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SUMMARY

Genetic variants in TMEM106B, coding for a transmembrane protein of unknown function, have been iden-
tified as critical genetic modulators in various neurodegenerative diseases with a strong effect in patients
with frontotemporal degeneration. The luminal domain of TMEM106B can form amyloid-like fibrils upon pro-
teolysis. Whether this luminal domain is generated under physiological conditions and which protease(s) are
involved in shedding remain unclear. We developed a commercially available antibody against the luminal
domain of TMEM106B, allowing a detailed survey of the proteolytic processing under physiological condi-
tions in cellular models and TMEM106B-related mouse models. Moreover, fibrillary TMEM106B was detected
in human autopsy material. We find that the luminal domain is generated by multiple lysosomal cysteine-type
proteases. Cysteine-type proteases perform additional C-terminal trimming, for which experimental evi-
dence has been lacking. The presented results allow an in-depth perception of the processing of
TMEM106B, a prerequisite to understanding factors leading to fibril formation.

INTRODUCTION

The dysfunction of lysosomes as organelles for the catabolic
turnover of macromolecules, including proteins and protein
aggregates, has been recognized as a critical component in
various neurodegenerative diseases."” Furthermore, current
genetics have identified numerous genes coding for lysosomal
proteins whose dysfunction directly causes neurodegenerative
diseases or modulates disease risk.' Genome-wide association
studies have identified single-nucleotide polymorphisms (SNPs)
in TMEM106B (coding for a lysosomal membrane protein) as a
critical disease modifier in frontotemporal lobar degeneration
(FTLD).>® This effect is most pronounced in patients with het-
erozygote GRN mutations (leading to progranulin haploinsuffi-
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ciency): in these patients, TMEM106B SNPs, including the cod-
ing variant (rs3173615; p.T185S), are protective and reduce
the risk of developing disease. Moreover, genetic variants in
TMEM106B were additionally identified as genetic risk factors
for chronic traumatic encephalopathy,’ hippocampal scle-
rosis,®? limbic-predominant age-related TDP-43 encephalopa-
thy,? and, more recently, Alzheimer’s disease. '’ Besides modu-
lating disease risk in more common age-related dementias, a
dominant mutation in TMEM106B is a monogenic cause for a
rare form of hypomyelinating leukodystrophy.’' How genetic
variants in a single gene can modulate such a variety of different
diseases remains elusive.

TMEM106B is a type Il transmembrane protein localized in
the membrane of late endosomes and lysosomes,’? and its
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physiological function is currently unknown. It contains a 96
amino acid (aa)-long amino (N)-terminal cytoplasmic tail with
no predicted secondary structure, an integral transmembrane
segment (aa 97-117), and a carboxy (C)-terminal luminal domain
(aa 118-274) that contains five predicted N-glycosylation sites
that are all occupied by complex and high-mannose-type N-gly-
cans.'? The crystal structure of the luminal domain was solved
and revealed a compact fibronectin type Il domain, a ubiquitous
7-bladed B sandwich fold closely related to immunoglobulin do-
mains.'® This fibronectin fold is very common, and its function
cannot be directly predicted from the crystal structure. However,
the structure closely resembles late embryogenesis abundant-2
(LEA-2) proteins, which play a role in plant desiccation tolerance
and might function as lipid transfer proteins.'

TMEM106B was previously shown to undergo proteolysis
upon overexpression, generating an N-terminal fragment, which
is a substrate for intramembrane proteolysis upon co-overex-
pression of the intramembrane protease SPPL2A."® However,
evidence for the generation of the luminal domain was indirect,
and experimental evidence for the luminal domain or its turnover
could not be provided.'®

A breakthrough in TMEM106B-related research was recently
achieved when independent studies showed that the C-terminal
luminal domain of TMEM106B can form amyloid-like fibrils in the
brains of patients with tauopathies, synucleinopathies, 3-amyloid-
oses, progressive supranuclear palsy, and TDP-43 proteinopa-
thies (FTLD-TDP) as well as elderly individuals without a diagnosis
of neurodegenerative disease by cryo-electron microscopy (cryo-
EM).'5"® However, whether the fibrils are causative by modulating
the genetic disease risk or merely bystanders or modulators to the
disease remains to be elucidated. TMEM106B fibrils were found in
three different folds that all had in common that they covered part
of the luminal domain starting with serine 120 (which is buried
within the filament core), they contained four N-glycans, and the
very C-terminal aa of the fibril core was glycine 254. Whether the
last C-terminal 20 aa were cleaved off or disordered and flexible
and therefore not resolved by cryo-EM remained unclear.'®'®

Besides its central disease-modulating function in neurodegen-
erative diseases, TMEM106B was identified as a critical host fac-
tor in SARS-CoV-2 infection.'®" Independent genome-wide
CRISPR-Cas9 knockout (KO) screens identified TMEM106B as
an essential host gene for infection, at least in a subset of cell lines.
Later, TMEM106B was identified as a receptor mediating ACE2-
independent SARS-CoV-2 cell entry.'® By employing cryo-EM,
the luminal domain of TMEM106B was shown to engage the
receptor-binding motif of the SARS-CoV-2 spike protein, thereby
allowing cell entry independently of ACE2."

Together, these findings highlight the importance of TMEM106B,
particularly in disease conditions, and the need to comprehen-
sively understand the biosynthesis, proteolytic processing/
maturation, and function both under physiological and patho-
physiological conditions like neurodegenerative diseases and
aging or SARS-CoV-2 infections.

So far, many critical questions regarding TMEM106B biology
remain unanswered: is the proteolysis of the luminal domain a
physiological process? Which protease(s) are endogenous
sheddases (i.e., proteases that release the luminal domain)?
Where does proteolysis occur? Is proteolysis affected by the
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variants in TMEM106B? Is the lack of the last ~20 aa in the fibrils
due to additional C-terminal proteolysis? The lack of antibodies
detecting the luminal domain made it difficult to answer most
of these questions. Here, we introduce a commercially available
monoclonal antibody against the luminal domain of TMEM106B
that allows a comprehensive analysis of the biosynthetic and
proteolytic steps and the detection of fibrillary TMEM106B.
We found that the formation of the luminal domain is a physio-
logical process in mice and human cells, identified lysosomal
cysteine-type cathepsin proteases as physiological sheddases,
and found no evidence of an involvement of SPPL2A in the pro-
teolysis of TMEM106B. Genetic variants like the “protective
SNP” in TMEM106B did not affect the generation of the luminal
domain, but interestingly, TMEM106B shows a different pro-
cessing pattern in the brains of Grn KO mice (but not haploinsuf-
ficient human GRN carriers), suggesting an interesting direct link
between these two genetic FTLD risk factors. The antibody de-
tects the physiological luminal domain in human autopsy brain
tissues and, moreover, detects fibrillary TMEM106B by immu-
noblot and immunohistochemistry.

RESULTS

The luminal domain of TMEM106B is generated under
physiological conditions

In the course of extensive testing of commercially available anti-
bodies against the luminal domain of TMEM106B (Figure 1A), we
identified a monoclonal antibody (Synaptic Systems, clone #SY-
118C4) that specifically detects human and mouse TMEM106B
at the endogenous level. Immunoblot analyses of wild-type and
TMEM106B KO Hela cell lysates and wild-type and Tmem106b
KO mouse brain lysates revealed the detection of the full-length
protein at ~40 kDa as two bands migrating close to each other.
Both bands are absent in the corresponding KO lysates (Fig-
ure 1B). Moreover, a diffuse band corresponding to the luminal
domain was detected around 25 kDa (mouse brain), in line with
the extensive N-glycosylation and possibly additional posttrans-
lational modification(s), like further proteolytic trimming. These
data indicate that the luminal domain is generated under physio-
logical conditions to a significant amount (assuming the mono-
clonal antibody recognizes both the full-length protein and
luminal domain with comparable affinities). The luminal domain
was detected at a slightly higher molecular weight in HelLa cells
as a rather sharp double band at ~25-35 kDa (Figure 1B). It
was also detected in all tested peripheral mouse tissues, with
slight molecular weight differences between tissues (Figure S1A).
Analysis of brain lysates from mice of different ages revealed no
major changes in the ratio between the full-length protein and
the luminal domain (Figure S1B). Ectopic expression of the
mouse or human TMEM106B cDNA in TMEM106B KO HelLa
cells showed similar detection of TMEM106B of both species,
which is expected due to the high similarity of the immunization
peptide and the overall high degree of conservation (Figure 1C).
Notably, the molecular weight of the luminal domain was compa-
rable, suggesting that the difference observed between Hela
cells and the mouse brain (Figure 1B) is not due to differences
in the TMEM106B sequence but the cellular context. We used
density-gradient-based subcellular fractionation of the mouse
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Figure 1. The luminal domain of TMEM106B is generated under physiological conditions

(A) Schematic representation of the topology of TMEM106B. The epitope regions of the antibodies against the cytoplasmic N terminus and the luminal domain
(epitope: residues 239-252 of human TMEM106B, clone #118C4) are indicated.

(B) Immunobilot analysis of lysates of wild-type and TMEM106B KO Hela cells and wild-type and Tmem106b KO mouse brains with the indicated TMEM106B-
specific antibodies. GAPDH is shown as a loading control. The double band corresponding to full-length TMEM106B is marked with two arrowheads.

(C) Immunoblot of lysates from untransfected TMEM106B KO Hela cells and cells transfected with plasmids coding for untagged human (hnTMEM106B) and
murine (MTMEM106B) TMEM106B.

(D) Immunoblot of fractions from lysosome enrichment of the mouse liver (PNS, postnuclear supernatant; M/L, mitochondria+lysosomes enriched) with anti-
bodies against the luminal domain of TMEM106B, CTSD, and GAPDH.

(E) Immunoblot of fractions (total lysates, soluble proteins, membrane proteins) from ultracentrifugation-based membrane separation (cell lysis followed by
100,000 x g ultracentrifugation) of wild-type Hela cells (left) and wild-type mouse brain (right) with antibodies against the luminal domain of TMEM106B, GAPDH
as a soluble protein, and LAMP2 (left) or LAMP1 (right) as an integral transmembrane proteins.

(F) Immunoblot analysis of lysates from wild-type Hela cells with antibodies against the N terminus of TMEM106B (left) or the luminal domain (right). LA&mmli
lysates were denatured at 95°C or 4°C (as indicated) to detect the putative TMEM106B dimer. GAPDH is depicted as a loading control. * denotes an unspecific
band.

(G) Immunoblot analysis of two technical replicates of iPSCs differentiated to NPCs and MNs with antibodies against the luminal domain of TMEM106B. TUJ1 and
GAPDH are shown as differentiation markers and a loading control, respectively. Quantifications of the signal intensity of the TMEM106B luminal domain and the
ratio between full-length TMEM106B/TMEM106B luminal domain are depicted.

liver and analyzed the different fractions (postnuclear superna-
tant [PNS], mitochondria+lysosome enriched [ML], lysosome-
enriched fractions) with the antibody against the TMEM106B
luminal domain (Figure 1D). Notably, in lysosomes, the luminal
domain was detected much stronger than the full-length protein,
suggesting that a high proportion of TMEM106B undergoes
shedding and that the luminal domain is the predominant form
in lysosomes.

After shedding, the luminal domain does not contain a trans-
membrane segment and is presumed to be soluble. To test this
experimentally, we applied ultracentrifugation-based membrane
fractionation of detergent-free homogenates of HelLa cell lysates
and mouse brain lysates to separate membrane-bound and sol-
uble proteins (Figure 1E). Immunoblotting with antibodies against
GAPDH, as a marker for soluble proteins, and LAMP1/LAMP2 for
integral transmembrane proteins, validated the separation of
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Figure 2. Proteolytic processing and shedding depend on lysosomal acidification and cysteine-type lysosomal proteases but not SPPL2A
(A and B) Immunoblot analysis of lysates of wild-type and TMEM106B KO Hela cells re-transfected with wildtype TMEM106B and treated with inhibitors for
lysosomal acidification (Chloroquine, Bafilomycin A1, NH,CI) (A) or with different protease inhibitors (E64D, pepstatin A, leupeptin) (B) with an antibody against the
luminal domain of TMEM106B. The (full-length) double band is shown for the with a shorter exposure time. GAPDH is shown as a loading control. Quantification of
the signal intensity of the luminal domain/full-length protein ratio is depicted. Data are means + SEM. Two-tailed unpaired Student’s t tests: **p < 0.01 and ***p <
0.0001.

(C) Immunobilot analysis of lysates of wild-type and TMEM106B KO HelLa cells re-transfected with wild-type TMEM106B and treated with (Z-LL), ketone (40 uM),
an inhibitor for SPP/SPPL proteases.

(D) Immunoblot analysis of lysates of wild-type Spp/2a KO mouse brains with the TMEM106B-specific antibodies. SPPL2A immunoblot is shown for KO vali-
dation. GAPDH is shown as a loading control. A quantification of the signal intensity of the luminal domain/full-length protein ratio is depicted. Data are means +
SEM. Two-tailed unpaired Student’s t tests: ns p > 0.05.

(legend continued on next page)
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membranes and soluble proteins. Full-length TMEM106B was
quantitatively recovered in the membrane fractions, as ex-
pected. Surprisingly, the luminal domain was only partially in
the soluble protein fraction but significant amounts were still de-
tected in the membrane fraction. This might be suggestive of in-
teractions with membranes, e.g., in the form of homo- or hetero-
dimers with membrane-bound TMEM106B or TMEM106G***°
or other membrane interactions (Figure 1E). Which domains of
TMEM106B (N terminus, transmembrane, or luminal domain)
dimerize remains unknown. To experimentally test if the released
luminal domain (lacking the N terminus and the transmembrane
segment) alone dimerizes, we tested conditions under which
an SDS-resistant TMEM106B dimer is detectable®® at ~75 kDa
(Figure 1F). While the dimer was robustly detectable with both
antibodies against the N terminus and the luminal domain, and
the (monomeric) luminal domain was detectable, no additional
TMEM106B-specific band (corresponding to a putative dimer
of the luminal domain) appeared, suggesting that only the full-
length protein, but not the luminal domain, forms SDS-resistant
dimers. The data suggest that the transmembrane segment
or the cytoplasmic N terminus facilitates the dimerization.
Finally, we analyzed the proteolytic processing of TMEM106B
in a more relevant cell type and differentiated human induced
pluripotent stem cells (iPSCs) to neural progenitor cells (NPCs)
and differentiated motor neurons (MNs) and analyzed lysates
by immunoblot (Figure 1G). While the levels of full-length
TMEM106B increased ~3.5-fold over the differentiation to
MNs, we observed substantial amounts of the luminal domain,
suggesting that TMEM106B proteolysis is of major relevance in
neurons. The ratio between the full-length protein and the luminal
domain changed only marginally. We conclude that TMEM106B
shedding occurs to a significant degree under physiologic condi-
tions in human neurons.

Lysosomal cysteine-type proteases, but not SPPL2A,

are physiological TMEM106B sheddases

Next, we analyzed the effect of pharmacological treatments lead-
ing to reduced lysosomal acidification (chloroquine, NH,Cl, Bafi-
lomycin A1 [BafA1]) on the proteolytic processing of TMEM106B.
TMEM106B KO HelLa cells were transfected with a plasmid cod-
ing for untagged TMEM106B in the absence or under conditions
of the inhibitor treatment, harvested, and analyzed by immuno-
blot (Figure 2A). While the luminal domain was robustly detected
in untreated cells, the proteolysis was nearly completely inhibited
upon treatment with all three drugs. Notably, the double band at
~42/44 kDa shifted entirely to the upper 44 kDa band, suggesting
the inhibition of an additional proteolytic event, like C-terminal
trimming. In a similar experimental setup, we tested different
protease inhibitors (E64D, pepstatin A, leupeptin) regarding their
effect on TMEM106B processing (Figure 2B). E64D is a mem-
brane-permeable cysteine-type protease inhibitor; pepstatin A
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inhibits aspartic proteases, and leupeptin inhibits serin- and
cysteine-type proteases. While E64D and leupeptin efficiently in-
hibited the formation of the luminal domain, pepstatin A had no
such effect. Only leupeptin inhibited the formation of the luminal
domain plus partially the conversion of the double band toward
the upper band, suggesting that cysteine-type protease(s) are
critical for the release of the luminal domain (shedding) and addi-
tional non-E64D-inhibitable protease(s) contribute to the conver-
sion of the 44 kDa to the 42 kDa band.

SPPL2A was previously shown to degrade an N-terminal frag-
ment of TMEM106B, '° and more recently, SPPL2A has proven to
act as a non-canonical sheddase for the transmembrane protein
substrate tumor necrosis factor alpha (TNF-o),”* making it a
prime candidate for TMEM106B shedding. To analyze the contri-
bution of SPPL2A to TMEM106B processing, we treated cells
with the peptide-based SPPL/SPPL-type protease inhibitor
(Z-LL), ketone.?® Newly, under inhibitor conditions synthesized,
re-transfected TMEM106B in TMEM106B HelLa KO cells was
analyzed by immunoblot (Figure 2C). (Z-LL), ketone treatment
did not affect the shedding of TMEM106B, nor did we observe
the accumulation of N-terminal fragments as described before. '
In an independent experimental setup monitoring endogenous
TMEM106B, we analyzed brain lysates from Spp/2a KO?° and
age-matched wild-type mice with antibodies against the luminal
domain and the N terminus of TMEM106B by immunoblot (Fig-
ure 2D). No differences could be observed between the two
experimental cohorts regarding the formation of the luminal
domain, and even more critically, no N-terminal fragment result-
ing from impaired intramembrane proteolysis could be detected,
suggesting that SPPL2A does not play a relevant role in the
physiological proteolytic processing of TMEM106B, neither by
unconventional shedding nor the degradation of N-terminal frag-
ments. Sppl2a/b double-KO mice®® similarly showed no accu-
mulation of an N-terminal fragment and only a modest decrease
in the luminal domain (Figure S2), excluding that SPPL2B can
functionally compensate for the loss of SPPL2A. These data, in
summary, suggest that SPPL2A/B play only a very minor role
in the shedding of TMEM106B, if any at all.

Given the lack of a major effect of SPPL2A/SPPL2B defi-
ciency on TMEM106B processing and the lack of specificity of
the used protease inhibitors toward individual proteases, we
next tested the lysosomal proteolysis of TMEM106B in HelLa
KO cells for individual lysosomal soluble proteases (CTSB,
CTSL, CTSZ, CTSD, LGMN) and multiple lysosomal proteases
(CTSB/D/L/Z/ILGMN; CTSB/D/Z/L and CTSB/D/L) (Figure 2E).
Detection of endogenous TMEM106B revealed the generation
of the luminal domain as two distinct bands with subtle differ-
ences in the ratio between the two distinguishable bands in in-
dividual protease-deficient cell lines and the double band of
the transmembrane form, which might be explained by clonal
differences between the cell lines or indirect effects of the

(E) Immunoblot analysis of wild-type and Lgmn KO mouse brain lysates with the TMEM106B luminal-domain-reactive antibody. CTSD immunoblot is shown for
KO validation. GAPDH is shown as a loading control. A quantification of the signal intensity of the luminal domain/full-length protein ratio is depicted. Data are
means + SEM. Two-tailed unpaired Student’s t tests: ns p > 0.05 and *p < 0.05.

(F) Immunoblot analysis of lysates of wild-type, individual lysosomal protease KO, and multiple protease KO HelLa cells with the TMEM106B luminal-domain-
reactive antibody. Immunoblots with antibodies against CTSD, CTSB, CTSZ, and CTSL are shown for protease KO confirmation. GAPDH is shown as a loading

control.
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Figure 3. Lysosomal proteases proteolytically trim the C terminus of TMEM106B

(A) Schematic representation of the epitope for the C-terminus-specific antibody.

(B) Immunoblot analysis of lysates of wild-type Hela cells, TMEM106B KO Hela cells, TMEM106B KO Hela cells re-transfected with wild-type TMEM106B, and
the TMEM106B p.D256N mutant with the indicated TMEM106B-specific antibodies. GAPDH is shown as a loading control.

(C) Immunobilot analysis of two technical replicates of iPSCs differentiated to MNs with the indicated antibodies for endogenous TMEM106B. GAPDH is depicted
as a loading control.

(D) Crystal structure of TMEM106B (PDB: 8B7D). The last crystallized C-terminal nine aa (p.S159-p.Leu168) are highlighted in red. The remaining 13 C-terminal
aa, GQSEYLNVLQPQQ, were not resolved in the crystal structure.

(E) Immunofluorescence staining of TMEM106B KO Hela cells re-transfected with untagged TMEM106B and stained treated with or without chloroquine with
antibodies against the TMEM106B C terminus (magenta, left) or the N terminus (magenta, right). LAMP1/2 are depicted in green and nuclei with DAPI in blue. The

(legend continued on next page)
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proteases on each other. In contrast, in cells deficient in the
major lysosomal proteases (CTSB/D/L/Z/LGMN), the luminal
domain was undetectable, revealing that the conversion of the
upper band to the lower band of the full-length proteins was
also inhibited. In lysates from cells deficient for four (CTSB/D/
Z/L) or three (CTSB/D/L) lysosomal proteases, we only detected
the upper band of the luminal domain, but both bands for the
full-length protein were present. These results, in summary,
suggest that different lysosomal cysteine/aspartic peptidases
are physiological TMEM106B sheddases, and lysosomal prote-
ases catalyze the conversion of the upper to the lower band of
the double band of full-length TMEM106B. The analysis of brain
lysates from KO mice for legumain (previously shown to be
modulated by progranulin/granulins®’) revealed a modest in-
crease in the levels of the luminal domain of TMEM106B and,
interestingly, a slight shift toward a higher-molecular-weight
form (Figure 2F). CTSD, a substrate of legumain, was not pro-
cessed to its double-chain form. These data rule out that legu-
main alone is the physiological TMEM106B sheddase.

TMEM106B is proteolytically trimmed at the C terminus

The TMEM106B fibril cryo-EM structures cover only parts of the
luminal domain from p.S120 to p.G254. While p.S120 is buried
within the fibril core, p.G254 is free, and it is unclear from the
cryo-EM if the remaining 20 C-terminal residues are flexible or
cleaved off by proteolysis.'®'®2° To address this question exper-
imentally, we generated a monoclonal antibody against the very C
terminus of TMEM106B (synthetic peptide antigen correspond-
ing to residues 259-274 of human TMEM106B) (Figure 3A). The
specificity of the antibody was validated in wild-type and
TMEM106B KO Hela cells, which we re-transfected with wild-
type TMEM106B or a deletion construct lacking aa 254-275 (Fig-
ure S3A). We performed immunoblot analyses of untransfected
wild-type HelLacells, TMEM106B KO Hela cells, and TMEM 1068
KO Hela cells re-transfected with wild-type TMEM106B or a
variant in which the last C-terminal N-glycosylation motif is
mutated (p.N256S) with the C-terminus-specific antibody and
antibodies against the luminal domain or the N terminus (Fig-
ure 3B). These experiments revealed the detection of full-length
TMEM106B with the C-terminus-specific antibody as a single
(upper) band and not as a double band as observed with the other
two antibodies, suggesting that the ~42/44 kDa double band cor-
responds to the full-length protein and C-terminally trimmed full-
length protein. Notably, the luminal domain was not detected with
the C-terminus-specific antibody, suggesting cleavage of the C
terminus before or in parallel to shedding. Another interesting
finding with the p.N256S mutant was that both the full-length
TMEM106B and the luminal domain shifted toward a lower mo-
lecular weight (as expected due to the lack of one N-glycan), indi-
cating that p.N256 is stillincluded in the physiologically generated
luminal domain. This is important, given that the last resolved res-
idue inthe cryo-EM of fibrils is p.G254, suggesting either C-termi-
nal trimming of fibrillary TMEM106B that differs from the luminal
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domain generated under physiological conditions or that fibrils
still contain the C terminus but it was not resolved in the struc-
tures. Similar results were observed when analyzing endogenous
TMEM106B in iPSC-derived human MNs, where the C-terminus-
specific antibody detected only the upper band of the 42/44 kDa
doublet and not the shedded luminal domain (Figure 3C). Notably,
the crystal structure of native TMEM106B covered the C terminus
only until residue 261, ® likely because the remaining residues are
too flexible, and it revealed the last ~20 aa as a loosely unstruc-
tured appendage without secondary structure (Figure 3D).

To get insight into where C-terminal cleavage occurs, we re-
expressed TMEM106B in TMEM106B KO Hela cells and per-
formed immunofluorescence staining with and without chloro-
quine or BafA1 treatment (Figures 3E and S3B), which inhibits
the proteolytic conversion of the upper band of the full-length
double band to the lower (Figure 2A). While TMEM106B was de-
tected in an endoplasmic-reticulum-like pattern in untreated
cells, TMEM106B co-localized largely with LAMP1/2 upon in-
hibitor treatment, suggesting that C-terminal trimming occurs
rapidly in lysosomes in untreated cells and that untrimmed
full-length 44 kDa TMEM106B is only stable upon the inhibition
of lysosomal proteases (Figures 3E and S3B). Our data suggest
an ordered sequence of proteolysis events with C-terminal trim-
ming followed by shedding. In lysosomes, the majority of
TMEM106B is found as a C-terminally trimmed luminal domain
released by shedding (Figure 3F).

The protective TMEM106B variant does not affect
shedding, and progranulin deficiency leads to altered
processing of the luminal domain in mouse models

SNPs in TMEM106B are important disease modulators, and one
coding SNP (p.T185S in humans /p.T186S in mice) is protective
in human GRN carriers. How the SNP confers its disease-modu-
lating function is unknown. We therefore tested if the p.T186S
variant altered the proteolytic formation of the luminal domain
(which might be a prerequisite for the formation of TMEM106B
fibrils) by analyzing Tmem106b T186S knockin mice?® and eval-
uated the proteolytic processing of TMEM106B in Grn KO mice
(Figure 4A). In agreement with our previous data, we did not
observe any differences in the levels of full-length TMEM106B
in Tmem106b57%5786 mice compared to the wild type, but
importantly, there were no significant differences in the forma-
tion of the luminal domain, suggesting that shedding is unaf-
fected by the aa exchange. In an independent approach, we
re-transfected the p.T186 variant or the p.S186 variant in
TMEM106B KO Hela cells and performed immunoblot analysis.
Similar to the mouse brain, no major differences in the formation
of the luminal domain could be observed (Figure 4B). Next, we
analyzed brain lysates from Grn KO mice by immunoblot (Fig-
ure 4C). Full-length TMEM106B levels were upregulated (as
described before”), but the luminal domain of TMEM106B
increased to a similar extent to the full-length protein, suggest-
ing no major effect of a progranulin deficiency on the formation

Pearson correlation coefficient between TMEM106B and LAMP1/2 is shown. One-way ANOVA. Data are means + SEM; **p < 0.001 and ***p < 0.0001. A
quantification of the number of cells with a reticular/vesicular staining pattern is depicted.

(F) Schematic representation of the proteolytic processing of TMEM106B according to our experimental results. It is unclear whether additional C-terminal
trimming occurs C-terminal to p.N256 before forming fibrils (fibril structure: PDB: 7SAR; N-glycans depicted as balls).
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Figure 4. The protective SNP in TMEM106B has no effect on the shedding of TMEM106B, and Grn KO mice show alterations in the processing
of the luminal domain of TMEM106B

(A) Immunobilot analysis of brain lysates of wild-type and Tmem106b77865/786S knockin mice (age: 6 months) with the TMEM106B luminal-domain-reactive
antibody. GAPDH is shown as a loading control. A quantification of the signal intensity of the ratio of the luminal domain/full-length protein is depicted. Data are
means + SEM. Two-tailed unpaired Student’s t tests: ns p > 0.05.

(B) Immunoblot analysis of TMEM106B KO Hela cell lysate transfected with plasmids coding for wild-type mouse TMEM106B (mTMEM1 OGBV"T) or the p.S186
variant (MTMEM106B7'8%5) with an antibody against the luminal domain of TMEM106B. GAPDH is shown as a loading control.

(C) Immunoblot analysis of brain lysates of wild-type and Grn KO mice (age: 6 months) with the TMEM106B luminal-domain-reactive antibody. GAPDH is shown
as a loading control. A quantification of the signal intensity of the luminal domain/full-length protein is depicted. Data are means + SEM. Two-tailed unpaired
Student’s t tests: ns p > 0.05 and *p < 0.05.

(D) Immunoblot analysis of tissue lysates of wild-type and Grn KO mice with the TMEM106B luminal-domain-reactive antibody. GAPDH is shown as a loading
control.

(E) Immunobilot analysis of wild-type, TMEM106B KO, and GRN KO Hela cells with an antibody against the luminal domain of TMEM106B. GAPDH is shown as a
loading control.

(F) Immunoblot analysis of brain lysates of wild-type and Tmem106b77865/T786S x Grn KO mice (age: 6 months) with the TMEM106B luminal-domain-reactive
antibody. GAPDH is shown as a loading control. A quantification of the signal intensity of the luminal domain/full-length protein ratio is depicted. Data are means +
SEM. Two-tailed unpaired Student’s t tests: ns p > 0.05 and *p < 0.05.

of the luminal domain. Notably, an additional band with an sates from mice at 4 months (pre-symptomatic) and 12 months
apparent molecular weight of ~28-30 kDa appeared above of age to the same extent and was also detectable in tissues
the diffuse ~25 kDa band(s) typically observed in wild-type brain  other than the brain (lung, kidney) (Figures 4D and S4). Further-
lysates (Figure 4C). This additional band was present in brain ly-  more, the migration pattern of the luminal domain shifted slightly
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toward a lower molecular weight in the lysates of the brain and
other tissues. GRN HelLa KO cells also showed an additional
band for the luminal domain, suggesting a more direct effect
of progranulin on TMEM106B proteolysis (Figure 4E), suggest-
ing a direct or, more likely, an indirect effect of progranulin or
granulins on the processing of TMEM106B and establishing a
biochemical link. Finally, we analyzed brain lysates from Grn
KO mice in the Tmem106b57%¢/5786 packground to test if the ef-
fects on proteolysis are due to the aa (p.T186S) exchange in
TMEM106B (Figure 4F). However, the migration pattern of the
luminal domain was very similar to that of Grn KO mice in the
wild-type Tmem106b background, underscoring that the addi-
tional band is a consistent finding but independent of the
T186S variant.

The luminal domain-reactive antibody detects fibrillary
TMEM106B in the human brain

We then tested the #SY-118C4 commercially available antibody
to see if it also detected the TMEM106B luminal domain in pri-
mary human brain material. First, total brain lysates from healthy
controls, patients with FTLD carrying heterozygous GRN muta-
tions (FTLD-GRN), and patients with FTLD without diagnosed
GRN mutations were analyzed by immunoblot (Figure 5A).
GFAP immunoblotting revealed varying but obvious gliosis in
most cases. Case details are provided in Table S1. Like the
mouse brain, full-length TMEM106B was detected at ~44 kDa,
and the luminal domain was detected as a smear at ~25 kDa,
confirming that a significant amount of TMEM106B undergoes
proteolysis. No major differences were observed between
healthy elderly individuals and FTLD cases (both GRN diagnosed
and non-GRN diagnosed). A sharp band at 44 kDa was detected
only with the C-terminal antibody, not the luminal domain,
which agrees with our cell-based experiments. Next, we tested
whether the antibody recognized fibrillary TMEM106B by immu-
noblot (Figures 5B and 5C). Fibrillary TMEM106B was isolated by
sarkosyl extraction (Figure 5B) and separated by SDS-PAGE, fol-
lowed by immunoblot detection with the luminal domain-reac-
tive- and the C-terminus-specific antibodies (Figure 5C). A sharp
~25 kDa band was detected, in contrast to the diffuse bands of
the luminal domain in total lysates or radioimmunoprecipitation
assay (RIPA) buffer lysates. It has previously been shown that in-
dividuals harboring the protective TMEM106B SNP (rs3173615)
(C>G; p.T185S; C =risk allele, G = protective allele) have a lower
TMEM106B fibril burden,?**° and we tested the antibody in vali-
dated cases.?® Case details are provided in Table S2. Robust
detection of fibrils was observed in 6 cases with the “CC” geno-
type, whereas fibrillar TMEM106B was only robustly detected in
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one case with the "GG" genotype. Notably, no fibrillary sarkosyl-
insoluble TMEM106B was detectable with the C-terminal anti-
body, substantiating the interpretation that the C terminus is
cleaved before fibril formation. In RIPA-soluble lysates from the
same cases, we detected both full-length TMEM106B and the
luminal domain, but even in our small cohort (n = 6 CC/GG),
we already observed significantly less shedding in GG cases,
suggesting a correlation between shedding and fibrillary
TMEM106B. These data are in agreement with previous mass-
spectrometry-based experimental data.”® Notably, in contrast
to the sarkosyl-insoluble fractions, the physiological luminal
domain was detected as a diffuse band, similar to the mouse
brain.

Finally, we tested the #SY-118C4 monoclonal antibody for its
ability to detect TMEM106B by immunohistochemistry on hu-
man brain sections of elderly individuals, given the importance
of diagnostics. The antibody against the luminal domain robustly
detected TMEM106B in these aged cases in a comparable
pattern in glia cells and neurons to the TMEM106B antibody
TMEM239 described before'® (Figure 5D). In neurons, granular
staining (typical for lysosomes) was observed, indicating that,
most likely, both fibrillary and physiological TMEM106B are de-
tected. Full-length TMEM106B (detected with an N-terminus-
specific antibody) was only detected in the granular lysosomal
staining pattern.

DISCUSSION

Our data provide experimental evidence that TMEM106B un-
dergoes two proteolytic processing events: the release of the
luminal domain from its transmembrane form and the cleavage
of a C-terminal peptide of the last <18 C-terminal aa. Notably,
both events occur under physiological conditions. While the
cleavage of the C terminus seems complete, the luminal do-
main’s release might follow a slower kinetic. The conversion of
the type |l transmembrane protein to a soluble domain is strongly
reminiscent of PLD3, another lysosomal type |l transmembrane
protein that is converted to a soluble domain within lysosomes.*'

In our inhibitor experiments, small molecules affecting lyso-
somal acidification (BafA1, NH4CI, chloroquine) entirely pre-
vented the release of the luminal domain, indicating that this
cleavage occurs in acidic compartments/lysosomes. The exact
cleavage site for the release (shedding) remains to be deter-
mined, but the sarkosyl-insoluble fibrils start with p.S120,'5'®
suggesting that the cleavage might occur between aa R119
and S120. A hydrophobic surface patch at the end of the luminal
domain lacking a flexible linker sequence suggests it might be

Figure 5. Formation of the luminal domain in the human brain and detection of fibrillary TMEM106B in sarkosyl-insoluble fractions with the

luminal-domain-reactive antibody

(A) Immunoblot analysis of human brain (frontal cortex) lysates of five control cases, five FTLD-GRN cases, and five cases without FTLDGRN diagnosis with
TMEM106B luminal-domain-reactive antibody and the C-/N-terminus-specific antibodies and an antibody against GFAP. GAPDH is shown as a loading control.
(B) Scheme of the sarkosyl-extraction protocol for TMEM106B fibrils from the human brain.

(C) Immunoblot analysis of Sarkosyl-insoluble fractions with the TMEM106B luminal-domain-specific antibody and the C-terminus-specific antibody (top). RIPA
soluble lysates were probed with the antibody against the luminal domain of TMEM106B. Note: in one case, no sarkosyl-insoluble material was available (#11). A
quantification of the signal intensity for the luminal-domain-specific antibody is given. Data are means + SEM. Two-tailed unpaired Student’s t tests: *p < 0.05.
(D) Immunohistochemical staining of the frontal cortex of human subjects with antibodies against the luminal domain of TMEM106B (Synaptic Systems, luminal
domain; left), TMEM239 (middle), and the N terminus (right). BBNE, BrainNet Europe.
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positioned close to the membrane.'® In this regard, TMEM106B
differs from PLD3, which has a long, flexible linker.*> Moreover,
it was speculated that this hydrophobic patch in TMEM106B
might not be accessible by lysosomal proteases and that
shedding occurs non-canonically.'® Therefore, we tested if the
intramembrane protease SPPL2A might be responsible for
TMEM106B shedding. SPPL2A mainly cleaves as an intramem-
brane protease within transmembrane segments of type Il pro-
teins®>*® and was shown before to cleave an N-terminal fragment
of TMEM106B."® More recently, it was also shown that SPPL2A
can act as a non-canonical sheddase for TNF-a,°* making it a
prime candidate for TMEM106B shedding. However, shedding
was unimpaired in brain lysates of Spp/l2a KO mice and (Z-LL),
ketone-treated cells, ruling out that SPPL2A is a critical or essen-
tial physiological TMEM106B sheddase. The additional KO of
Sppl2b (Sppl2a/Sppl2b double-KO mice) had only a very limited
effect with a subtle decrease of the luminal domain, which is likely
secondary. Moreover, we did not detect any accumulating N-ter-
minal fragments with an antibody against the N terminus of
TMEM106B on the endogenous level, making the contribution
of SPPL2A (and possibly SPPL2B) to the processing of
TMEM106B, at least under physiological conditions, question-
able. The absence of the TMEM106B N-terminal fragment may
be explained by the fact that the performed analysis shows
“steady-state” N-terminal fragment levels, which depend on
both the production and the degradation rates. Dynamic experi-
ments, e.g., pulse-chase experiments, would be needed to fully
exclude SPPL2s as TMEM106B-processing enzymes. Our data
also highlight that the N terminus is likely rapidly degraded,
e.g., by an endosomal sorting complexes required for transport
(ESCRT)-dependent mechanism. It should also be noted that
N-terminal proteolysis was previously mainly analyzed upon the
overexpression of TMEM106B, a condition that causes drasti-
cally enlarged, aberrant endo-/lysosomal compartments repre-
senting highly artificial, non-physiological conditions.'®

Our experiments in cathepsin-deficient cells revealed an almost
complete abrogation of shedding in cells deficient in CTSB,
CTSD, CTSL, CTSZ, and LGMN and strongly reduced in cells
lacking only four lysosomal proteases. Although we cannot
entirely rule out an indirect effect of the cathepsins on another
yet-unidentified protease, our data suggest that soluble lyso-
somal cysteine-type proteases are physiological sheddases of
TMEM106B and can functionally compensate for each other.
The data also suggest they can access and cleave next to the hy-
drophobic patch.

Our data highlight the critical acidic pH of lysosomes for
shedding. Lysosomal pH was shown to be elevated in other
neurodegenerative diseases, including Alzheimer’s disease®
or progranulin deficiency in a mouse model.*> Moreover, gen-
eral lysosomal dysfunction has been observed in various neuro-
degenerative diseases and might negatively affect the shedding
of TMEM106B. Future studies should address how far the shed-
ding/proteolysis of TMEM106B is affected under such condi-
tions and if possibly impaired TMEM106B shedding contributes
to disease.

A very interesting finding from our study was experimental ev-
idence of the proteolysis of a C-terminal peptide of TMEM106B.
Like shedding, C-terminal trimming could be entirely prevented
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by pharmacologically inhibiting lysosomal acidification and the
protease inhibitor leupeptin, and it was absent in cells deficient
for the major lysosomal cathepsins. So far, whether this proteo-
lytic cleavage occurs at all or under physiological conditions has
been unclear. We detected the transmembrane-domain-con-
taining TMEM106B regularly as a double band, as described
before,'? suggesting that these correspond to the full-length
transmembrane proteins with and without the very C-terminal
aa stretch. Moreover, it was shown before that this doublet is
not due to differential N-glycosylation.’” From the cryo-EM
studies of TMEM106B fibrils, it became evident that the last
aa of the fibril core was p.G254. Notably, p.G254 is solvent
exposed (Figure 3E). While two studies speculated that the
C-terminal 20 residues (including the N-glycosylated N256)
outside the core are probably disordered,'”"'® another study
suggested these last aa to be additionally removed by proteol-
ysis.'® Our data experimentally confirm this assumption, as
the C-terminus-specific antibody could not detect sarkosyl-
insoluble TMEM106B fibrils.

The last ~20 C-terminal aa of TMEM106B are not part of the
native globular folded immunoglobulin-like domain and could not
be crystalized/could only be crystallized up to aa L261 in a struc-
ture determination approach of the luminal domain, suggesting
high flexibility.'® This flexibility presumably makes the C terminus
highly susceptible to cleavage by lysosomal cathepsin proteases.
However, one crucial finding with our antibody against this very
C-terminal peptide revealed that it does not detect the released
luminal domain, suggesting that the C-terminal trimming precedes
shedding. This finding is in good agreement with detecting the
double band corresponding to full-length TMEM106B and the
C-terminally trimmed transmembrane form. Another important
finding was that at least p.N256 is still part of the native luminal
domain, as a p.N256A mutant revealed a clear shift of the luminal
domain toward a lower molecular weight due to the lack of one
N-glycan. It could not be ruled out that the p.N256A mutation, how-
ever, might alter the cleavage. These results suggest that further
C-terminal trimming of the luminal domain occurs before fibril for-
mation or that the fibrils might still contain additional disordered
C-terminal aa, as speculated by Jiang et al.'” and Schweighauser
et al.’® The exact cleavage site at the C terminus, however,
remains to be determined. While our data indicate that fibrils do
not contain the very C terminus, it remains open to what extent
C-terminal trimming affects the fibril formation or if it is a prerequi-
site. The physiological luminal domain was usually detected (both
in the mouse brain and human brain/cell lines) as a diffuse mixture
of bands of slightly different molecular weights, while the fibrils
were detected as one sharp band, pointing toward additional
modifications before fibril formation, e.g., proteolysis or modifica-
tions of the N-glycans.

So far, it is unknown whether variants in the aa sequence of
TMEM106B modulate the risk for forming fibrils or environmental
factors (activity changes of proteases, pH, etc.). One attractive
hypothesis is that the physiological formation of the luminal
domain is a prerequisite, and higher levels of the luminal
domain also lead to higher amounts of fibrils. Recently, a clear
correlation was found between the TMEM106B genotype for
the protective SNP (p.S185) and the amounts of fibrils.?*°
While p.T185 carriers (corresponding to the CC genotype) had
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extensive levels of fibrillary TMEM106B, p.S185 (GG genotype)
carriers were almost entirely devoid of TMEM106B fibrils,
strongly suggesting the effects of the T/S variant on the forma-
tion of fibrils (Figure 5C). Here, we could directly correlate
the amounts of the native luminal domain with fibrillary
TMEM106B, and our data support the idea that p.T185 is more
prone to shedding. Our data from Tmem106b578%/5786 knockin
mice suggest no major effect of the aa variant on the generation
of the fibrils, and additional work is needed to fully elucidate the
effect on shedding.

Interestingly, we observed an additional TMEM106B-related
band (presumably the luminal domain) in the brain lysates of
Grn KO mice. To the best of our knowledge, this is the first report
showing an effect of progranulin deficiency on TMEM106B
proteolysis. However, whether this additional polypeptide is rele-
vant for the formation of fibrils or pathology in GRN carriers
remains to be determined. In primary brain material from
FTLD-GRN carriers, we did not see any evidence for this addi-
tional band. However, those patients are heterozygous for
loss-of-function GRN mutations and still have one intact allele.
How progranulin deficiency affects TMEM106B proteolysis will
be subject to further investigation.

Limitations of the study

Our data provide compelling evidence that proteolytic process-
ing of TMEM106B is a physiological process. A question that re-
mains to be addressed is which physiological function the
luminal domain has and, moreover, how the non-physiological/
pathological fibrils affect lysosomal function. More work is
needed, e.g., by targeting the luminal domain to lysosomes to
further understand how it affects lysosomal function, e.g., by
inducing lysosomal membrane permeabilization or other critical
lysosomal functions.

A technical limitation of our study is the lack of spatial data,
i.e., the localization of the luminal domain under different condi-
tions by microscopy. The luminal-domain-reactive antibody only
works for immunocytochemistry upon strong, artificial overex-
pression, and additional antibodies are needed to address local-
ization-related questions.

Our genetic experiments suggest that SPPL2s do not play a
critical role in the shedding of TMEM106B or the degradation
of the N-terminal fragment, but a contribution cannot yet be
formally ruled out.

All available antibodies so far likely detect both the physiolog-
ical luminal domain and fibrillary (luminal domain) of TMEM106B,
making a distinction by histology impossible. Fibril-specific anti-
bodies will be critical tools to detect exclusively pathological
fibrillar TMEM106B.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

TMEM106B; luminal domain, This paper Cat#506 017, RRID: AB_3662613
rat monoclonal, clone #SY-118C4

TMEM106B; C-terminal epitope, This paper N/A

rat monoclonal, clone 23A12, rat IgG2b

TMEM239; luminal domain, rabbit polyclonal Gift Manuel Schweighauser N/A

TMEM106B; rabbit monoclonal E7TH7Z Cell Signaling Cat#93334, RRID: AB_2924267
LAMP1, rat monoclonal, clone 1D4B DSHB N/A

LAMP2, mouse monoclonal, clone H4B4 DSHB N/A

LAMP1, rabbit monoclonal, clone D2D11 Cell Signaling Cat#9091, RRID: AB_2687579

GAPDH; mouse mADb, clone 6C5
Cathepsin D, rabbit polyclonal
SPPL2A, rabbit polyclonal

SPPL2B, rabbit polyclonal

TUJ1, mouse monoclonal MO15013
Cathepsin B, goat polyclonal
Cathepsin L, goat polyclonal
Cathepsin Z, goat polyclonal
Cathepsin D, goat polyclonal
Progranulin; rabbit polyclonal HPA008763
GFAP

Santa Cruz Biotechnology
In house

Gift Bernd Schroder
Gift Bernd Schroder
Neuromics

R&D Systems

R&D Systems

R&D Systems

R&D Systems
Sigma Aldrich
Sigma Aldrich

Cat#sc-32233, RRID: AB_627679
N/A

N/A

N/A

Cat#MO15013; RRID: AB_2737114
Cat#AF953, RRID: AB_355738
Cat#AF952, RRID: AB_355737
Cat#AF934, RRID: AB_2087676
Cat#AF1014, RRID: AB_2087218
Cat#HPA008763, RRID: AB_1850339
Cat# G3893, RRID: AB_477010

Biological samples

Human postmortem brain material London Brain Bank N/A
(cerebral cortex; fresh frozen/Paraffin-embedded)

Human brain material (cerebral cortex, fresh-frozen) London Brain Bank N/A
Human brain material (cerebral cortex, fresh-frozen) Brain Bank for Neurodegenerative N/A

Disorders at Mayo Clinic Florida

Chemicals, peptides, and recombinant proteins

Recombinant Cas9 Synthego N/A
E64D Cayman Chemical Company N/A
Chloroquine Sigma Aldrich N/A
Leupeptine Sigma Aldrich N/A
Pepstatin A Sigma Aldrich N/A
NH,CI Sigma Aldrich N/A
(Z-LL), Ketone Peptanova N/A
Turbofect Thermo Scientific N/A
dorsomorphin homolog 1 (DMH1 R&D Systems N/A
CHIR99021 (GSK-3 inhibitor), #13122 Cayman Chemical Company N/A
Purmorphamine (PMA) Cayman Chemical Company N/A
SB431542 (TGF-B inhibitor) AdooQ BioScience N/A
ROCK Inhibitor StemMACS™ N/A
N-2 Supplement Gibco N/A
Ascorbic acid, #A92902 Sigma Aldrich N/A
Dibutyryl-cAMP, HY-B0764 MedChemTronica N/A
Brain-derived neurotrophic factor (BDNF), #450-02 PeproTech N/A
glia-derived neurotrophic factor (GDNF), #G-240 Alomone Labs N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Retinoic acid, #72264 Stemcell Technologies N/A

Critical commercial assays

Vectastain Elite ABC Kit Peroxidase Vector Laboratories N/A
Experimental models: Cell lines

Hela CLS Cell Lines Service N/A

Human control iPSC line SCTi003-A

Stem Cell Technologies

Cat#SCTi003-A,;
RRID: CVCL_C1W7

Experimental models: Organisms/strains

Tmem106b knockout mice Liiningschrér et al.*® N/A
Sppl2a knockout mice Schneppenheim et al.>® N/A
Sppl2a/Sppl2 double knockout mice Schneppenheim et al.® N/A
Lgmn knockout mice Robinson et al.”” N/A
Grn knockout mice Kayasuga et al.®” N/A
Tmem106b778%S knockin mice Cabron et al.”® N/A
Tmem106b"7%° knockin x Grn knockout mice Cabron et al.”® N/A
Oligonucleotides

CRISPR gRNA TMEM106B #1 UCUUCUUUGCUUGAAUGCAA Synthego N/A
CRISPR gRNA TMEM106B #2 AGUGAAGUCCAUAAUGAAGA Synthego N/A
CRISPR gRNA TMEM106B #3 CUUCCUGUAAAUUCCACAUA Synthego N/A
CRISPR gRNA LGMN GUACCAGUCCCCCAGGUACG Synthego N/A
Recombinant DNA

Untagged human TMEM106B in pcDNA3.1 Hygro (+) This paper N/A
Software and algorithms

GraphPad Prism 9.3.1 GraphPad Software N/A
Imaged 1.46r NIH N/A
Zen 3.2 (Blue edition) Zeiss N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains and animal husbandry
Tmem106b KO mice generated by CRISPR/Cas9 mediated targeted gene disruption were described before.*® The generation of
Sppl2a KO mice and Sppl2a/Sppl2b double KO mice was described before?>?®. Knockin mice containing the Tmem106b S186
variant (Tmem106b77865/71865) and Tmem106b S186 in the Grn KO background (Grn KO x Tmem106b77865/71865) ere described
before.”® Grn KO mice generated by targeted gene disruption were described before.®” Lgmn KO mice were described before.?”
Mice were housed under standard laboratory conditions with a 12-h light/dark cycle and constant room temperature and humidity.
Food and water were available ad libitum. Experimental protocols were approved by the local German authorities (Ministerium fur
Energiewende, Landwirtschaft, Umwelt und landliche Raume, Kiel, IX 552-65/2023 (8-2/23V; Landesdirektion Sachsen, TV vG
5/2023, 25-5131/564/5). Mice of both genders in the C57/BI6 background were used throughout the study. Mice between 3 and
9 months were used.

Human postmortem samples
Postmortem brain samples were obtained from the London Brain Bank and the Brain Bank for Neurodegenerative Disorders at Mayo
Clinic Florida.
Details regarding the human subjects, including age and gender, can be found in the supplemental tables (Tables S1 and S2).
For sarkosyl extraction of TMEM106B fibrils (Table S2), de-identified protein samples from patients with neuropathologically
confirmed frontotemporal dementia (FTD) were used in this study. Patient tissues were originally obtained from the Brain Bank for
Neurodegenerative Disorders at Mayo Clinic Florida. Autopsies were performed after consent by the next-of-kin or someone with legal
authority to grant permission. The Brain Bank operates under protocols approved by the Mayo Clinic Institutional Review Board (IRB).
Postmortem brain material for immunohistochemistry and total brain immunoblots was collected from donors for or from whom a
written informed consent for a brain autopsy and the use of the material and clinical information for research purposes had been ob-
tained by the MRC London Brain Bank for Neurodegenerative Diseases.
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Human induced pluripotent stem cells (hiPSCs)

iPSCs for MN differentiation were purchased from Stem Cell Technologies (SCTi003-A). The cells were originally derived from a
healthy female donor. iPSCs were cultured and expanded in Essential 8 Flex Medium (Thermo Scientific #A2858501) on Matrigel-
coated (1:100) (Corning, 356234) dishes. Cultures with 80%-90% confluency were split 1:5 using ReLeSR reagent (Stemcell Tech-
nologies, #05872). 10 uM ROCK Inhibitor (StemMACS Y27632) was added for 24 h after splitting.

METHOD DETAILS

Antibodies and reagents

Chemicals and antibodies

If not stated otherwise, analytical-grade chemicals were purchased from Sigma-Aldrich (MO, USA). Inhibitors were purchased from
the following companies: E64D (Cayman Chemicals), chloroquine, leupeptin, pepstatin A, NH,ClI (Sigma-Aldrich), (Z-LL), ketone
(Peptanova).

Antibodies targeting the very C terminus of human TMEM106B were generated by immunization of Lou/c rats with an ovalbumin-
coupled peptide corresponding to residues 259-274 of human TMEM106B (YQLGQSEYLNVLQPQQ; Peps4LS, Heidelberg, Ger-
many). A boost injection was given eight weeks later, and spleen cells were fused with myeloma cell line P3 x 63-Ag8.653
(ATCC, American Type Culture Collection) by standard procedures. Hybridoma supernatants were screened in a flow cytometry
assay (iQue, Intellicyt; Sartorius) for binding to biotinylated peptide coupled to streptavidin beads (PolyAN, Berlin). Positive clones
were further validated inimmunoblotting and subcloned by limiting dilution to obtain stable antibody-producing monoclonal cell lines.

The following primary antibodies were used for immunoblotting: TMEM106B luminal domain (rat monoclonal, clone #SY-118C4;
against a synthetic peptide corresponding to residues 239-252 of human TMEM106B: C-HSEQISQERYQYVD; 1:1.000/1.4 ng/mL;
cat. No. 506 017, Synaptic Systems, Gottingen, Germany). TMEM106B C-terminal (rat monoclonal, clone 23A12 against a synthetic
peptide corresponding to residues 259-274 of human TMEM106B), TMEM106B (N terminus) (1:1.000, rabbit monoclonal; E7TH7Z;
Cell Signaling Technology), GAPDH (1:1.000, mouse monoclonal, 6C5/sc-32233; Santa Cruz Biotechnology), mouse CTSD
(1:1.000, rabbit polyclonal custom-made®®), LAMP1 (1:1.000, rat monoclonal, clone 1D4B, Developmental Studies Hybridoma
Bank), LAMP2 (1:1.000 mouse monoclonal, clone H4B4, Developmental Studies Hybridoma Bank), LAMP1 (1:400, rabbit mono-
clonal, clone D2D11, Cell Signaling Technology), SPPL2A (1:1.000, rabbit polyclonal, described before®?), SPPL2B (1:1.000, rabbit
polyclonal, described before®®), GRN (1:1.000, rabbit polyclonal HPA008763, Atlas Antibodies/Merck Sigma-Aldrich), CTSL (1:1.000,
goat polyclonal, AF952, R&D Systems, Minneapolis, USA), CTSD (1:1.000, goat polyclonal, AF1014, R&D Systems, Minneapolis,
USA), CTSZ (1:1.000, goat polyclonal, AF934, R&D Systems, Minneapolis, USA), CTSB (1:500, goat polyclonal, AF953, R&D Sys-
tems, Minneapolis, USA). Horseradish peroxidase (HRP)-coupled secondary antibodies were purchased from Dianova (Hamburg,
Germany) and used in a 1:15.000 dilution.

Expression constructs

The C-terminally tagged human TMEM106B cDNA in the pcDNA3.1 Hygro(+) was described before.'> TMEM106B was amplified by
PCR and cloned with Hindlll and Xbal into the pcDNA3.1 Hygro(+) expression vector for cloning an expression vector without
epitope tags.

Cell lines and CRISPR/Cas9-mediated gene knockout

HeLa cell lines were cultured under standard conditions in full medium (Dulbecco’s modified Eagle Medium (DMEM)) containing 4.5
g/L of D-Glucose and L-glutamine (Thermo Fisher Scientific) and were supplemented with 10% (v/v) fetal bovine serum (FBS) and 1%
Penicillin/Streptomycin. Cells were cultivated in 5% CO, at 37°C TMEM106B CRISPR/Cas9 mediated KO cells (TMEM106B KO)
were generated with CRISPR guide RNAs (“Gene knockout kit”) from Synthego (Redwood City, CA, USA) with the following
sequence: UCUUCUUUGCUUGAAUGCAA, AGUGAAGUCCAUAAUGAAGA, CUUCCUGUAAAUUCCACAUA. CRISPR/Cas9-medi-
ated KO was performed using the Neon Transfection System (Thermo Fisher Scientific): Synthetic CRISPR guide RNAs and recom-
binant Cas9 (Synthego) were electroporated according to the manufacturer’s protocol and recommendations. The next day, after
reaching a 90% confluency, the medium was exchanged, and single-cell clones were generated by dilution-seeding in 96-well plates.
The single clones were expanded for sequencing and KO validation by Sanger sequencing and the Synthego ICE Analysis Tool. The
KO was additionally validated by immunoblot with specific antibodies. Individual cathepsin-deficient HeLa cells and cells deficient for
four proteases (CTSB, CTSL, CTSZ, CTSD) were described previously.’® For the generation of the cell line with an additional legumain
KO of LGMN, the multi CTSB/L/Z/D KO cell line was used, and LGMN was additionally knocked out by CRISPR/Cas9 (guide RNA:
LGMN: GUACCAGUCCCCCAGGUACG) (Synthego, Redwood City, CA, USA).

Differentiation of motor neurons from iPSCs

Motorneurons were differentiated as previously described with few modifications.*’ For neuronal induction, Essential 8 Flex Medium
was supplemented with 10 uM SB431542 (AdooQ BioScience, #A10826-50), 1 uM dorsomorphin homolog 1 (DMH1; R&D Systems,
#4126), 3 tM CHIR99021 (Cayman Chemical Company, #13122), and 0.5 pM Purmorphamine (PMA) (Cayman Chemical Company,
#10009634). On day 2, the medium was changed to neuronal medium supplemented with the same small molecule supplements.
Neuronal medium consisted of Neurobasal medium (Gibco, #21103049), Dulbecco’s modified Eagle’s medium F-12 (DMEM/F-12)
(Gibco, #21331046), MACS NeuroBrew-21 (Miltenyi Biotech, #130-097-263), N-2 Supplement (Gibco, #17502048), 100 pg/mL
Penicillin/Streptomycin/Glutamax (Gibco, #10378016). On day 4, the medium was changed to an expansion medium consisting
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of neuronal medium supplemented with 3 uM CHIR99021 (Cayman Chemical Company #13122), 0.5 uM PMA and 150 uM Ascorbic
acid (AA; Sigma, #A92902). 80%—-90% confluent cells were split and kept in suspension on uncoated dishes. Embryoid Bodies (EBs)
were formed from day 6 on in suspension and were selected and dissociated with a 1 mL pipette. Subsequently, cells were seeded on
Matrigel-coated dishes. The resulting NPCs were split twice a week with Accutase (Thermo Fisher, #07920) and expanded for at least
15 passages to achieve pure NPC cultures. The medium was changed every other day.

For NPC differentiation into MNs, cells were cultured for 9 days in a neuronal medium supplemented with 1 uM PMA. From day 2
onwards, 1 uM Retinoic acid (Stemcell Technologies, #72264) was added to the medium. The medium was changed every other day.
For MN differentiation, the medium was switched after 9 days to neuronal medium supplemented with 10 ng/mL glia-derived neuro-
trophic factor (GDNF) (Alomone Labs, #G-240), 5 ng/mL brain-derived neurotrophic factor (BDNF) (PeproTech, #450-02), and 500 M
dibutyryl-cAMP (dbcAMP; MedChemTronica, HY-B0764).

Transfection of cultured cells

HelLa cells were purchased from CLS Cell Lines Service and used at low passage numbers. Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS; Sigma-Aldrich) and antibiotics (penicillin-
streptomycin) at 37°C in a humidified atmosphere at 5% CO,. Cells were transfected with plasmid DNA using Turbofect (Thermo
Scientific) based on the stable cationic polymer polyethylenimine (PEI). DNA was incubated with Turbofect in a ratio of 1 pg
plasmid-DNA: 2 uL Turbofect for 20 min at room temperature. The solution was dripped onto the adherent cells in DMEM containing
10% FCS. The medium was changed 6 h after the addition of the Turbofect-plasmid complex.

Immunocytochemistry

Immunocytochemistry was performed as previously described.® Briefly, semi-confluent cells were seeded and grown on coverslips
and fixed with 4% (w/v) paraformaldehyde (PFA; Roth) in PBS for 20 min at room temperature. After permeabilization of the cells with
0.2% (w/v) saponin (Roth) in PBS and quenching of PFA-induced fluorescence by the addition of 0.12% (w/v) glycine (Roth) in PBS
containing 0.2% saponin, the cells were blocked for 1 h with 10% FCS in PBS containing 0.2% saponin. Coverslips were incubated
overnight at 4°C with the indicated primary antibodies diluted in PBS containing 0.2% saponin. Fluorophore-conjugated secondary
antibodies (Alexa Fluor 488,; Thermo Fisher Scientific) were added for 1 h at room temperature, followed by embedding of the cov-
erslips in 17% (w/v) Mowiol 4-88 mounting solution (Calbiochem) containing 20 mg/mL 1,4-diazabicyclo[2. 2.2]octane (DABCO;
Sigma-Aldrich) and 5 pg/mL 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for nuclear staining. Images were analyzed using
a Zeiss Axio Observer.Z1/7 Airyscan microscope equipped with a 63 objective. Image acquisition and processing were performed
using Zen 3.1 (blue edition) software (Carl Zeiss Microscopy GmbH, Germany).

Cell- and mouse tissue lysates for immunoblot

Cells (10 cm dish) were lyzed in 100 puL homogenization buffer (50 mM Tris-HCI pH 7.4, 100 mM NaCl, 1% (w/v) Triton X-100, 0.1%
(w/v) SDS supplemented with cOmplete Protease Inhibitor (Sigma-Aldrich)) by ultrasonification. Mouse brain lysates were pre-
pared by homogenization of fresh or frozen brain material in a “Bead Mill 24 Homogenisator” (Fisher Scientific) in 5 volumes of
lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% (w/v) Triton X-100, supplemented with cOmplete Protease Inhibitor
(Sigma-Aldrich)). After homogenization, the lysates (cells or tissues) were centrifuged for 20 min at 1000 x g at 4°C followed by
ultrasonification twice for 20 s at 4°C using a Branson Sonifier 450 (level seven in a cup horn, Emerson Industrial Automation)
and lysed on ice for 60 min. The cell lysates were cleared at 16,000 x g for 15 min at 4°C, and the protein concentration of the
supernatant was determined using the Pierce BCA (bicinchoninic Acid) Assay kit (Thermo Fisher Scientific) according to the man-
ufacturer’s protocol.

Immunoblot of cell lysates and mouse tissues

Protein lysates were prepared for SDS-PAGE in Lammli buffer (125 mM Tris/HCI pH 6.8, 10% (v/v) glycerol, 1% (w/v) SDS, 100 mM
1,4-dithiothreitol (Roth) and traces of bromophenol blue) and were denatured for 10 min at 95°C (if not stated otherwise). SDS-PAGE
and western blot were carried out according to standard procedures with nitrocellulose membrane (Amersham, Thermo Fisher). After
blocking the nitrocellulose membrane with 5% (w/v) skim milk powder in 1x TBS-T buffer for 1 h at room temperature, primary an-
tibodies (diluted in skim milk blocking solution) and the membranes were incubated overnight, followed by washing the membranes
and incubation with HRP-coupled secondary antibodies. After washing the membranes in TBS-T buffer, HRP activity was detected
using enhanced chemiluminescence (ECL) Ultra (TMA-6) (Lumigen, Michigan, USA) substrate solution and an ImageQuant LAS 4000
(GE Healthcare) imaging device. The intensity of the signal was quantified using Imaged (Version 1.46r) software. Before incubation
with different antibodies, the membranes were stripped using stripping buffer (100 mM glycine (Roth), 20 mM Mg-acetate (Roth),
50 mM KCI (Roth), pH 2.2). Incubation of 30 min at room temperature and gentle shaking was performed in stripping buffer followed
by 3 times for 5 min in TBS-T buffer. Next, the membranes were incubated in 5% (w/v) skim milk powder in 1x TBS-T buffer for 1 h at
room temperature, followed by incubation with the primary antibody.

Enrichment of mouse liver lysosomes

The enrichment of lysosomes from the mouse liver was described in detail before.*®

Sarkosyl-extraction of fibrils from human brain

To detect full-length TMEM106B (in RIPA-soluble fractions) and TMEM106B fibrils (in sarkosyl-insoluble P3 fractions), human post-
mortem frontal cortex tissue was homogenized respectively in 5 volumes (w/v) of ice-cold RIPA buffer (25mM Tris-HCI pH 7.5,
150mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, with protease and phosphatase inhibitors) or in 5 volumes
(w/v) of cold buffer (10 mM Tris-HCI pH 7.4, 80 mM NaCl, 1 mM MgCl,, 1 mM EGTA, 0.1 mM EDTA, 1 mM PMSF, 1 mM dithiothreitol,
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with protease and phosphatase inhibitors). To obtain the RIPA-soluble fractions, supernatants were collected following sonication
(1 s on/1 s off for 10 s) and centrifugation at 100,000 x g for 30 min at 4°C. To generate the sarkosyl-insoluble P3 fraction, 400 pL
of homogenate was first ultracentrifuged (150,000 x g for 40 min at 4 °C in a TLA110 rotor at 60,000 rpm), and the resulting pellet
resuspended in one volume of cold buffer (10 mM Tris pH 7.4, 0.85 M NaCl, 10% sucrose, 1 mM EGTA). After an additional step
of centrifugation (14,000 g for 10 min at 16°C), the supernatant was then incubated with sarkosyl (1% for 1 h at room temperature
with continuous agitation) and ultracentrifuged (150,000 x g for 40 min at 4 °C in a TLA110 at 60,000 rpm). Finally, 50 uL TE buffer
(10 mM Tris-HCI, 1 mM EDTA) was added to resuspend the resulting pellet (sarkosyl-insoluble P3 fraction).

Immunoblot of human brain autopsy material

RIPA-soluble fraction (20 png) or sarkosyl-insoluble fraction (10 uL) were diluted with 2x SDS gel loading buffer at a 1:1 ratio (v/v). The
RIPA-soluble extracts were maintained on ice without any prior step of denaturation, while the sarkosyl-insoluble P3 fraction was first
heated at 95°C for 5 min. Samples were loaded into 20-well 4-20% Tris-glycine gels (Novex) and run on ice. PVDF membranes were
used for the transfer and then blocked with 5% nonfat dry milk in TBS plus 0.1% Triton X-(TBS T) for 1 h. Antibody incubation and
visualization were performed as described above.

Immunohistochemistry of human brain sections

Seven micrometers thick sections were deparaffinized in xylene and rehydrated in graded alcohol series. Antigen retrieval was per-
formed by incubating the sections in 80% formic acid for 10 min (for luminal TMEM106B antibodies), followed by boiling in 10 mM
Tris/1 mM/EDTA buffer, pH 9.0, in a pressure cooker for 10 min (20 min for E7TH7Z). Endogenous peroxidase was quenched with 1%
H202, and unspecific antibody binding was blocked with 5% bovine serum albumin (30 min RT). Primary antibodies against
TMEM106B (luminal domain #118C4, 1:2.000/0.7 pg/mL, rat monoclonal, Cat#506 017, Synaptic Systems, luminal domain
TMEM239 1:1.000, rabbit polyclonal, gift from Manuel Schweighauser'®; or N terminus E7H7Z, 1:200, rabbit monoclonal, 93334,
Cell signaling Technology) were incubated overnight at 4°C and visualized with biotinylated anti-rat (1:200, BA-4001, Vector Labo-
ratories) or anti-rabbit (1:200, BA-1100-1.5, Thermo Scientific, for TMEM239 or BA-1000, Vector laboratories, for E7TH7Z) secondary
antibody and Vectastain Elite ABC Kit Peroxidase (Vector Laboratories) using 3,3'-diaminobenzidine (DAB, Sigma-Aldrich) as chro-
mogen with 5 min incubation time. Sections were counterstained with Mayer’s hematoxylin, dehydrated in alcohol series, cleared in
xylene, and mounted with DPX (06522, Sigma-Aldrich). Whole section images with 20x (luminal TMEM106B antibodies) and 40x
(N-terminal TMEM106B antibody) magnification were obtained with Hamamatsu Nanozoomer XR Digital slide scanner.

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism 9.3.1 (GraphPad Software) was used for data representation and calculation of statistic testing. A two-tailed un-
paired t test was used if not indicated otherwise. Statistical differences in the graphs were generally depicted as ns = not significant;

*p < 0.05; ** <0.01; **p < 0.001; ***p < 0.0001. Error bars in the graphs represent the standard error of the mean (SEM), as indi-
cated in the figure legends.
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