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Abstract

Genetic variation at the transmembrane protein 106B gene (TMEM106B) has been linked 

to risk of frontotemporal lobar degeneration with TDP-43 inclusions (FTLD-TDP) through 

an unknown mechanism. We found that presence of the TMEM106B rs3173615 protective 

genotype was associated with longer survival after symptom onset in a postmortem FTLD-TDP 

cohort, suggesting a slower disease course. The seminal discovery that filaments derived from 

TMEM106B is a common feature in aging and, across a range of neurodegenerative disorders, 

suggests that genetic variants in TMEM106B could modulate disease risk and progression through 

modulating TMEM106B aggregation. To explore this possibility and assess the pathological 

relevance of TMEM106B accumulation, we generated a new antibody targeting the TMEM106B 

filament core sequence. Analysis of postmortem samples revealed that the TMEM106B rs3173615 

risk allele was associated with higher TMEM106B core accumulation in patients with FTLD-TDP. 

In contrast, minimal TMEM106B core deposition was detected in carriers of the protective 

allele. Although the abundance of monomeric full-length TMEM106B was unchanged, carriers 

of the protective genotype exhibited an increase in dimeric full-length TMEM106B. Increased 

TMEM106B core deposition was also associated with enhanced TDP-43 dysfunction, and 

interactome data suggested a role for TMEM106B core filaments in impaired RNA transport, 

local translation, and endolysosomal function in FTLD-TDP. Overall, these findings suggest 

that prevention of TMEM106B core accumulation is central to the mechanism by which the 

TMEM106B protective haplotype reduces disease risk and slows progression.

Editor’s summary

Variants in the gene for TMEM106B, a transmembrane protein that regulates lysosomal functions, 

modulate the risk for frontotemporal lobar degeneration (FTLD). Lysosomal dysfunctions may 

contribute to FTLD, but recent discoveries of TMEM106b filaments suggest that protein 

aggregations could also be implicated. Here, Marks and colleagues developed an antibody to 

detect the TMEM106B filament core and used biochemical extractions from postmortem brain 

tissue to show that TMEM106B core deposition was increased in carriers of a FTLD-risk SNP, 

correlated with TDP-43 dysfunction and associated with TDP-43 pathology. Although further 

mechanistic studies are needed, these findings indicate that the presence of TMEM106B core 

depositions might modulate disease risk. —Daniela Neuhofer
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INTRODUCTION

Frontotemporal dementia (FTD) is the second most common cause of dementia in patients 

under 65 after Alzheimer’s disease (AD) (1) and encompasses a spectrum of related 

neurodegenerative disorders that are defined clinically by changes in personality, behavior, 

and language. Pathologically, FTD is caused by frontotemporal lobar degeneration (FTLD) 

of the brain, with ~50% of all FTLD cases characterized by proteinaceous inclusions of 

transactive response (TAR) DNA binding protein of 43 kDa (TDP-43) (FTLD-TDP) (2, 3). 

Genetic variation at the transmembrane protein 106B (TMEM106B) locus has been linked to 

risk of FTLD-TDP (4–8), including the coding variant rs3173615 [the major/risk allele (C) 

encodes a threonine at residue 185, whereas the minor/protective allele (G) encodes serine], 

which is in strong linkage disequilibrium (LD) with other single-nucleotide polymorphisms 

(SNPs) (9). The protective allele at the TMEM106B locus was also associated with slowed 

progression of TDP-43 pathology in individuals without FTLD in two community-based 

studies of aging, the Religious Orders Study and the Rush Memory and Aging Project (10). 

In particular, after the exclusion of cases with FTLD or related pathology, the rs1990622 

protective allele [in high LD with rs3173615 (9)] was linked to decreased propagation of 

hyperphosphorylated TDP-43 (pTDP-43) pathology from the amygdala to the hippocampus/

entorhinal cortex and ultimately neocortical regions (10). Similarly, in patients with FTLD-

TDP, the rs1990622 protective allele was associated with reduced pTDP-43 burden in 

the frontal cortex (11). Collectively, these studies suggest that the genetic link between 

TMEM106B and disease risk is driven by TDP-43 pathology, but the mechanism by which 

TMEM106B variants affect TDP-43 deposition remains unclear.

Recently, four independent groups made the seminal discovery that filaments derived from 

the C terminus of TMEM106B (corresponding to residues 120 to 254) are a common 

feature in aging and across a range of neurodegenerative disorders (12–15). Although the 

functional relevance of this observation has yet to be determined, the localization of the 

rs3173615 coding SNP (C > G, p.T185S) within the TMEM106B filament core raises the 

possibility that TMEM106B genetic variation could modulate TMEM106B aggregation. 

However, the lack of commercially available specific and sensitive antibodies to detect 

the TMEM106B filament core has hindered efforts to explore this idea. To address this 

need, we generated a polyclonal antibody targeting the TMEM106B filament core sequence, 

which we validated using sequence-verified expression constructs and postmortem brain 

tissue from patients with FTLD-TDP with confirmed TMEM106B filament pathology 

(13). After authentication, the new TMEM106B core antibody was used to examine the 

relationship between TMEM106B genetic variation and aggregation in a large cohort of 

well-characterized and pathologically confirmed FTLD-TDP cases (16, 17). This analysis 

revealed that accumulation of the TMEM106B filament core in the frontal cortex was 

strongly associated with the rs3173615 risk allele in a gene dosage–dependent manner. 

We also observed a reduction in dimeric full-length TMEM106B in homozygous carriers 

of the risk genotype. Moreover, the abundance of insoluble TMEM106B core fragments 

was associated with both pTDP-43 burden and TDP-43 loss of function, supporting 

the idea that TMEM106B genetic variants may influence TDP-43 dysfunction through 

TMEM106B core deposition. Accordingly, we found that TDP-43 targets were enriched 
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in the network of proteins that associated with aggregated TMEM106B as identified via 

mass spectrometry (MS). The interactome of insoluble TMEM106B also included a number 

of ribosomal subunits and proteins involved in endosomal transport, providing mechanistic 

insight into the consequences of TMEM106B filament deposition in the brain. Together, 

our data delineate a model in which genetic variants in TMEM106B alter aggregation of 

the TMEM106B core and its downstream effects on protein translation and intracellular 

trafficking, ultimately influencing TDP-43 dysfunction and disease progression.

RESULTS

Extended survival after symptom onset is associated with the TMEM106B protective 
haplotype

Given previous evidence linking genetic variation at the TMEM106B locus to risk of FTLD-

TDP (4–8), we wanted to determine whether this locus might also affect disease trajectory. 

To do so, we assessed rs3173615 genotype to identify carriers of the TMEM106B protective 

haplotype (Table 1) and subsequently evaluated the relationship with survival after symptom 

onset. A longer survival after symptom onset was associated with the rs3173615 protective 

genotype in FTLD-TDP [median survival of 12 years in individuals homozygous for the 

minor allele (GG/SS185) compared with median survival of 8 years in carriers of the major 

allele (CC/TT185 and CG/TS185); P = 0.009] (Table 2), suggesting that the presence of the 

TMEM106B protective haplotype slows disease progression.

The TMEM106B core antibody detects TMEM106B filaments

After the discovery that filaments derived from TMEM106B are visible by cryo–electron 

microscopy (cryo-EM) and accumulate with aging and across a range of neurodegenerative 

disorders (12–15), we hypothesized that TMEM106B aggregation may explain the genetic 

link between TMEM106B haplotype and disease. To investigate this idea, we first used the 

cryo-EM structural map of TMEM106B filaments to identify an immunogenic sequence 

present on the surface of filaments (to facilitate immunolabeling) and subsequently 

generated an antibody against residues 191 to 206 in the TMEM106B filament core 

sequence (Fig. 1A, epitope colored in blue). To validate our TMEM106B core antibody, 

we generated a full-length TMEM106B expression construct, which we confirmed is 

both expressed and glycosylated to a similar extent as endogenous TMEM106B using 

a commercially available antibody recognizing the N terminus of the protein and 

deglycosylation by peptide N-glycosidase F (PNGase) (fig. S1A) (18). We also used site-

directed mutagenesis to generate a TMEM106B (p.T185) construct that mimics the coding 

change introduced by the rs3173615 risk genotype (residue marked in red in Fig. 1A) and 

used both variants in addition to a myc/His-tagged plasmid to examine antibody specificity. 

As expected, immunoblotting verified that our antibody detects all TMEM106B constructs 

(fig. S1B), including both full-length and higher–molecular weight TMEM106B-positive 

protein complexes, and that immunoreactivity was unaffected by the p.T185S coding 

change. Last, we generated a TMEM106B deletion construct lacking the protein sequence 

used as an immunogen for our antibody (Δ191 to 206). Confirming antibody specificity, 

we demonstrated by immunoblotting that our TMEM106B core antibody recognizes the full-

length protein but not that encoded by the Δ191 to 206 deletion construct (fig. S1C, left), 
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whereas a commercially available antibody generated against the N terminus of TMEM106B 

recognized both constructs (fig. S1C, right).

To provide additional validation of our antibody, we obtained postmortem brain tissue from 

the frontal cortices of FTLD-TDP cases confirmed to contain TMEM106B filaments by 

cryo-EM (table S1) (13). After extraction of the sarkosyl-insoluble fraction, we evaluated 

immunoreactivity for the TMEM106B core antibody by immuno–electron microscopy 

(iEM) and Western blot. As expected, TMEM106B-positive filaments were detected by 

iEM in the sarkosyl-insoluble fraction from patients with FTLD-TDP (Fig. 1B, left), as 

well as from patients with pathologically confirmed AD (Fig. 1B, right, and table S1). In 

addition, consistent with a previous study (14), Western blotting with the TMEM106B core 

antibody revealed that accumulation of a 29-kDa core fragment in most FTLD-TDP cases 

with cryo-EM confirmed TMEM106B fibrils (Fig. 1C). Because the predicted molecular 

weight of the TMEM106B filament core (corresponding to residues 120 to 254) is ~14 kDa, 

it has been proposed that glycosylation contributes to the higher-than-expected molecular 

weight of the insoluble TMEM106B core fragment. To test this idea, we incubated the 

sarkosyl-insoluble fraction with PNGase to promote deglycosylation of TMEM106B as 

described (18) and subsequently evaluated the reactions by Western blot. In agreement with 

the idea that glycosylation increases the molecular weight of the TMEM106B core to 29 

kDa, we observed a shift in the molecular weight of the TMEM106B-positive fragment 

to around 14 kDa upon deglycosylation (Fig. 1D). Together, these results indicate that our 

TMEM106B core antibody is specific for TMEM106B, immunoreactivity is independent 

of rs3173615 genotype, and the 29-kDa TMEM106B fragment is both glycosylated and 

filamentous.

TMEM106B core accumulation is associated with TMEM106B risk haplotype

To investigate the possibility that TMEM106B aggregation may explain the relationship 

between rs3173615 genotype and disease risk in FTLD-TDP, we isolated the sarkosyl-

insoluble fraction from a larger cohort of pathologically confirmed FTLD-TDP cases (n = 

292; see Table 3 for patient characteristics) and examined TMEM106B core accumulation 

by immunoblotting. As shown in the representative Western blot in Fig. 2A (top), robust 

deposition of the 29-kDa TMEM106B core was observed in homozygous carriers of 

the rs3173615 risk SNP (CC/TT185), whereas carriers of the homozygous protective 

genotype (GG/SS185) exhibited minimal to undetectable accumulation of TMEM106B in 

the sarkosyl-insoluble fraction (Fig. 2A, top). Quantitation of the sarkosyl-insoluble 29-kDa 

TMEM106B core fragment revealed that deposition occurs in a gene dosage-dependent 

manner in FTLD-TDP, with the highest accumulation detected in CC/TT185 carriers, 

intermediate accumulation observed in heterozygous CG/TS185 carriers, and the lowest 

TMEM106B core burden observed in GG/SS185 carriers (Fig. 2B and data file S1). 

Statistically significant differences in TMEM106B core accumulation between genotypes 

were detected both in unadjusted analyses (all P < 0.0001; Fig. 2B and table S2) and 

analyses adjusted for age at death and sex (all P < 0.0001; table S2). To exclude the 

possibility that TMEM106B core burden is influenced by changes in the abundance of full-

length TMEM106B, we examined total TMEM106B in soluble brain lysates. Because Chen-

Plotkin and colleagues (19) previously reported that full-length TMEM106B can be detected 
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in both dimeric and monomeric form, although the dimer is only detectable under cold 

conditions, we used a similar approach to assessing whether rs3173615 genotype would be 

associated with alterations in either monomeric or dimeric TMEM106B (Fig. 2A, bottom). 

In our efforts to detect both species for quantification, we tested multiple commercial 

antibodies and chose an antibody directed against the N terminus of TMEM106B for further 

experiments (fig. S2, A and B). Although the abundance of monomeric TMEM106B was 

unchanged (Fig. 2C, right), the amount of dimeric TMEM106B was significantly (P < 0.01) 

lower in carriers of the risk genotype (CC/TT185) compared with the protective genotype 

(GG/SS185) (Fig. 2C, left). This finding may suggest that dimeric TMEM106B protects 

against either the formation or deposition of the core fragment, which is not a simple 

consequence of higher full-length TMEM106B protein expression. Consistent with this, 

we did not observe differences in TMEM106B expression at the RNA level (fig. S2C). 

Last, we evaluated TMEM106B core burden in the sarkosyl-insoluble fraction from control 

cases (cognitively normal), which revealed that accumulation of a 29-kDa TMEM106B 

fragment similarly occurs in a rs3173615 genotype–dependent manner (fig. S3, A and B), 

consistent with cryo-EM data showing that TMEM106B core deposition is not exclusive to 

FTLD-TDP.

As an additional strategy to validate the specificity of our antibody in an unbiased manner, 

we used MS to evaluate the sarkosyl-insoluble fraction from 54 FTLD-TDP cases grouped 

by rs3173615 genotype (including 24 CC/TT185, 22 CG/TS185, and 8 GG/SS185). Similar 

to prior methods developed for deep proteomic profiling of the AD brain (20), we used 

a high-throughput strategy coupling tandem mass tag–based multiplex proteomics and 

MS with off-line fractionation to reliably quantify approximately 8500 proteins, including 

TMEM106B itself (Fig. 2D). Although one N-terminal TMEM106B peptide was detected 

within the sarkosyl-insoluble fraction in a subset of FTLD-TDP cases, there was no 

relationship between the abundance of this peptide and rs3173615 genotype (Fig. 2, D 

and E). In contrast, a peptide located within the TMEM106B filament core was detected 

in the sarkosyl-insoluble fraction from all FTLD-TDP cases and exhibited a relationship 

between peptide abundance and rs3173615 genotype (Fig. 2, D and F). Moreover, although 

there was no correlation (P = 0.81) between the N-terminal peptide abundance and 29-kDa 

fragment accumulation measured by immunoblot (Fig. 2G), 29-kDa fragment deposition 

was significantly correlated (P < 0.0001) with abundance of the peptide located within 

the TMEM106B filament core (Fig. 2H). These findings corroborate results in our larger 

FTLD-TDP postmortem series (Fig. 2, A and B), validating both the generated TMEM106B 

core antibody and the observation that TMEM106B core deposition occurs in a rs3173615 

genotype–dependent manner.

Having firmly established that TMEM106B core accumulation associates with risk 

haplotype using both immunoblotting and MS approaches, we next sought to examine 

the impact of haplotype on the cellular and subcellular localization of TMEM106B in 

the FTLD-TDP brain. We first performed a series of control experiments to validate the 

use of our antibody for immunohistochemistry (IHC) on formalin-fixed paraffin–embedded 

tissue sections from human frontal cortex. Using serum collected from rabbits before 

(prebleed) or after immunization with the TMEM106B peptide, we confirmed that positive 

immunoreactivity was only observed with serum collected from immunized rabbits (fig. 
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S4A). We next confirmed antibody specificity by preincubation with the peptide used as 

an immunogen before staining, which eliminated the 3,3′-diaminobenzidine (DAB)–positive 

signal (fig. S4B). Several commercial antibodies were also purchased to compare with 

our TMEM106B core antibody, although positive immunolabeling under identical staining 

conditions was only detected with a commercial antibody from Sigma-Aldrich (fig. S4C, top 

right), which exhibited a similar staining morphology to our TMEM106B core antibody (fig. 

S4C, top left).

After antibody validation, we next assessed cell type distribution of TMEM106B in the 

FTLD-TDP frontal cortex (fig. S5). Robust TMEM106B immunoreactivity was detected in 

several cell types, including large perinuclear deposits in neurons (fig. S5A, insets 1 and 

2) and strong immunoreactivity in glia (fig. S5A, insets 3 and 4). Immunofluorescence 

(IF) with cell type–specific markers confirmed this apparent cellular distribution, given that 

we observed strong (but not exclusive) colocalization of TMEM106B with the lysosomal 

hydrolase cathepsin D in microtubule-associated protein 2 (MAP2)–positive neurons (fig. 

S5B, rows 1 and 2), glial fibrillary acidic protein–positive astrocytes (fig. S5B, row 3), 

and ionized calcium binding adaptor molecule 1–positive microglia (fig. S5B, row 4). 

These findings are consistent with the identification of full-length TMEM106B as an 

endolysosomal transmembrane protein with the core domain localized to the vesicle lumen 

(12–14). However, consistent with a recent report that observed no relationship between 

TMEM106B immunoreactivity by IHC and TMEM106B haplotype (21), immunolabeling 

with our TMEM106B core antibody was unable to differentiate between risk haplotype or 

disease status by IHC (fig. S6). We anticipate that this is due to the detection of full-length 

TMEM106B in addition to the sarkosyl-insoluble 29-kDa TMEM106B core. Hence, the 

development of additional antibodies or research tools may be needed to differentiate 

between these two species and define patterns of 29-kDa TMEM106B core deposition in 

the brain; current findings indicate that biochemical extraction is the only viable method to 

visualize and quantify the insoluble 29-kDa TMEM106B core at present.

TMEM106B core deposition associates with TDP-43 proteinopathy

To gain insight into the functional relevance of TMEM106B core accumulation, we 

next evaluated its relationship with TDP-43 pathology. FTLD-TDP can be classified into 

pathological subtypes on the basis of the morphology and distribution of TDP-43 inclusions 

(22, 23); we focused on the three most common subtypes (types A, B, and C) that 

collectively account for more than 95% of all FTLD-TDP cases (24) and examined their 

relationship with TMEM106B core accumulation. We observed higher TMEM106B core 

deposition in FTLD-TDP type A than type B or C, even after adjusting for both age 

at death and sex (Table 4). Because FTLD-TDP type A is the most common overall, 

is genetically associated with mutations in the progranulin (GRN) gene (25, 26), and is 

pathologically characterized by a greater diversity of TDP-43 inclusion types (including 

neuronal cytoplasmic inclusions, dystrophic neurites, neuronal intranuclear inclusions, glial 

inclusions, and perivascular inclusions) (27, 28), we speculated that higher TMEM106B 

core burden could be associated with more extensive TDP-43 pathology. To test this idea, 

we examined the relationship between the abundance of the sarkosyl-insoluble 29-kDa 

TMEM106B core fragment and the amount of urea-soluble pTDP-43, which revealed that 
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TMEM106B accumulation was associated with higher pTDP-43 burden in both unadjusted 

analyses (β: 0.25, P = 0.01) and in a multivariable analysis adjusted for age at death 

and sex (β: 0.47, P < 0.0001) (Table 5). To further investigate the observed association 

between TMEM106B core deposition and TDP-43 burden, we performed double-label IF 

for TMEM106B and pTDP-43 in four FTLD-TDP cases but did not detect colocalization 

between the two proteins (fig. S7).

Given that the pathological aggregation of TDP-43 is also associated with its nuclear 

clearance and loss of function resulting in defects in TDP-43–dependent splicing, we 

measured aberrant splicing of the TDP-43 target stathmin-2 (STMN2) to determine whether 

TDP-43 dysfunction was also associated with increased TMEM106B core deposition. Loss 

of TDP-43 function has been shown to lead to the aberrant incorporation of a premature 

stop codon in STMN2 (16, 29, 30), and we recently demonstrated that the abnormal 

production of truncated STMN2 (tSTMN2) transcripts provides a sensitive readout of 

TDP-43 dysfunction, accurately discriminating FTLD-TDP from patients with FTLD-tau 

in a well-characterized autopsy cohort (16). Consistent with the relationship between 

TMEM106B core deposition and pTDP-43 burden in FTLD-TDP, we also observed an 

association between the 29-kDa TMEM106B core and tSTMN2 transcript abundance in 

both unadjusted analyses (β: 0.64, P < 0.0001) and after adjusting for age at death, sex, and 

RNA integrity number (RIN) (β: 0.76, P < 0.0001) (Table 5). Collectively, these findings 

indicate that deposition of the 29-kDa sarkosyl-insoluble TMEM106B core fragment in 

FTLD-TDP is associated with rs3173615 risk genotype, as well as increased TDP-43 

pathology and loss of function.

Identification of the insoluble TMEM106B interactome gives mechanistic insight into the 
role of TMEM106B deposition in disease pathogenesis

To define specific functional processes that might be influenced by aggregation of 

the TMEM106B filament core, we first optimized our antibody to immunoprecipitate 

TMEM106B from the sarkosyl-insoluble fraction from two FTLD-TDP cases with low 

or high 29-kDa TMEM106B accumulation and confirmed that our antibody efficiently 

immunoprecipitated both the 29-kDa and high–molecular weight species of TMEM106B 

(fig. S8A). Then, we isolated the sarkosyl-insoluble fraction from nine patients with FTLD-

TDP with high 29-kDa TMEM106B core deposition, performed immunoprecipitation with 

either the TMEM106B antibody or an immunoglobulin G (IgG) antibody control, and 

subsequently identified core domain–interacting partners by MS. Using IgG as a negative 

control to exclude proteins that bind nonspecifically, we identified 1309 proteins that 

specifically interact with TMEM106B in the sarkosyl-insoluble fraction (adjusted P < 

0.05) (Fig. 3A and data file S2). To investigate the functional impact of TMEM106B core 

deposition, we evaluated the association of insoluble TMEM106B interactors with cellular 

functions and disease by performing Gene Ontology (GO) (Fig. 3B and fig. S8B) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis (Fig. 3C) on the insoluble 

TMEM106B interactome (Fig. 3B and fig. S8B). The top GO Biological Process and KEGG 

terms when sorted by fold enrichment were “cytoplasmic translation” and “ribosome,” 

respectively. “Intracellular transport” and “endocytosis” were also highly enriched, as was 

the “pathways of neurodegeneration” KEGG term, suggesting that TMEM106B fibrils 
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interact with proteins previously associated with pathogenic processes. To illustrate the 

relationships between proteins in pathways of interest, we created STRING diagrams of 

hits within the “endocytosis,” “ribosome,” and “pathways of neurodegeneration” KEGG 

pathways. Endocytic pathway hits included dynamin proteins (DNM1, DNM2, and DNM3) 

and epidermal growth factor receptor pathway substrate 15 (EPS15), both of which play 

important roles in clathrin-mediated endocytosis (31), as well as early endosome antigen 

1 (EEA1) and Ras-associated binding (RAB) family members, which play important roles 

in vesicle trafficking and early endosome maturation (Fig. 3D). One of the most enriched 

hits in our experiment was kinesin family member 5B (K1F5B) [log2(fold change) = 4.97] 

(Fig. 3, A and D), a ubiquitously expressed subunit of the kinesin-1 complex critical for 

anterograde intracellular transport (32). Members of the retromer complex [vacuolar protein 

sorting-associated protein 26A (VPS26A), VPS35, and VPS29] were also present, however, 

suggesting that transport-associated proteins that interact with TMEM106B filaments are not 

limited to the newly formed endosome. Hits in the “ribosome” pathway consisted of both 

40S and 60S ribosomal subunit–associated proteins. In the “pathways of neurodegeneration” 

network, we found that TDP-43 itself interacts with insoluble TMEM106B, as well as 

numerous autophagy-associated proteins whose mutations are associated with FTLD-TDP 

and amyotrophic lateral sclerosis (ALS), including TRAF family member associated NFKB 

activator (TANK)–binding kinase 1 (TBK1), optineurin, and valosin-containing protein 

(VCP). Of the hits unique to this network, huntingtin was the most highly enriched and 

the 11th most enriched protein in the assay overall [log2(fold change) = 3.79]. Last, we 

noted the presence of proteins that are regulated by TDP-43 at the RNA level—including 

cytoplasmic fragile X messenger ribonucleoprotein 1 interacting protein 2 (CYFIP2), which 

was the sixth most enriched hit in our assay. We therefore assessed the overlap between our 

insoluble TMEM106B interactome and two different datasets (33–35) of TDP-43 splicing 

targets and observed that 43 of the proteins that immunoprecipitated with TMEM106B 

filaments are known splicing targets of TDP-43 (fig. S8C). To validate our data, we first 

confirmed the presence of hits of interest in the P3 fraction of FTLD-TDP cases (fig. S9A) 

and subsequently confirmed that KIF5B coimmunoprecipitates with insoluble TMEM106B 

and is detectable in sarkosyl soluble and insoluble fractions (fig. S9, B and C). Overall, the 

identification of insoluble TMEM106B interactors uncovers biological pathways that may 

be altered in response to TMEM106B deposition, providing mechanistic insight into its role 

in FTLD-TDP pathogenesis.

DISCUSSION

In this study, we revealed that the minor allele at rs3173615 in the TMEM106B gene is 

associated with longer survival after symptom onset in patients with FTLD-TDP, suggesting 

that the TMEM106B protective haplotype associates with a less aggressive disease course. 

Moreover, we show that accumulation of the sarkosyl-insoluble 29-kDa TMEM106B core 

fragment is also associated with rs3173615 genotype, with homozygous carriers of the 

risk allele (CC/TT185) exhibiting robust TMEM106B core deposition in comparison with 

minimal accumulation observed in carriers of the protective genotype (GG/SS185). We also 

noted greater abundance of dimeric soluble TMEM106B in GG/SS185 compared with CC/

TT185 carriers. Our results indicate that core accumulation in CC/TT185 individuals is not 
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simply mediated by an increase in full-length TMEM106B expression. Although previous 

reports that quantified cryo-EM observations suggested that TMEM106B core aggregation 

correlated with aging (14), our findings provide compelling evidence that TMEM106B 
haplotype is the primary driver of TMEM106B core deposition. Our observation that the 

TMEM106B core also accumulates in aged, clinically normal control cases carrying the 

risk haplotype is consistent with the aforementioned age-related accumulation but does 

not exclude involvement of TMEM106B filament formation in the FTLD-TDP disease 

process. Rather, given that we found that aggregation of the TMEM106B filament core 

was associated with TDP-43–dependent mis-splicing and pathology in patients with FTLD-

TDP, we anticipate that TMEM106B core deposition modulates susceptibility but does not 

directly induce TDP-43 proteinopathy. Moreover, because aggregation and dysfunction of 

TDP-43 is considered a key pathogenic driver in FTLD-TDP, our data suggest that decreased 

accumulation of the TMEM106B core may slow TDP-43 deposition and dysfunction, which 

could explain the association of the rs3173615 protective genotype with longer survival after 

symptom onset.

Given the complexity of the TMEM106B locus and that a number of SNPs are in LD 

with rs3173615 [reviewed in (9)], it is possible that other noncoding SNPs contribute 

to the phenotype associated with the TMEM106B risk haplotype. Thus, it will be 

important to investigate how exactly each TMEM106B SNP influences TMEM106B 

deposition. Nevertheless, we speculate that rs3173615 specifically modulates disease risk, 

given that the protein coding change associated with this variant (p.T185S) is located 

within the TMEM106B filament core sequence, and exogenous TMEM106BT185 exhibits 

increased lysosomal localization in comparison with exogenous TMEM106BS185 through a 

mechanism that may depend on changes in its glycosylation (18, 36). Moreover, although 

the amino acid change from threonine to serine seems relatively conserved, the threonine 

at position 185 may be essential to stabilize the β sheet structure of the core during fibril 

formation, because threonine has relatively high β sheet propensity (37–39). Consistent 

with this possibility, the Parkinson’s disease–associated A53T mutation in α-synuclein has 

been reported to enhance aggregation of α-synuclein relative to wild-type and other mutant 

forms of the protein (40–44). In addition, the 43-residue-long oligomer of amyloid-β (Aβ43) 

is capped by a threonine at its C-terminal end and was demonstrated to form protofibrils 

more rapidly and at lower concentrations than its 42- and 40-residue-long counterparts, 

Aβ42 and Aβ40. This observation was attributed in part to T43 mediating direct contact 

with protofibrillar aggregates (45). A study of amyloid fibrils formed by pancreatic-secreted 

protein, amylin, also revealed that substitution of serine for threonine enhanced filament 

aggregation and attributed to threonine’s methyl group restricting conformational freedom 

of the filament secondary structure, thus favoring tighter packing of adjacent β sheets 

(46). In light of these intriguing observations, future studies are needed to assess whether 

TMEM106BT185 similarly stabilizes filaments derived from the 29-kDa TMEM106B core 

fragment.

Histological evaluation of postmortem FTLD-TDP brain tissue from carriers of the 

homozygous protective versus risk genotypes could provide clarity as to whether 

altered subcellular localization in the endolysosomal pathway might account for reduced 

accumulation of the TMEM106BS185 core, although this analysis is complicated by the 
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current inability of antibodies to differentiate between full-length and insoluble TMEM106B 

core filaments by IHC. A recently generated antibody targeting the TMEM106B core 

domain (amino acids 239 to 250) was reported to exhibit specificity for C-terminal 

fragments of TMEM106B under denaturing conditions (21, 47). However, given the 

observed discrepancy between TMEM106B core deposition measured by biochemical 

methods and TMEM106B abundance observed using histological methods (47)—a finding 

replicated herein—we anticipate that additional antibody validation will reveal that 

TMEM106B core antibodies also detect and immunolabel both full-length and soluble, 

nonaggregated core by IHC. As is, both our findings and those described by Vicente 

and colleagues (47) indicate that the biochemical detection of the TMEM106B core 

in the sarkosyl-insoluble fraction is currently the most effective and robust method to 

quantitatively assess the association of TMEM106B haplotype with TMEM106B fibril 

accumulation. Further, use of isogenically corrected induced pluripotent stem cell (iPSC)–

derived neurons homozygous for the rs3173615 risk or protective variant may provide 

an innovative strategy to explore this idea in more depth and assess specifically whether 

p.T185S affects the lysosomal residence of TMEM106B.

We also observed a relationship between TMEM106B core deposition and TDP-43 

dysfunction. Given emerging evidence on the role of the endolysosomal system in 

disease, it is tempting to speculate about the potential mechanistic link between these 

pathological factors. Consistent with this idea, we recently found that genetic or 

pharmacologic disruption of the endolysosomal pathway through either overexpression of 

dominant-negative Rab5Q79L or treatment with the PIKfyve inhibitor apilimod drove robust 

nuclear clearance and cytosolic aggregation of wild-type TDP-43 in human embryonic 

kidney 293T cells (48). A similar induction of TDP-43 pathology was observed when 

lysosome acidification was inhibited in iPSC-derived human motor neurons (49). These 

findings strongly imply that endolysosomal dysfunction could be a key driver of TDP-43 

pathology, but whether TMEM106B core deposition occurs upstream or downstream 

of this dysfunction remains to be determined. It has been noted that the pH of the 

lysosomal environment reportedly favors TMEM106B fibril formation (12–14), but our 

interactome data suggest that the insoluble TMEM106B core interacts with proteins outside 

of the lysosome. Although these data appear contradictory, the intriguing observation that 

loss of progranulin is associated with reduced integrity of the endolysosomal membrane 

compartment (50) could offer a plausible scenario: We speculate that loss of progranulin 

downstream of pathogenic GRN mutations facilitates the release of TMEM106B core 

filaments from the endolysosomal compartment through a loss of membrane integrity, 

thereby driving key interactions identified here by MS. Moreover, because we demonstrate 

that the TMEM106B protective haplotype prevents core deposition, this working model 

could also explain the reduced penetrance of GRN mutations in carriers of the TMEM106B 
protective haplotype (51).

Our proteomic analyses revealed that some of the most enriched pathways in the 

insoluble TMEM106B interactome were those associated with ribosomal function, 

intracellular transport, and neurodegenerative disease, providing mechanistic insight into 

the consequences of TMEM106B core deposition. Many of these interactions may hint at 

a detrimental role for TMEM106B core aggregation in dysfunctional translation, protein 
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localization, and protein quality control within the cell, creating exciting avenues for 

future study. TMEM106B is known to be important for the trafficking of endolysosomes 

(52, 53). The interaction of the insoluble core domain with Rab proteins and retromer 

components suggests that TMEM106B core aggregation might disrupt endosome maturation 

or sorting, processes that are also proposed to be disrupted in AD (54, 55) and could 

contribute to or exacerbate TDP-43 loss of function (56, 57). The identification of TBK1, 

optineurin, and VCP as interactors is also of interest, given their genetic link with the 

pathogenesis of FTD/ALS (58). The functions of all three proteins converge on protein 

degradation in the cell, because the coordinated activity of TBK1 and optineurin are 

critical for proper autophagy (59, 60), and VCP facilitates the proteasomal degradation of 

ubiquitinated substrates (61). TBK1 has also been shown to disrupt endosome maturation 

in human neurons (49), and we recently demonstrated that C9orf72 poly[glycine (GA)]–

mediated sequestration of TBK1 results in endosomal dysfunction, pTDP-43 deposition, and 

neurodegeneration in mice (48). These phenotypes were exacerbated in animals expressing 

a disease-associated loss of function mutation in TBK1 (R228H) (48). Endolysosomes 

have also been shown to traffic ribosomes (62) and RNA granules (63) throughout the 

axon. Annexin A11 (ANXA11) has been shown to play a key role in such long-distance 

trafficking and was a significantly enriched hit within the insoluble TMEM106B interactome 

in our assay (P = 0.004). Specifically, ANXA11 was identified as the tether between RNA 

granules and lysosomes, and FTD/ALS-associated mutations in ANXA11 compromise the 

ability of ANXA11 to mediate docking of RNA granules to the lysosome and impair 

RNA “hitchhiking” in neurons (63). Mutations in the neuron-specific kinesin-1 subunit 

KIF5A have similarly been identified to cause ALS with FTD (64), further emphasizing 

the link between impaired intracellular trafficking and disease. KIF5B, another kinesin-1 

subunit, was among the most abundant proteins associated with TMEM106B filaments in 

our study. Together, our interactome data hint at a potential complex involving TMEM106B, 

ribosomes/RNA granules, and trafficking lysosomes, indicating that aggregation of the 

TMEM106B core could sequester proteins associated with transport pathways in neurons, 

impairing RNA transport, local translation, and endolysosomal function in FTLD-TDP.

The unexpected identification of TDP-43 and its splicing targets within the insoluble 

TMEM106B interactome (Fig. 3, fig. S8C) suggests that insoluble TMEM106B core 

deposits may sequester TDP-43 targets, providing a mechanism by which TMEM106B 

filaments could exacerbate the consequences of TDP-43 loss of function. Among the 

TDP-43 targets, CYFIP2 was the most enriched and among the top hits overall. Originally 

identified as a binding partner of the fragile X messenger ribonucleoprotein (65), CYFIP2 

has since been reported to associate with transporting ribonucleoproteins in developing 

neurons, potentially helping to repress translation as RNA granules are trafficked along the 

axon (66). The potential for TMEM106B core–mediated sequestration of CYFIP2 may thus 

link TMEM106B fibril formation, translation, and TDP-43 function. DNM1 was another 

TDP-43 target identified and was also expectedly a member of the “endocytosis” KEGG 

pathway, given its role in endosome membrane fission (67). Its presence in both categories 

is further evidence that TMEM106B core aggregation and TDP-43 dysfunction may act to 

disrupt similar pathways. Future studies are needed to explore the functional relationship 

between TMEM106B and TDP-43 targets.
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Although the findings presented provide insight into the involvement of TMEM106B core 

deposition in modulating disease risk and TDP-43 proteinopathy, there are limitations 

associated with the current study that should be acknowledged. Curiously, we did not 

observe a difference in survival between the CC/TT185 and CG/TS185 genotypes, despite 

seeing differences in core accumulation between these groups. This finding may suggest 

that TMEM106B core deposition acts in a dominant manner, with the mere presence of 

TMEM106B filaments sufficient to increase disease risk and additional accumulation over 

this threshold exerting relatively marginal effects on disease course. However, future studies 

are needed to thoroughly test this idea. In addition, it will be important to validate current 

findings in an additional FTLD-TDP autopsy cohort.

Another limitation is our inability to identify the exact subcellular localization of 

TMEM106B core filaments, although the identification of interacting partners of insoluble 

TMEM106B described here will facilitate characterization of TMEM106B filament 

distribution in future studies. iEM could also be used to provide insight into this important 

question, but this is difficult in postmortem human brain tissue, given that cell and organelle 

membranes are not well preserved. An additional technical consideration regarding the 

standard autopsy protocol (left side of the brain is placed in fixative and the right side 

of the brain is frozen) may be particularly important to keep in mind for investigations 

associated with TMEM106B, because a large population–based study using magnetic 

resonance imaging in cognitively normal individuals found that TMEM106B risk haplotype 

was associated with asymmetric temporal lobe atrophy affecting predominantly the left 

hemisphere (68). This finding raises the intriguing possibility that TMEM106B core 

deposition may also be asymmetric, particularly if core deposition proves to be a key 

driver in modulating susceptibility to degeneration. In addition, the nature of TMEM106B 

immunoprecipitation from the sarkosyl-insoluble fraction disrupts tissue architecture, 

precluding the identification of spatially preserved protein interactions. Although we believe 

that the observed enrichment of protein groups linked to specific biological pathways (such 

as translation or transport) reflects identification of legitimate core domain interactors, the 

use of proximity labeling methods to complement our MS results would be a powerful way 

to validate which TMEM106B core interactions occur in the native environment of diseased 

cells.

Given that the rs3173615 major allele was similarly associated with increased risk in 

AD with limbic-predominant age-related TDP-43 encephalopathy neuropathologic change 

(LATE-NC) (10, 69–72), future studies will need to explore whether an analogous effect of 

genotype on TMEM106B core deposition would be observed in patients with AD either in 

the presence or in the absence of LATE-NC. A recent study observed increased TMEM106B 

immunoreactivity in the frontal cortices and hippocampi of individuals with LATE-NC 

(73), although the biochemical characterization of 29-kDa TMEM106B core deposition and 

relationship with rs3173615 genotype in LATE-NC has yet to be assessed. Our work has 

linked TMEM106B core deposition to TDP-43 pathology and disease progression but does 

not provide definitive evidence that TMEM106B filaments influence TDP-43 pathology, 

although this is certainly a major goal of future experimental studies. Note that TMEM106B 

core filaments were detected in a wide range of other neurodegenerative diseases, including 

AD, corticobasal degeneration, dementia with Lewy bodies, progressive supranuclear palsy, 
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and more (12–14). Given the observed connection between the TMEM106B core fragment 

and TDP-43 pathology in our data and the fact that neurodegeneration-associated proteins 

were detected in the insoluble TMEM106B interactome, it would be interesting to determine 

whether core deposition could also influence the accumulation of other aggregation-prone 

proteins. It would also be informative to determine whether differences in the TMEM106B 

interactome exist across these diseases and in the healthy brain, which could clarify whether 

TMEM106B fibril formation has conserved biological consequences or whether there are 

unique effects of core domain aggregation in different pathologic contexts. Overall, although 

there are still unanswered questions in our understanding of the role of TMEM106B 

in neurodegenerative disease risk and progression, the findings presented herein provide 

insight into TMEM106B core deposition and suggest that contrary to initial supposition, 

accumulation of TMEM106B core filaments is not benign. Instead, the finding that the 

sarkosyl-insoluble 29-kDa TMEM106B core fragment associates with TMEM106B risk 

haplotype in FTLD-TDP, as well as with TDP-43 pathology and loss of function, indicates 

that core deposition may be central to the mechanism by which TMEM106B haplotype 

modulates disease risk. These findings also have several implications for future clinical 

studies, providing evidence that TMEM106B haplotype is an essential factor to consider and 

control for in clinical cohorts of patients with FTD.

MATERIALS AND METHODS

Study design

The goals of this study were to (i) investigate the relationship between TMEM106B 
rs3173615 genotype and survival after disease onset and TMEM106B aggregation in a 

postmortem FTLD-TDP cohort and (ii) identify protein interactors of insoluble TMEM106B 

in the FTLD-TDP brain. We included all FTLD-TDP cases in the Mayo Clinic Brain Bank 

for which there was frozen tissue available for both genotyping and biochemical extraction 

of the sarkosyl-insoluble fraction. Initial antibody validation was performed on FTLD-TDP 

cases confirmed to be postive for TMEM106B filaments by cryo-EM, with subsequent 

analysis of 29-kDa TMEM106B accumulation by immunoblotting in the complete FTLD-

TDP postmortem cohort that was performed by a technician blinded to rs3173615 genotype. 

To validate immunoblotting results by MS, a subset of FTLD-TDP type A cases were 

selected (including all eight individuals homozygous for the protective allele along with 

heterozygous and homozygous carriers of the risk allele that were matched for sex, age, 

and mutation status). To identify the TMEM106B filament interactome, we selected nine 

FTLD-TDP cases with the highest 29-kDa TMEM106B accumulation and performed the 

immunoprecipitation with either a TMEM106B antibody or IgG control for each case. All 

MS analysis was performed in a blinded manner. Written informed consent was obtained 

from all individuals (or their legal next of kin if they were unable to give written consent) 

before study entry, and all protocols were approved by the Mayo Clinic Institutional Review 

Board.

Statistics

All statistical analyses were performed in GraphPad Prism 9 (with the exception of data 

presented in Fig. 2, G and H). The association between survival after onset and TMEM106B 
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rs3173615 status in FTD cases was performed using single-variable (unadjusted) analysis 

and multivariable linear regression models (adjusted for age at death and sex). Associations 

with 29-kDa TMEM106B accumulation in the FTLD-TDP postmortem cohort was also 

conducted using single-variable (unadjusted) analysis and multivariable linear regression 

models (adjusted for age at death and sex). Twenty-nine–kilodalton TMEM106B protein, 

pTDP-43 protein, and tSTMN2 RNA amounts were analyzed on the base 10 logarithmic 

scale because of their skewed distributions. β values and 95% confidence intervals (CIs) 

were interpreted as the difference in the means between all FTLD-TDP cases combined or 

the individual TMEM106B rs3173615 genotypes (using the homozygous risk TMEM106B 

rs3173615 genotype as the reference group). Significant P values are based on the number 

of comparisons performed and are provided in the legend for each table. In Fig. 2 (B, E, 

and F), statistical analysis was performed using a one-way analysis of variance (ANOVA) 

with Dunn’s multiple comparisons. In Fig. 2C, statistical analysis was performed using a 

Student’s t test. In Fig. 2 (G and H), statistical analysis was performed in R using a simple 

linear regression (least-squares method) to fit the line and Pearson coefficient to assess the 

correlation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TMEM106B core antibody detects TMEM106B filaments and a glycosylated 29-kDa 
species.
(A) Schematic illustration of the TMEM106B filament structure solved by cryo-EM, with 

the epitope for the TMEM106B core antibody we developed colored in blue. The rs3173615 

coding variant, with p.T185 as the reference sequence, is colored in red. Experimentally 

detected glycosylation (gly-) sites are also noted, with N and C termini (at residues 

120 and 254, respectively) colored in yellow. (B) TMEM106B-positive filaments were 

detected in the sarkosyl-insoluble fraction from patients with FTLD-TDP and AD by iEM. 

Scale bars, 100 nm. (C) Sarkosyl-insoluble fractions from FTLD-TDP cases (n = 8) with 

cryo-EM confirmed TMEM106B filaments were evaluated by SDS– polyacrylamide gel 

electrophoresis (PAGE). Immunoblotting with the TMEM106B core antibody detected a 

29-kDa species and full-length TMEM106B (FL) in some cases. (D) Sarkosyl-insoluble 

fractions from FTLD-TDP [n = 2, both also shown in (B) and (C)] and AD (n = 2) 

were incubated in the presence or absence of PNGase (peptide N-glycosidase F) to induce 

deglycosylation, followed by immunoblotting for TMEM106B to demonstrate that the 29-

kDa TMEM106B species is glycosylated.
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Fig. 2. TMEM106B core deposition associates with risk haplotype.
(A) The sarkosyl-insoluble fraction was extracted from the frontal cortices of patients 

with FTLD-TDP (n = 292 total: 129 CC, 136 CG, and 27 GG) and separated by 

SDS-PAGE (top). In addition, the radioimmunoprecipitation assay (RIPA)–soluble fraction 

from the frontal cortices of FTLD-TDP patients (n = 16 total: 8 CC and 8 GG) was 

separated by SDS-PAGE using cold conditions to visualize both dimeric and monomeric 

forms of TMEM106B (bottom). Immunoblotting was performed using TMEM106B 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (RIPA-soluble fraction only) 
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antibodies. (B) Quantification was performed on the 29-kDa TMEM106B-positive fragment 

(A, top). Data presented as means ± SEM, with statistical analysis performed using a 

one-way ANOVA with Dunn’s multiple comparisons (****P < 0.0001). (C) Quantification 

was performed on full-length TMEM106B dimer (left) and monomer (right), using GAPDH 

to control for protein loading [immunoblots presented in (A, bottom)]. Data presented as 

means ± SEM, with statistical analysis performed using a Student’s t test (**P < 0.01). ns, 

not significant; A.U., arbitrary units. (D) Schematic diagram of the TMEM106B protein 

illustrating the N-terminal domain, transmembrane domain (TM), and C-terminal fibril core. 

Location of peptide sequences identified by mass spectrometry are depicted. (E and F) 

Quantification of N-terminal (E) or C-terminal (F) peptides mapped to the TMEM106B 

protein demonstrate abundance in the sarkosyl-insoluble fraction of FTLD-TDP cases 

stratified by rs3173615 genotype. Fifty-four cases were processed for mass spectrometry. 

The N-terminal peptide was detected in 19 CC, 15 CG, and 6 GG cases and was not detected 

in 14 cases. The C-terminal core domain peptide was detected in all cases (n = 24 CC, 22 

CG, and 8 GG). Statistical analysis performed using the Kruskal-Wallis test with Dunn’s 

multiple comparisons (*P < 0.05). (G and H) Regression analysis of N-terminal (G) or 

C-terminal (H) peptides with 29-kDa TMEM106B fragment quantification by immunoblot.
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Fig. 3. Insoluble TMEM106B interactome gives mechanistic insight into the role of TMEM106B 
deposition in disease pathogenesis for FTLD-TDP.
(A) Volcano plot of significantly enriched proteins that coimmunoprecipitated with 

TMEM106B from the sarkosyl-insoluble P3 fraction of nine FTLD-TDP CC/TT185 cases. 

Those with an adjusted P < 0.05 (cutoff marked by dashed line) are highlighted in red. 

(B and C) Top 10 GO Biological Process (B) and KEGG pathways (C) of significant 

hits in (A), sorted by fold enrichment. (D) STRING diagrams depicting proteins in the 

“endocytosis,”“ribosome,” and “pathways of neurodegeneration” KEGG pathways. Markov 
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clustering (granularity/inflation parameter = 3) was used to visualize proteins with well-

characterized functional relations in each pathway.
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Table 1.
Patient characteristics in cohort with TMEM106B rs3173615 SNP status.

The sample median (minimum, maximum) is given for continuous variables, and number of cases 

(percentages) is provided for categorical variables. Information was unavailable regarding age at onset and 

survival after symptom onset (n = 22).

Characteristic FTLD-TDP (N = 228)

Sex (female) 106 (46.5%)

Age at onset (years) 64.72 (39.98, 86.49)

Survival after onset (years) 8.00 (1.00, 25.00)

Age at death (years) 74.16 (49.98, 99.56)

TMEM106B rs3173615

CC/TT185 106 (46.5%)

CG/TS185 104 (45.5%)

GG/SS185 18 (7.9%)
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Table 3.
Patient characteristics in the FTLD-TDP postmortem cohort.

RIN, RNA integrity number in the frontal cortex; tSTMN2 RNA, truncated STMN2 RNA concentration in the 

frontal cortex; pTDP-43 protein, phosphorylated TDP-43 protein concentration in the frontal cortex. The 

sample median (minimum, maximum) is given for continuous variables, and number of cases (percentages) is 

provided for categorical variables. information was unavailable regarding age at onset (n = 21), survival after 

symptom onset (n = 21), age at death (n = 1), sex (n = 1), RIN (n = 69), pTDP-43 protein (n = 39), tSTMN2 
RNA (n = 55), and TDP-43 subtype (n = 1).

Characteristic FTLD-TDP (N = 292)

Sex (female) 139 (47.60%)

Age at onset (years) 65 (39.98, 89.62)

Survival after onset (years) 7.00 (0.61, 25.0)

Age at death (years) 72.57 (44.47, 99.56)

Motor neuron disease co-occurence 76 (26%)

 TMEM106B rs3173615

CC/TT185 129 (44.2%)

CG/TS185 136 (46.6%)

GG/SS185 27 (9.2%)

TDP-43 subtype

 A 150 (51.4%)

 B 84 (28.8%)

 C 57 (19.5%)

RIN 9.50 (6.10, 10)

pTDP-43 protein 4451 (173.5, 37109)

29-kDa TMEM106B protein 18.59 (0.0, 470.6)

tSTMN2 RNA 560.4 (8.18, 5210)
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