G402–W412), almost every tryptic or

chymotryptic peptide had multiple potentially phosphorylated sites

(Table 1). We identified peptides containing up to three phosphoryla-

tion sites in this region. In our analysis, the region S375–S410 showed

the highest levels of multiply phosphorylated peptides (Table 1).

F I GU R E 5 Characterisation of sarkosyl-insoluble TDP-43 filaments extracted from the frontal cortex of FTLD-TDP Type A and Type B cases.
TDP-43 filaments were detected in all sarkosyl-insoluble preparations. Immuno-electron microscopy (EM) experiments utilised the same
phospho-antibodies (Abs) used for the biochemical study (Figure 4), targeting pS409/410, pS403/404 and pS369. Cases 1–5: FTLD-TDP Type A;
Cases 6 and 7: FTLD-TDP Type B. Scale = 100 nm
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Peptide N-term acetylation was detected at six different sites on

TDP-43 from Type A and Type B cases (Figure 6 and Table 2). M202,

G215 and A235 sites were shared by Type A and Type B cases

(Figure 6 and Table 2). C198 and T199 were exclusively identified in

Type A cases, whereas a peptide containing S2 was only recovered in

one Type B sample (Figure 6 and Table 2). A235 was N-term acety-

lated in both Type B cases, whereas N-term acetylated S2, M202 and

G215 were only observed in one Type B case (Table 2). Two Type A

cases showed N-term acetylation at T199, M202, G215 and A235,

and one only at C198 (Table 2). N-term acetylation is suggestive of

biologically relevant proteolysis, and the sites we identified would

represent N-terminal sites of generated CTFs.

Cysteine oxidation to cysteic acid was also detected in one Type

A case, at residue 39, which is part of the N-terminal region of the

protein (Figures 1 and 6 and Table S3).

Confidently localised deamidated sites were detected at 23 TDP-

43 residues, although two sites (N301 and N398) were also observed

in CTR samples, and for this reason, they were excluded from further

analyses (Table S4). Six changes were recovered exclusively in Type A

samples, six in Type B specimens alone, whereas nine were uncovered

T AB L E 1 Phosphorylated sites identified by mass spectrometry

TDP-43 residue

FTLD-TDP Type A FTLD-TDP Type B Controls

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10

S20 - - - -

T25 - - - -

T88

S91

S92

S183 -

S212 - -

Y214 - -

S242 - - -

S254 - - -

S258 - - -

S266 - - -

S273 - - - - - -

S305 - -

S342

S347

S350

S369 - -

S373 - -

Y374 - -

S375 -

S377 -

S379 -

S387

S389

S393

S395

S403 - -

S404 - -

S410 - -

Note: Green cell indicates a confidently localised phosphosite (AScore ≥10). Yellow cell indicates a potentially phosphorylated site–phosphorylated peptide

with ambiguous localisation. Grey cell indicates that only an unmodified residue was identified. ‘-’ indicates a residue not identified by LC–MS/MS. AScore

is a localisation score assigned to modifications on peptide as the �10 log of a p value corresponding to the probability that the modification occurs at the

reported position compared with other possible positions.
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in both groups (Table S4). Most of the deamidation changes were

detected in the LC domain, although one was found in the N-terminal

domain, three were found in the RRM2 and two in regions outside

TDP-43 domains (Figure 1 and Table S4). Deamidation at residue

N378 was detected in all Type A cases; all Type B cases displayed

deamidation at N259 and N291. Other changes were uncovered in

fewer Type A and Type B cases (Table S4).

Oxidation of methionine, histidine or tryptophan was uncovered

at 10 sites of the TDP-43 sequence (Table S5). Of the eight sites not

observed in CTR, one site was in RRM1, one was in RRM2 and six

were part of the LC domain (Figure 1 and Table S5). M162 and W385

were only oxidised in Type A cases, whereas all others were modified

in both types (Table S5).

DISCUSSION

Inclusions of TDP-43 in neurons are a defining pathological hallmark

of multiple forms of sporadic and inherited FTD and ALS. The devel-

opment of a classification of FTLD-TDP into five subtypes has proven

to be useful towards the effort directed to the identification of the

molecular determinants of the phenotypic heterogeneity associated

T AB L E 2 N-term acetylated sites identified by mass spectrometry

TDP-43 residue

FTLD-TDP Type A FTLD-TDP Type B Controls

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10

S2 - - - - - - - - -

M85

C198 - - - - - - -

T199 - - - - - -

M202 - - - - - -

G215 - -

A235 - - -

Note: Green cell indicates a confidently localised N-term acetylated site (AScore ≥10). Grey cell indicates that only an unmodified residue was identified. ‘-’
indicates residue not identified by LC–MS/MS.

F I GU R E 6 Potentially biologically relevant TDP-43 post-translational modifications (PTMs) in FTLD-TDP Type A and Type B.
Phosphorylation (triangles), N-terminal acetylation (squares), deamidation (stars) and cysteine oxidation to cysteic acid (hexagon) modifications
identified by mass spectrometry were mapped on FTLD-TDP Type A (red) and Type B (blue) TDP-43 amino acid sequence. Circles identify
phosphorylated residues detected by immunolabelling techniques in the same preparations. Only mass spectrometry PTMs with high localisation
at a specific site (AScore ≥10) are indicated
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with TDP-43 proteinopathies [30, 31, 34]. Thus, the investigation of

well-characterised cases of FTLD-TDP associated with GRN and

C9orf72 mutations became a necessary step. The aim of the current

study was to identify TDP-43 PTMs in five cases of FTLD-TDP Type

A with GRN mutations, two cases of FTLD-TDP Type B with C9orf72

repeat expansions and three controls free of TDP-43 pathology. This

type of study has not been previously done in dominantly inherited

FTD, and it is currently unknown whether comorbidities influence

PTMs or if different brain regions are associated with specific TDP-43

PTMs. In the FTLD-TDP and CTR cases studied here, the frontal cortex

was selected in view of the florid TDP-43 pathology and the almost

complete absence of co-pathologies. Nevertheless, in some cases, mild

age-related vascular pathology was present in areas other than the

frontal cortex, and two cases had mild amyloid-β deposits.

Among the numerous post-translationally modified TDP-43 resi-

dues in TDP-43 proteinopathies of Type A and Type B, caused by

GRN mutations and C9orf72 repeat expansions, respectively, the

phosphorylated and N-term acetylated residues emerge as being of

particular interest, also in view of the fact that some of them were

identified for the first time.

A comparison between the current results on genetically deter-

mined FTD and those previously published on ALS and ALS with

FTLD showed important differences related to the site and number of

the phosphorylated amino acids, in particular within the C-terminal

region, which is known to be hyperphosphorylated in pathological

conditions [6, 23]. Specifically, the amino acid sequence between resi-

dues 267 and 368 appears to be the most heterogeneous with respect

to phosphorylation patterns [6, 23]. In contrast, phosphorylation

events related to the sequences between amino acids 92 and 266 are

comparable for FTLD-TDP Type A and Type B but differ from those

in ALS and ALS with FTLD [6, 23]. Of the 23 confidently localised

phosphosites reported in this study, 11 novel sites were identified

with two being in the NLS region, three in RRM2, four in the prion-

like LC domain, but two were related to regions outside the three

aforementioned domains [6, 23, 35]. Three of the four novel phospho-

sites identified in the LC domain (S273, S350, Y374 and S377) were

previously reported as being phosphorylated after in vitro phosphory-

lation using casein kinase 1 [36]. The results reported here are the

first to describe these modifications as being present in human brain.

Previously, phosphorylation at S273 was only identified in studies

exploring the phosphoproteomics of genomically annotated breast

cancers and cancerous cells [37, 38]. Not all the phosphorylated sites

detected in this study were reported in the in vitro phosphorylation

assay previously mentioned [36]; however, it is conceivable that other

kinases such as tau-tubulin kinase 1 or cell division cycle 7 may be

involved in TDP-43 phosphorylation [39, 40]. Peptides that were

phosphorylated at multiple residues were also frequently identified, a

finding suggestive of sequential kinase activity at adjacent sites and

consistent with the recent evidence of sequential TDP-43 phosphory-

lation in vitro with type-specific timelines [41].

The phosphorylation of S369, S403, S404, S409 and S410 was

consistently observed in all FTLD-TDP cases by WB and immuno-EM,

but not by MS. Deposits immunoreactive to pS409/410 Ab were

observed in all FTLD-TDP preparations also by immunohistochemis-

try. Thus, discrepancies between different technical approaches

emerged, an observation that requires the reconsideration of multiple

technical and biological aspects inherent to the current study. First,

the confident identification and localisation of phosphorylation sites

on TDP-43 by MS are challenging due to the high number of serine

residues in close proximity to each other, most of which could poten-

tially be modified. Second, the database search parameters used for

this study allowed for up to three variable modifications per peptide, a

typical setting in proteomic studies; however, increasing the number

of potential variable modifications greatly increases computing time

and can potentially cause false discovery rate issues. Third, the chy-

motryptic peptides created at the C-terminal end of TDP-43 are likely

highly hydrophilic and may not be retained in the current sample

preparation workflow (solid-phase extraction workup requires binding

to reverse-phase material). Fourth, increasing phosphorylation (nega-

tively charged PTM) is expected to decrease the ability of the pep-

tides to be positively charged and thus detectable by positive ion

MS. Therefore, the triple or quadruple phosphorylated peptides

encompassing S303, S304, S409 and S410 may not be identified

within the current LC–MS/MS workflow. The development of tar-

geted MS methods for TDP-43 and other neurodegeneration proteins

will be essential for consistent PTM profiling.

Does the formation of TDP-43 filaments occur in all TDP-43 pro-

teinopathies? Presence of TDP-43 filaments in sarkosyl-insoluble

preparations has been a matter of discussion; however, Arseni et al.

have shown the presence and structure of TDP-43 filaments in ALS

with FTLD [6, 42]. Phosphorylation may be relevant to the conforma-

tion of TDP-43 in pathological conditions. In this study, the presence

of TDP-43 filaments in the FTLD-TDP sarkosyl-insoluble preparations

was unequivocally demonstrated using immuno-gold labelling and

TEM. Research on the potential relationship between PTMs and fila-

ment formation represents an important direction in present and

future research. As already stated, phosphorylation in FTLD-TDP

Type A and Type B differs from that in ALS with FTLD, suggesting

that different PTM patterns may only be compatible with specific

structures and supporting the hypothesis that different TDP-43 struc-

tures exist [6, 23]. It is worth noting that the two phosphorylation

sites S305 and S350 are not compatible with the TDP-43 structure

reported in ALS with FTLD [6]. In this study, the evidence of an incon-

sistent presence of phosphorylation of residues S305 and S350 might

represent important phosphorylation changes occurring at different

stages of filament formation and also might suggest the possibility of

a difference in the structure of the filament core [6].

In the LC–MS/MS data analysis, a semi-tryptic search strategy to

identify non proteolytic N-terminal fragments was implemented. N-

terminal peptide acetylation was observed, a result that would indi-

cate the occurrence of a proteolytic processing of TDP-43 at several

sites in FTLD-TDP Type A and Type B, with only one location having

previously been identified [23, 43, 44]. It should be noted that since

no size-based separation was used prior to TDP-43 digestion, valida-

tion of proteolytic cleavage at specific sites would be required. All but

one N-term acetylated site identified was located within the RRM2
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and in proximity of previously identified N-terminal sites, a finding

supporting the hypothesis that N-term acetylated residues may repre-

sent the N-terminal amino acid of CTFs [23, 43, 44].

In addition to phosphorylation and N-term acetylation, other

potentially biologically relevant PTMs were identified, including cyste-

ine oxidation to cysteic acid, deamidation and oxidation. Evidence of

cysteine oxidation to cysteic acid was found at C39 in a single case of

FTLD-TDP Type A. This residue has been implicated in the oligomeri-

sation process of TDP-43 [17, 45, 46]. Seven novel deamidated resi-

dues and one novel oxidation site (W385) were also observed [6, 23].

In the FTLD-TDP samples analysed, there was no MS evidence of

lysine acetylation, ubiquitination and SUMOylation [17]. In fact, in the

frontal cortex of FTLD-TDP Type A and Type B, acetylated lysine resi-

dues were not detected by LC–MS/MS at TDP-43 K82 and K145 resi-

dues, a result that differs from the finding of K82 acetylation in ALS

brain tissue [23]. It is noteworthy that using an Ab to acetylated K145,

immunohistochemical studies of the spinal cord in ALS and of the brain

in FTD have shown immunoreactivity in ALS but not in FTD cases [47].

Furthermore, TDP-43 ubiquitinated and SUMOylated sites were not

detected; however, it has been suggested that the identification of such

sites is challenging in view of the size of the modified products, the low

stoichiometry of ubiquitinated proteins and the diversity of the result-

ing ubiquitin chains [48]. In addition, chymotryptic peptides would not

have the well-characterised ubiquitin remnant Gly–Gly, which is detect-

able after trypsin digestion [49]. The identification by MS of products

following ubiquitination and SUMOylation requires most likely

improved methods of TDP-43 purification as well as modified peptide

enrichment (i.e., ubiquitin enrichment by PTMScan, Cell Signaling).

The value of the present study resides in the analysis and compar-

ison of TDP-43 PTMs occurring in the human frontal cortex in FTLD-

TDP Type A and Type B associated to dominantly inherited FTDs

caused by GRN and C9orf72 mutations, respectively. In sarkosyl-

insoluble preparations from the frontal cortex of patients affected by

FTD caused by mutations in GRN and C9orf72 and rich in intracellular

inclusions of TDP-43 in neurons, TDP-43 filaments were demon-

strated by EM in both negative-stained and immuno-gold EM prepara-

tions with three different Abs targeting phosphorylated epitopes in

TDP-43. Furthermore, among the multiple PTMs of TDP-43 found in

both Type A and Type B, some appear to be specific for one type and

others are present in both types. Remarkably, multiple phosphoryla-

tion sites were unique to Type A FTLD-TDP. Some TDP-43 PTMs

were novel in that they were not previously seen in other TDP-43

proteinopathies.
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