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Age-dependent formation of TMEM106B 
amyloid filaments in human brains

   
Manuel Schweighauser1,18, Diana Arseni1,18, Mehtap Bacioglu2,18, Melissa Huang1,18, 
Sofia Lövestam1,18, Yang Shi1,18, Yang Yang1,18, Wenjuan Zhang1,17, Abhay Kotecha3, 
Holly J. Garringer4, Ruben Vidal4, Grace I. Hallinan4, Kathy L. Newell4, Airi Tarutani5, 
Shigeo Murayama6, Masayuki Miyazaki7, Yuko Saito8, Mari Yoshida9, Kazuko Hasegawa10, 
Tammaryn Lashley11, Tamas Revesz11, Gabor G. Kovacs12,13, John van Swieten14, 
Masaki Takao15,16, Masato Hasegawa5, Bernardino Ghetti4, Maria Grazia Spillantini2, 
Benjamin Ryskeldi-Falcon1, Alexey G. Murzin1, Michel Goedert1,19 ✉ & Sjors H. W. Scheres1,19 ✉

Many age-dependent neurodegenerative diseases, like Alzheimer’s and Parkinson’s, 
are characterised by abundant inclusions of amyloid filaments. Filamentous 
inclusions of the proteins tau, amyloid-β (Aβ), α-synuclein and TDP-43 are the most 
common1,2. Here, we used electron cryo-microscopy (cryo-EM) structure 
determination to show that residues 120-254 of the lysosomal type II transmembrane 
protein 106B (TMEM106B) also form amyloid filaments in human brains. We 
determined the cryo-EM structures of TMEM106B filaments from a number of brain 
regions of 22 individuals with abundant amyloid deposits, including sporadic and 
inherited tauopathies, Aβ-amyloidoses, synucleinopathies and TDP-43 
proteinopathies, as well as from the frontal cortex of 3 neurologically normal 
individuals with no or only few amyloid deposits. We observed three TMEM106B 
folds, with no clear relationships between folds and diseases. TMEM106B filaments 
correlated with the presence of a 29 kDa sarkosyl-insoluble fragment and globular 
cytoplasmic inclusions, as detected by an antibody specific for the C-terminal region 
of TMEM106B. The identification of TMEM106B filaments in the brains of older, but 
not younger, neurologically normal individuals indicates that they form in an 
age-dependent manner.

TMEM106B is a type II transmembrane protein of 274 residues that 
localises to late endosomes and lysosomes3,4. It is expressed ubiq-
uitously, with highest levels in brain, heart, thyroid, adrenal and 
testis (www.proteinatlas.org5). Reminiscent of the amyloid precursor 
protein APP, TMEM106B is sequentially processed through ecto-
domain shedding, followed by intramembrane proteolysis, with 
possible variability in the intramembrane cleavage site. Lysosomal 
proteases have been implicated in the cleavage of TMEM106B in 
the C-terminal lumenal domain, but no specific enzymes have been 
identified. Although the cleavage site is unknown, it has been shown 
indirectly to be at a position close to glycine residue 127. The result-
ing C-terminal fragment contains five glycosylation sites at aspara-
gine residues 145, 151, 164, 183 and 256. Following shedding of the 
ectodomain, the N-terminal fragment is cleaved by signal peptide 

peptidase-like 2a (SPPL2a), possibly at two different sites around 
residue 1066.

Genetic variation at the TMEM106B locus has been identified as a risk 
factor for frontotemporal lobar degeneration with TDP-43 inclusions 
(FTLD-TDP), especially for individuals with granulin gene (GRN) muta-
tions7. The change of threonine-185 to serine (encoded by rs3173615) 
has been suggested to protect against FTLD-TDP8, possibly because 
the protein with a serine is more rapidly degraded9. In addition, the 
protective effects of non-coding variant rs1990622 have been attrib-
uted to reduced expression of TMEM106B3,8. Levels of TMEM106B 
are elevated in FTLD-TDP10. TMEM106B has also been reported to 
be involved in other diseases3,4. Genome-wide association studies 
have also implicated TMEM106B in age-associated phenotypes in the  
cerebral cortex11. Furthermore, variant rs1990622 has been reported 
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to correlate with reduced neuronal degeneration during aging,  
independently of disease11,12.

Previously, cryo-EM imaging allowed atomic structure determination 
of filaments of the proteins tau13–17, α-synuclein18, Aβ19,20 and TDP-4321 
that were extracted from the brains of individuals with different neu-
rodegenerative diseases. Cryo-EM structures revealed that distinct 
folds characterise different diseases. For tauopathies, this has made it 
possible to classify known diseases further and to identify new disease 
entities17.

Cryo-EM structure determination can also be used to identify previ-
ously unknown filaments. Here, we have used cryo-EM to show that 
residues 120-254 from the lumenal domain of TMEM106B form amyloid 
filaments in human brains. We initially observed TMEM106B filaments 
in the brains of individuals with familial and sporadic tauopathies, 
Aβ-amyloidoses, synucleinopathies and TDP-43 proteinopathies. How-
ever, the role of TMEM106B filaments in disease remains unclear. They 
were not observed in brains from young individuals, but their pres-
ence in brains from older, neurologically normal controls indicates 
that TMEM106B filaments may form in an age-dependent manner. 
It remains to be determined how these findings relate to those from 
genetic association studies.

Using sarkosyl extraction protocols that were originally developed 
for α-synuclein18,22, we observed a common type of filament that 
appeared to lack a fuzzy coat in the cryo-EM micrographs from cases 
of various conditions with abundant filamentous amyloid deposits. 
Structure determination to resolutions sufficient for de novo atomic 
modelling revealed that the ordered cores of these filaments con-
sisted of residues 120-254 from the C-terminal, lumenal domain of 
TMEM106B and that the filaments were polymorphic (Fig. 1). We solved 
the structures of TMEM106B filaments from a number of brain regions 
of 22 individuals with abundant amyloid deposits, and from the fron-
tal cortex of 3 neurologically normal individuals with no or only few 
amyloid deposits (cases 1-25; Methods; Table 1; Extended Data Table 1). 
The neurodegenerative conditions for which we solved structures of 
TMEM106B filaments included sporadic and inherited Alzheimer’s 
disease (AD), pathological aging (PA), corticobasal degeneration 
(CBD), sporadic and inherited frontotemporal lobar degeneration 
(FTLD-TDP-A, FTLD-TDP-C and FTDP-17T), argyrophilic grain disease 
(AGD), limbic-predominant neuronal inclusion body 4R tauopathy 
(LNT), aging-related tau astrogliopathy (ARTAG), sporadic and inher-
ited Parkinson’s disease (PD), dementia with Lewy bodies (DLB), multi-
ple system atrophy (MSA), and amyotrophic lateral sclerosis (ALS). We 
observed three different TMEM106B protofilament folds (I-III; Fig. 1; 
Extended Data Figs. 1–4). Filaments with fold I were more common than 
filaments with folds II or III. For all three folds, we determined the struc-
tures of filaments that were made of a single protofilament. We also 
determined the structures of filaments comprising two protofilaments 
of fold I, related by C2 symmetry. In each individual, we only observed 
filaments with a single fold, without a clear relationship between folds 
and diseases.

The TMEM106B folds shared a similar five-layered ordered core 
comprising residues S120-G254 and contained 17 β-strands, each rang-
ing between 3 and 15 residues. Our best maps for filaments with folds 
I, II and III had resolutions of 2.6, 3.4 and 2.8 Å, and came from case 1 
(sporadic AD), case 19 (MSA) and case 17 (MSA), respectively (Fig. 1). 
TMEM106B remained fully glycosylated in all folds, as reflected by large 
additional densities corresponding to glycan chains attached to the 
side chains of asparagines 145, 151, 164 and 183. The fifth glycosylation 
site at N256 is outside the ordered core, with the C-terminal 20 resi-
dues being probably disordered. We divide the sequence that forms 
the ordered cores of the folds into three regions according to their 
degree of structural conservation: the N-terminal region (S120-T166) 
is conserved in all three folds; the C-terminal region (Y211-G254) is 
only conserved in folds I and II; and the middle region (A167-M210) 
varies between folds.

The N-terminal region, S120-T166, forms the first two layers of 
the five-layered ordered cores. It comprises one long and five short 
β-strands that constitute a tightly packed core with hydrophobic and 
neutral polar residues on one side, and a large polar cavity that is filled 
by solvent on the other side. The three glycosylation sites in this region 
are located in the outer layer, adopting an extended conformation. 
N-terminal residue S120 in the inner layer is buried inside the ordered 
core, where it packs closely against E161 from the N-terminal region 
and H239 and E241 from the C-terminal region (Extended Data Fig. 4).

The C-terminal region, Y211-G254, forms the two central layers of the 
ordered cores. It adopts a compact hairpin-like structure, the ends of 
which are held together by a disulfide bond between C214 and C253. 
Segment F237-E246 that packs against the N-terminal region has 
the same conformation in all three folds, whereas in the rest of the 
hairpin-like structure, 15 residues have opposite ‘inward/outward’ 
orientations in fold III compared to folds I and II. Moreover, despite 
similar interfaces between N- and C-terminal parts in all three folds, 
these regions in fold III are separated along the filament axis by one 
more rung than in folds I and II (Extended Data Fig. 3e).

The middle region, A167-M210, forms the fifth layer of the ordered 
cores and contains the fourth glycosylation site at N183. In fold I, this 
region packs loosely against the other side of the C-terminal hairpin-like 
region with the formation of three large amphipathic cavities. In fold 
II, these internal cavities are smaller than in fold I. We observed two 
subtypes of fold II (IIa and IIb) that differed mainly by the conforma-
tion of segment A167-I187. The packing of the middle region against 
the C-terminal region is tightest in fold III, leaving only one sizable 
cavity with a salt bridge between E206 and K220. Only fold III shows 
cis-isomerisation of P189. In folds IIb and III, there is a large extra den-
sity at the end of the side chain of K178, suggesting that this residue 
may be post-translationally modified. Likewise, there is an additional 
density in front of the side chain of Y209 in fold I, but not in the other 
folds (Extended Data Fig. 1). It is possible that these residues determine 
the formation of the different folds. Genotyping of all cases (Table 1) 
showed that the alleles encoding T185 or S185 were equally repre-
sented. Individuals with fold I were homozygous for T185 or S185, or 
heterozygous, indicating that fold I can accommodate a threonine or 
a serine at position 185. Because of the compatibility of both residues 
with the glycosylation motif at N183, no differences in the associated 
glycan densities were observed. Fold II was only found in case 19, which 
was homozygous for T185. Seven out of eight cases with fold III were 
homozygous for S185, with the remaining case being heterozygous. It 
is possible that the packing of the side chain of residue 185 in the inte-
rior of fold III leaves insufficient space to accommodate a threonine.

In all three folds, residues G177-N183 adopt a conserved conforma-
tion, with positively charged residues K178 and R180 pointing outwards. 
In filaments made of two protofilaments with fold I, two pairs of these 
residues are on opposite sides of a contiguous additional density that 
runs along the helical symmetry axis. Because the cofactor responsible 
for this density probably does not obey the imposed helical symmetry, 
the map in this region is of insufficient quality to allow its identification. 
Although we did not solve the structures of filaments comprising two 
protofilaments of folds II or III, the micrographs of case 19, the only case 
for which we observed filaments with fold IIa/b, and the micrographs 
of case 21, with fold III, also contained wider filaments that probably 
comprised two TMEM106B protofilaments (Extended Data Fig. 5).

In the absence of an experimentally determined native structure, 
we examined the structure of TMEM106B as predicted by AlphaFold23 
(Extended Data Fig. 6). Whereas the formation of amyloid filaments is 
often associated with natively unfolded proteins or low-complexity 
protein domains, the sequence S120-G254, which spans the ordered 
core of TMEM106B filaments, is confidently predicted to be a globular 
domain of the immunoglobulin-like β-sandwich fold. Glycosylation 
sites at N145, N151, N164 and N183 are positioned on the outside of the 
fold, and the disulfide bond between C214 and C253 is also predicted to 
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form in the native structure. The β-sandwich domain is connected to a 
single transmembrane helix, without a flexible linker sequence. Moreo-
ver, there is a hydrophobic surface patch at this end of the domain, 
suggesting that it is positioned close to the membrane. It thus seems 
unlikely that the cleavage site at S120, the buried N-terminal residue 
in all TMEM106B filaments, can be accessed by lysosomal proteases. 
Shedding of the lumenal domain may happen in a non-canonical way.

We previously showed that distinct amyloid folds of tau, α-synuclein, 
Aβ and TDP-43 characterise different neurodegenerative diseases13–18,20,21. 
We now describe the presence of TMEM106B filaments in many of these 
diseases, without a correlation between folds and diseases. Therefore, we 
also examined 16 brains from neurologically normal individuals that var-
ied in age between 20 and 101 years. By immunoblotting with an antibody 
raised against a peptide corresponding to residues 239-250 of human 
TMEM106 (antibody TMEM239), the sarkosyl-insoluble fractions from 
disease cases showed a band of 29 kDa, which probably corresponded 
to the 17 kDa C-terminal fragment plus 12 kDa of glycosylation and other 
modifications (Fig. 2; Extended Data Fig. 7). This band was not present 
in the brains from neurologically normal individuals aged less than 46 
years, excluding the possibility that TMEM106B assembly was an artefact 
caused by tissue extraction. However, we consistently observed the 29 
kDa band in the brains from control individuals older than 69 years. 
Interestingly, the 29 kDa band was not present in the frontal cortex from 
a 15-year-old individual with early-onset dementia with Lewy bodies 
(Fig. 2b)24. In agreement with these observations, immunohistochemistry 
of brain sections with antibody TMEM239 showed staining of inclusions 
in disease cases and older control individuals, but not in younger controls 
(Fig. 3; Extended Data Fig. 8). It is not known how these inclusions relate 
to lysosomes. Cryo-EM structure determination showed the presence 
of TMEM106B filaments with one or two protofilaments of fold I in the 
frontal cortex from three controls, aged 75, 84 and 101 years.

Our results suggest that amyloid filaments of the lysosomal protein 
TMEM106B form in an age-dependent manner in human brains, without 
a clear mechanistic connection to disease. Until now, the presence of 
abundant intraneuronal amyloid filaments in human tissues has always 
been associated with disease. Dominantly inherited mutations in the 
genes encoding tau, α-synuclein and TDP-43 cause neurodegenerative 
diseases. In addition, cryo-EM structures of amyloid filaments made of 
these proteins display distinct folds that are characteristic of different 
diseases13–18,21. Although TMEM106B has been associated with fronto-
temporal dementias and other diseases, the evidence for a causal rela-
tionship between TMEM106B aggregation and disease remains unclear, 
and distinct TMEM106B folds do not characterise different diseases. 
Instead, our observations suggest that TMEM106B filaments form in an 
age-dependent manner. Like lipofuscin, a lysosomal complex of oxidised 
proteins and lipids that develops in an age-dependent manner in many 
tissues25, TMEM106B filaments may also form in lysosomes, even though 
staining for TMEM106B inclusions was not always associated with the 
presence of lipofuscin autofluorescence. Lysosomal dysfunction has 
been implicated in the pathogenesis of neurodegenerative diseases26. 
Additional studies are needed to determine if TMEM106B filaments can 
be found in tissues other than the central nervous system and to assess 
the role of filament formation in relation to human aging and pathologies.
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Fig. 1 | Three TMEM106B protofilament folds from human brains. a. Amino 
acid sequence of TMEM106B, with residues that form β-strands in the I, IIa, IIb 
and III folds indicated with arrows. Residue 185 is either T or S. b-d. Cryo-EM 
density maps (in transparent grey) and atomic models for TMEM106B 

protofilament folds I (case 1, b), II (case 19, c) and III (case 17, d). Two alternative 
conformations of fold II (IIa and IIb) are indicated within dashed boxes. 
Residues 120-166 are shown in yellow; residues 167-210 in light blue and 
residues 211-254 in magenta.
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Fig. 2 | Immunoblotting of TMEM106B inclusions from human brains.  
a. Analysis with anti-TMEM239 antibody (residues 239-250) of 
sarkosyl-insoluble extracts from the frontal cortex of 16 neurologically normal 
individuals aged 20-101 years. Cryo-EM structures of TMEM106B filaments 
were determined from the frontal cortex of individuals aged 75, 84 and 101 

years. b. Analysis with anti-TMEM239 antibody of sarkosyl-insoluble extracts 
from frontal or temporal cortex of 7 individuals with abundant filamentous 
amyloid deposits made of various proteins. For gel source data, see 
Supplementary Fig. 1.
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Fig. 3 | Immunostaining of TMEM106B inclusions in human brain sections. 
Analysis with anti-TMEM239 antibody (residues 239-250) of frontal cortex from 
a 25-year-old neurologically normal individual (a) and an 84-year-old 
neurologically normal individual (b). No specific staining was observed in (a), 

but abundant globular cytoplasmic inclusions and stained nerve cell processes 
were present in (b). Higher magnifications of inclusions from (b) are shown in 
(c-e). Nuclei were counterstained in red. Scale bars, 50 µm (a, b) and 20 µm  
(c–e).
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Table 1 | Filament types from cases 1-25

Case Disease Age (yrs) T185S SNP TMEM106B Filaments Other Filaments

1 AD 79 SS I-s (21%) / I-d (5%) Aβ (37%) / Tau (37%)

2 FAD 67 TT I-s (16%) / I-d (1%) Aβ (27%) / Tau (56%)

3 EOAD 58 TT I-s (31%) / I-d (<1%) Aβ (15%) / Tau (54%)

4 PA 59 TS I-s (23%) / I-d (1%) Aβ (76%)

5 CBD 74 TS I-s (6%) / I-d (1%) Tau (93%)

6 CBD 79 TS I-s (11%) / I-d (1%) Tau (88%)

7 FTDP-17T 55 TT I-s (23%) / I-d (3%) Tau (74%)

8 AGD 85 TS III-s (8%) Tau (92%)

9 AGD 90 TT I-s (29%) / I-d (3%) Tau (68%)

10 LNT 66 TT I-s (17%) / I-d (2%) Tau (81%)

11 ARTAG 85 SS III-s (67%) Tau (11%) / Aβ (22%)

12 PD 87 SS III-s (13%) Unknown (45%) / Tau (42%)

13 PDD 64 TT I-s (50%) / I-d (6%) Aβ (28%) / Unknown (16%)

14 FPD 67 SS III-s (4%) Unknown (96%)

15 DLB 74 SS III-s (36%) Unknown (64%)

16 DLB 73 TS I-s (30%) / I-d (1%) Aβ (62%) / Unknown (7%)

17 MSA 85 SS III-s (27%) / III-d (<1%) αS (73%)

18 MSA 70 TS I-s (13%) / I-d (5%) αS (82%)

19 MSA 68 TT IIa-s (11%) / IIb-s (4%) / II-d (<1%) αS (85%)

20 FTLD-TDP-A 66 TS I-s (21%) / I-d (30%) Aβ (46%) / Unknown (3%)

21 FTLD-TDP-C 65 SS III-s (77%) Unknown (23%)

22 ALS 63 SS III-s (46%) / III-d (10%) Unknown (24%) / Aβ (19%)

23 Control 75 TS I-s (83%) / I-d (17%) Undefined (<1%)

24 Control 84 TS I-s (67%) / I-d (33%) Undefined (<1%)

25 Control 101 TT I-s (92%) / I-d (8%) Undefined (<1%)

AD: sporadic Alzheimer’s disease; FAD: familial Alzheimer’s disease; EOAD: sporadic early-onset Alzheimer’s disease; PA: pathological aging; CBD: corticobasal degeneration; FTDP-17T: familial 
frontotemporal dementia and parkinsonism linked to chromosome 17 caused by MAPT mutations; AGD: argyrophilic grain disease; LNT: limbic-predominant neuronal inclusion body 4R 
tauopathy; ARTAG: aging-related tau astrogliopathy; PD: sporadic Parkinson’s disease; PDD: sporadic Parkinson’s disease dementia; FPD: familial Parkinson’s disease; DLB: dementia with Lewy 
bodies; MSA: multiple system atrophy; FTLD-TDP-A: familial frontotemporal lobar degeneration with TDP-43 inclusions type A; FTLD-TDP-C: sporadic frontotemporal lobar degeneration with 
TDP-43 inclusions type C; ALS: amyotrophic lateral sclerosis; Control: neurologically normal individual; αS: α-synuclein. TMEM106B filaments are indicated according to their protofilament fold 
(I-III) and whether they comprise one (-s) or two (-d) protofilaments. Percentages of protein filament types were calculated based on the number of extracted segments from manually picked 
filaments (and in some cases on the number of segments after 2D classification to separate TMEM106B filaments comprising one or two protofilaments). These values may not reflect what is 
present in the brain, nor be directly comparable between cases.
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Methods

Clinical history and neuropathology
We determined the cryo-EM structures of TMEM106B filaments 
from the brains of 25 individuals (Table 1, Extended Data Table 1). 
Most individuals have been reported14,16–18,20. Unpublished cases are 
described below. Early-onset Alzheimer’s disease (EOAD; case 3) was in 
a 58-year-old woman who died with a neuropathologically confirmed 
diagnosis following a 7-year history of memory loss. FTDP-17T (case 7) 
was in a 55-year-old man who died with a neuropathologically confirmed 
diagnosis following a 2-year history of behavioural changes, aphasia 
and dementia caused by a P301L mutation in MAPT. His brother, sister 
and mother were also affected. Sporadic Parkinson’s disease (case 12) 
was in a 87-year-old male who died with a neuropathologically con-
firmed diagnosis following an 8-year history of Parkinson’s disease. 
Inherited Parkinson’s disease (case 14) was in a 67-year-old woman 
who died with a neuropathologically confirmed diagnosis following 
a 10-year history of Parkinson’s disease caused by a G51D mutation in 
SNCA. FTLD-TDP-C (case 21) was in a 65-year-old woman who died with a 
neuropathologically confirmed diagnosis following a 9-year history of 
semantic dementia. ALS (case 22) was in a 63-year-old woman who died 
with a neuropathologically confirmed diagnosis of ALS stage 4, type 
B TDP-43 pathology, following a 2-year and 5-month history of motor 
symptoms, without dementia. Control 1 (case 23) was a 75-year-old man 
who died of coronary heart disease without significant neuropathologi-
cal abnormalities. Control 2 (case 24) was a 101-year-old man with mild 
tau pathology (Braak stage 1) and mild cerebral amyloid angiopathy 
who died of pneumonia. Control 3 (case 25) was a 84-year-old man with 
mild tau pathology (Braak stage 1) who died of sepsis.

Extraction of TMEM106B filaments
Sarkosyl-insoluble material was extracted from frontal cortex (EOAD, 
FTLD-TDP-C, control cases 1-16), cingulate cortex (sporadic PD), tempo-
ral cortex (inherited PD, FTDP-17T) and motor cortex (ALS), essentially 
as described22. Similar extraction methods were used for all other cases, 
which have been described in the references in Extended Data Table 1. 
The original sarkosyl extraction method, which we used in our work 
on the cryo-EM structures of tau filaments from Alzheimer’s disease, 
chronic traumatic encephalopathy and Pick’s disease13–15, uses sarkosyl 
only after the first, low-speed centrifugation step27. The method of 
Tarutani et al22. also uses sarkosyl at the beginning, i.e. before the first 
centrifugation step. This protocol change was essential for detecting 
abundant TMEM106B filaments, possibly because clumped filaments 
end up in the first pellet when sarkosyl is not yet present in the original 
method. In addition, the method of Tarutani et al uses a gentler clearing 
spin at the end, which results in an increase in the amount of filaments 
in the final sample. In brief, tissues were homogenised in 20 vol (w/v) 
extraction buffer consisting of 10 mM Tris-HCl, pH 7.5, 0.8 M NaCl, 10% 
sucrose and 1 mM EGTA. Homogenates were brought to 2% sarkosyl 
and incubated for 30 min at 37 °C. Following a 10 min centrifugation 
at 10,000 g, the supernatants were spun at 100,000 g for 20 min. The 
pellets were resuspended in 700 µl/g extraction buffer and centrifuged 
at 5,000 g for 5 min. The supernatants were diluted 3-fold in 50 mM 
Tris-HCl, pH 7.5, containing 0.15 M NaCl, 10% sucrose and 0.2% sarkosyl, 
and spun at 166,000 g for 30 min. Sarkosyl-insoluble pellets were resus-
pended in 50 µl/g of 20 mM Tris-HCl, pH 7.4 containing 100 mM NaCl.

Immunoblotting and Immunohistochemistry
Immunoblotting was carried out as described28. Sarkosyl-insoluble 
pellets were diluted 1:3 and sonicated in a waterbath for 10 min at 50% 
amplitude (QSonica). They were resolved on 12% Bis-Tris gels (Novex) 
and antibody TMEM239 (a rabbit polyclonal antibody that was raised 
against a synthetic peptide corresponding to residues 239-250 of human 
TMEM106B) was used at 1:2,000. To enhance the signal, membranes 
were boiled in PBS for 10 min at 95 °C. For immunohistochemistry, 

formalin-fixed, paraffin-embedded 8-µm thick sections were incubated 
overnight in xylene. Following deparaffinization, the sections under-
went heat-induced epitope retrieval in Tris-EDTA buffer (10 mM Tris 
base, 1 mM EDTA, 0.05% Tween 20, pH 9). Peroxidase was quenched by 
incubation in 3% hydrogen peroxide in PBS containing 20% methanol 
for 30 min, followed by a 15 min incubation in BLOXALL endogenous 
blocking solution (Vector Laboratories). After a brief wash in PBS + 
0.3% Triton X-100 (PBST), the sections were incubated in blocking 
buffer (2.5% bovine serum albumin, 5% horse serum in PBST) for 1 h at 
room temperature. This was followed by an overnight incubation at 
4 °C with primary antibody in blocking solution [TMEM239 was used 
at 1:500 and N-terminal rabbit polyclonal TMEM106B antibody A303-
439A (Bethyl Laboratories)29, which was raised against a synthetic pep-
tide corresponding to residues 1-50 of human TMEM106B, was used 
at 1:250]. After three washes with PBST, the sections were incubated 
with ImmPRESS-HRP polymer anti-rabbit detection antibody (Vector 
Laboratories) for 2 h at room temperature. After another three washes 
with PBST, Vector SG substrate (peroxidase) was added to visualise 
the antigen. Sections were counterstained with nuclear fast red and 
coverslipped using Entellan mounting medium (Merck). Images were 
acquired with a QImaging Retiga 2000R CCD camera using an Olympus 
BX50 microscope.

Cloning
TMEM106B C-terminal fragment (120 – 274) incorporated in pET3A was 
purchased from GenscriptTM. The construct lacking residues 239-250 
(Δ239-250), was made using in vivo assembly30. Forward and reverse 
primers were obtained from Integrated DNA Technologies and were 
designed to share 15-20 nucleotides of homologous region and 15-30 
nucleotides for annealing to the template, flanking the region of dele-
tion, with melting temperatures ranging from 58 to 65 °C. Prior to trans-
formation, PCR products were treated with DpnI.

Purification of recombinant TMEM106B
Plasmids were transformed into E. coli BL21 cells (DE3pLys) (Agilent). 
One plate was used to inoculate 500 ml terrific broth (TB), supple-
mented with 2.5 mM MgSO4 and 2% ethanol, 100 mg/l ampicillin, and 
the bacteria were grown with shaking at 220 rpm at 37 °C, until an OD 
of 0.8 was reached. Expression was then induced with 1 mM IPTG, fol-
lowed by growth for 4 h at 37 °C. To check for TMEM106B expression, 
1 ml of induced culture was spun at 3,000 g for 10 s, resuspended in 
50 µl gel loading buffer and used for immunoblotting. Bacterial cells 
expressing TMEM106B were harvested by centrifugation for 20 min 
at 4,000 x g at 4 °C and resuspended in cold buffer A: 4X PBS, pH 7.4, 
25 mM DTT, 0.1 mM PMSF and complete protease inhibitor tablets  
(4 tablets per 100 ml). Resuspension was performed using a Polytron 
with a 10:1 volume-to-weight ratio of pellet to buffer. The homogenised 
pellets were sonicated (40 % amplitude, 5 s on, 10 s off, for 6 min) at 4 °C. 
Lysed cells were then centrifuged at 30,000 x g for 40 min at 4 °C, and 
the pellets were resuspended in buffer A plus 2 M urea and 2 % Triton, 
incubated for 30 min at 40 °C and centrifuged at 30,000 x g for 20 min 
at 25 °C. This resuspension step was repeated three times. Subsequently, 
the pellets, appearing as dense white matter indicative of inclusion bod-
ies, were resuspended in buffer A plus 2 M urea, incubated for 30 min  
at 40 °C and centrifuged at 30,000 x g for 20 min at 25 °C. Finally, 
the pellets were resuspended in buffer A plus 8 M urea, using a 20:1 
volume-to-weight ratio, for 1 h with shaking at 100 rpm at 60 °C, and 
centrifuged at 30,000 x g for 20 min at 25 °C. These pellets were resus-
pended in 4X PBS, pH 7.4, 50 mM DTT and 8 M urea, and left shaking 
overnight at 100 rpm at 60 °C. The resuspended pellets were centrifuged 
at 45,000 x g for 30 min and the supernatants concentrated, followed by 
buffer-exchange using a PD10 desalting column into 2X PBS, pH 7.4 and 
50 mM DTT. Samples were further concentrated to 3 mg/ml using a 3kDa 
cutoff molecular weight concentrator, and used for immunoblotting to 
establish the specificity of antibody TMEM239 (Extended Data Fig. 7).
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Genotyping of rs3173615 variant (T185S)
Genomic DNA was extracted from human brains using the DNeasy 
blood and tissue kit (QIAGEN). PCR amplification of a 470 bp fragment 
encompassing exon 6 of TMEM106B used GoTaq DNA Polymerase (Pro-
mega). The primers were: 5’-GGTTTAATTTTCTTTGACATTTTGG-3’ 
(forward) and 5’-GGCTCAAGCAGTCCACTGAG-3’ (reverse). We analysed 
the nucleotide variation C>G at position chr7:12,229,791 (hg38).

Electron cryo-microscopy
For all cases, except EOAD, FTDP-17T, LNT, sporadic PD, inherited PD, 
FTLD-TDP-C, ALS and control cases 1 – 3, the cryo-EM data sets have 
been described in the references in Extended Data Table 1. For the 
remaining cases, resuspended sarkosyl- insoluble pellets were applied 
to glow-discharged holey carbon gold grids (Quantifoil R1.2/1.3, 300 
mesh) and plunge-frozen in liquid ethane using an FEI Vitrobot Mark IV. 
FTLD-TDP-A, FTLD-TDP-C and ALS samples were treated with 0.4 mg/ml  
pronase for 50-60 min prior to glow-discharging, which further 
improved the TMEM106B filament yield. Images for cases of EOAD, 
FTDP-17T, LNT, FPD, FTLD-TDP-C and ALS were acquired using EPU soft-
ware on Thermo Fisher Titan Krios microscopes, operated at 300 kV,  
with a Gatan K2 or K3 detector in counting mode, using a Quantum 
energy filter (Gatan) with a slit width of 20 eV to remove inelastically 
scattered electrons. Images for EOAD, sporadic PD and control cases 
1 – 3 were acquired on a Thermo Fisher Titan Krios, operated at 300 kV,  
using a Falcon-4 detector and no energy filter.

Helical reconstruction
Movie frames were gain-corrected, aligned, dose-weighted and then 
summed into a single micrograph using RELION’s own motion cor-
rection program31. The micrographs were used to estimate the con-
trast transfer function (CTF) using CTFFIND-4.132. All subsequent 
image-processing steps were performed using helical reconstruction 
methods in RELION33,34. TMEM106B filaments were picked manually, as 
they could be distinguished from filaments made of tau, Aβ, α-synuclein 
and TDP-43 by their general appearance and the apparent lack of a fuzzy 
coat. TMEM106B filaments comprising one or two protofilaments were 
picked separately. For all data sets, reference-free 2D classification was 
performed to select suitable segments for further processing. Initial 3D 
reference models were generated de novo from the 2D class averages 
using an estimated rise of 4.75 Å and helical twists according to the 
observed cross-over distances of the filaments in the micrographs31 
for datasets of cases 10 (LNT; folds I-s and I-d), 18 (MSA; fold I-d), 19 
(MSA; folds IIa and IIb) and 17 (MSA; fold III). Refined models from these 
cases, low-pass filtered to 10-20 Å, were used as initial models for the 
remaining cases. Combinations of 3D auto-refinements and 3D clas-
sifications were used to select the best segments for each structure. 
For all data sets, Bayesian polishing35 and CTF refinement36 were per-
formed to further increase the resolution of the reconstructions. Final 
reconstructions were sharpened using the standard post-processing 
procedures in RELION, and overall final resolutions were estimated 
from Fourier shell correlations at 0.143 between the two independently 
refined halfmaps, using phase-randomisation to correct for convolu-
tion effects of a generous, soft-edged solvent mask37. Further details 
of data acquisition and processing for the data sets that resulted in the 
best maps for five different TMEM106B filaments (filaments made of 
one or two protofilaments with fold I, as well as filaments made of one 
protofilament with fold IIa, fold IIb or fold III) are given in Extended 
Data Table 2.

Model building
TMEM106B was identified by scanning the human proteome with dif-
ferent sequence motifs38, deduced from initial maps of folds I and III. 
A simple combination of four N-glycosylation motifs N-x-[ST] with the 
exact spacers, N-x-[ST]-x(3)-N-x-[ST]-x(10)-N-x-[ST]-x(16)-N-x-[ST], was 

the most effective, resulting in a hit for only TMEM106, the sequence of 
which corresponded well to the entire maps. Atomic models comprising 
three β-sheet rungs were built de novo in Coot39 in the best available 
map for each of the five different structures. Coordinate refinement was 
performed in ISOLDE40. Dihedral angles from the middle rung, which 
was set as a template in ISOLDE, were also applied to the rungs below 
and above. For each refined structure, separate model refinements 
were performed for the first half map, after increasing the temperature 
to 300 K for 1 min, and the resulting model was then compared to that 
same half map (FSCwork) as well as the other half-map (FSCtest) to confirm 
the absence of overfitting. Final statistics for the refined models are 
given in Extended Data Table 2.

Ethical review processes and informed consent
Studies carried out at Indiana University, Tokyo Metropolitan Institute 
of Medical Science, Tokyo National Center Hospital, UCL Queen Square 
Institute of Neurology, Toronto University, Vienna Medical University, 
Rotterdam University, and the Edinburgh Brain and Tissue Bank were 
approved through the ethical review processes at each university’s Insti-
tutional Review Board (IRB). Informed consent was obtained from the 
patients’ next of kin. This study was approved by the Cambridgeshire 
2 Research Ethics Committee (09/H0308/163).

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

Data availability
Cryo-EM maps have been deposited in the Electron Microscopy Data 
Bank (EMDB) under accession numbers EMD-14174 for I-s of case 1, 
EMD-14176 for I-d of case 18, EMD-14187 for IIa-s and EMD-14188 for IIb-s 
of case 19, and EMD-14189 for III-s of case 17. Corresponding refined 
atomic models have been deposited in the Protein Data Bank (PDB) 
under accession numbers 7QVC for I-s of case 1, 7QVF for I-d of case 
18, 7QWG for IIa-s and 7QWL for IIb-s of case 19, and 7QWM for III-s of 
case 17. Source data are provided with this paper.
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Extended Data Fig. 1 | TMEM106B filament reconstructions. Cross-sections 
of TMEM106B filaments, perpendicular to the helical axis and with a projected 
thickness of approximately one β-rung, for all cases examined. Orange arrows 

point at additional densities in front of Y209; magenta arrows point at 
additional densities in front of K178. Scale bar, 5 nm.
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Extended Data Fig. 2 | Cryo-EM images and resolution estimates. a. Cryo-EM 
micrographs of cases 1, 19 and 17, with insets showing representative 2D class 
averages of TMEM106B filaments I-s, I-d, II-s, II-d and III-s. Examples of the 
different types of TMEM106B filaments, as well as filaments of Aβ and MSA 
filaments of α-synuclein, are indicated in the micrographs with black arrows. 
Scale bars 50 nm. b. Fourier shell correlation (FSC) curves for cryo-EM maps 

and structures of TMEM106B filaments I-s, I-d, II-s, II-d and III-s. FSC curves for 
two independently refined cryo-EM half maps are shown in black; for the final 
refined atomic model against the final cryo-EM map in red; for the atomic 
model refined in the first half map against that half map in blue; and for the 
refined atomic model in the first half map against the other half map in yellow.
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Extended Data Fig. 3 | Comparisons of TMEM106B folds I-III. a Ribbon view 
of folds I-III aligned at residues 120-166 (centre) with close-up views for three 
regions (b-d). e. Cartoon views for three subsequent β-rungs for each fold, 
viewed from the left-hand side of the ribbon view in panel A. Fold I is shown in 
orange; fold IIa in blue; fold IIb in green; fold III in pink. Schematics of fold I (f), 

fold II (g), and fold III (h). Negatively charged residues are shown in red, 
positively charged residues in blue, polar residues in green, apolar residues in 
white, sulfur-containing residues in yellow, prolines in purple, and glycines in 
pink. Thick connecting lines with arrowheads indicate β-strands.
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Extended Data Fig. 4 | Close-up views of cryo-EM densities. a. Cryo-EM 
densities (transparent grey) for N-linked glycosylation of asparagines 145, 151, 
164 and 183 in fold III, showing the first, most ordered glcNac saccharide of the 
glycan chains. b. Density for residues 187-192 in fold I (left, orange), fold II 
(middle, blue) and fold III (right, pink), as viewed from the top (top panels) and 
the side (bottom panels). Carbonyl oxygens of P189 are indicated with black 

arrows. In folds I and II, P189 adopts a trans-configuration, whereas in fold III, 
P189 adopts a cis-conformation. c. Density for the N-terminal S120 residue, and 
its surrounding residues E161, H239, E241. The latter are one β-rung above (i+1) 
the β-rung of S120 (i) in folds I and II. In fold III, H239 and E241 are two β-rungs 
above (i+2) the β-rung of S120.
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Extended Data Fig. 5 | TMEM106B filaments comprising two 
protofilaments. a. Cryo-EM micrographs with filaments comprising two 
protofilaments, with fold I for MSA case 18 (I-d; left), with putative fold II for 
MSA case 19 (II-d; middle), and with putative fold III for FTLD-TDP-C case 21 

(III-d; right); α-synuclein filaments typical for MSA are also indicated (MSA).  
b. Cryo-EM density map and atomic model of TMEM106B filaments comprising 
two protofilaments of fold I. c. Three orthogional close-up views of the 
inter-protofilament interface.
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Extended Data Fig. 6 | AlphaFold prediction of TMEM106B. a. Amino acid 
sequence of TMEM106B. Predicted α-helices are represented with wavy blue 
lines; predicted β-strands with red arrows. Residues 1-90, 91-119, 120-166, 167-
210, 211-254 and 255-274 are coloured in grey, green, yellow, light blue, magenta 
and dark blue, respectively. b. AlphaFold prediction of TMEM106B. c. Close-up 
view of the AlphaFold prediction of part of the transmembrane helix (green) 

and the lumenal domain, with glycosylation sites N145, N151, N164, N183 and 
disulfide bridge C214, C253 shown as sticks. d. Hydrophobicity surface view at 
the interface between the lumenal domain and the transmembrane helix. 
Residues 119-121 are shown as sticks. e. Two orthogonal close-up views of 
residues close to the lysosomal membrane surface.
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Extended Data Fig. 7 | Immunoblot analysis of TMEM106B expressed in  
E. coli establishes the specificity of antibody TMEM239. a. Diagram of the 
TMEM106B sequence, coloured in accordance with Fig. 1, with the immunogen 
of antibody TMEM239 (residues 239-250) indicated. b. Coomassie blue-stained 
gel and immunoblot (antibody TMEM239) of recombinant C-terminal 

TMEM106B fragment (WT; residues 120-274) and the immunogen-deletion 
construct (Δ239-250). Pellets from 1 ml cell extracts and TMEM106B purified 
from inclusion bodies (see Methods) were used. Red arrows indicate 
TMEM106B bands; red asterisks indicate non-specific binding.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | TMEM106B immunohistochemistry. Immunostaining 
of sections from the frontal cortex of neurologically normal individuals aged 
24-82 years (yo: year-old) (a-i; m-o) and individuals with abundant filamentous 
amyloid deposits made of various proteins ( j-l). a-l. Sections were stained with 
C-terminal anti-TMEM239 antibody. m-o. Sections were stained with an 
N-terminal anti-TMEM106B antibody (Bethyl Labs). Nuclei were counterstained 
in red. Scale bar, 50 µm (a-o). TMEM106B inclusions were visualised with the 
C-terminal antibody, while the N-terminal antibody showed only diffuse 
cytoplasmic staining. Previous studies also reported diffuse cytoplasmic 

staining with N-terminal TMEM106B antibodies29,41. Staining with the 
C-terminal antibody showed age-dependent assembly of TMEM106B, with no 
inclusions in the frontal cortex of young individuals (a-d, and Fig. 3a), a small 
number of in middle-aged individuals (e, f) and abundant inclusions in older 
individuals (g-i and Fig. 3b–e). Inclusions of TMEM106B were also present in 
cases with neurodegenerative diseases who were older than 59 years. By 
immunoblotting with antibody TMEM239, a 29 kDa band was present in cases 
with inclusions.
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Extended Data Table 1 | Further details on cases 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
AD: sporadic Alzheimer’s disease; FAD: familial Alzheimer’s disease; EOAD: sporadic early-onset Alzheimer’s disease; PA: pathological aging; CBD: corticobasal degeneration; FTDP-17T: familial 
frontotemporal dementia and parkinsonism linked to chromosome 17 caused by MAPT mutations; AGD: argyrophilic grain disease; LNT: limbic-predominant neuronal inclusion body 4R 
tauopathy; ARTAG: aging-related tau astrogliopathy; PD: sporadic Parkinson’s disease; PDD: sporadic Parkinson’s disease dementia; FPD: familial Parkinson’s disease; DLB: dementia with Lewy 
bodies; MSA: multiple system atrophy; FTLD-TDP-A: familial frontotemporal lobar degeneration with TDP-43 inclusions type A; FTLD-TDP-C: sporadic frontotemporal lobar degeneration with 
TDP-43 inclusions type C; ALS: amyotrophic lateral sclerosis; Control: neurologically normal individual. FL: frontal lobe; TL: temporal lobe; NAcc: nucleus accumbens; HPC: hippocampus; CG: 
cingulate gyrus; AMG: amygdala; PU: putamen; MC: motor cortex.ACCELE
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Extended Data Table 2 | Cryo-EM data acquisition and structure determination
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