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Background: TMEM106B, a major risk factor for FTLD, is a protein of unknown function and cellular properties.
Results: TMEM106B is a glycosylated type 2 membrane protein that localizes to late endosomes/lysosomes.
Conclusion: The cellular properties of TMEM106B suggest a function in protein turnover in endosomes/lysosomes.
Significance: These findings provide the biochemical and cell biological basis for elucidating the pathological role of
TMEM106B in FTLD.

TMEM106Bwas identified as amajor risk factor in a genome-
wide association study for frontotemporal lobar degeneration
(FTLD) with TAR DNA-binding protein (TDP)-43 pathology.
The most significant association of TMEM106B single nucleo-
tide polymorphisms with risk of FTLD-TDP was observed in
patients with progranulin (GRN)mutations. Subsequent studies
suggested an inverse correlation between TMEM106B expres-
sion and GRN levels in patient serum. However, in this study,
this was not confirmed as we failed to detect a significant alter-
ation of GRN levels upon knockdown or exogenous expression
of TMEM106B in heterologous cells. To provide a basis for
understanding TMEM106B function in health and disease, we
investigated themembrane orientation and subcellular localiza-
tion of this completely uncharacterized protein. By differential
membrane extraction and sequential mutagenesis of potential
N-glycosylation sites, we identified TMEM106B as a type 2 inte-
gral membrane protein with a highly glycosylated luminal
domain. Glycosylation is partially required for the transport
of TMEM106B beyond the endoplasmic reticulum to late cel-
lular compartments. Endogenous as well as overexpressed
TMEM106B localizes to late endosomes and lysosomes. Inter-
estingly, the inhibition of vacuolar H�-ATPases significantly
increased the levels of TMEM106B, a finding that may provide

an unexpected biochemical link to GRN, because this protein is
also strongly increased under the same conditions. Our findings
provide a biochemical and cell biological basis for the under-
standing of the pathological role of TMEM106B in FTLD, an
incurable neurodegenerative disorder.

FTLD4 is a progressive fatal neurodegenerative disorder and
the second most prevalent form of dementia in people under
the age of 60 years after Alzheimer disease (1). FTLD patients
present with changes in personality and behavior frequently
accompanied by progressive nonfluent aphasia. Some patients
develop symptoms of parkinsonism or amyotrophic lateral
sclerosis (2). There are two major pathological subtypes of
FTLD (3). About 40% of FTLD patients are pathologically char-
acterized by inclusions of hyperphosphorylated Tau (FTLD-
Tau). The more common FTLD variant is characterized by
TDP-43 inclusions (FTLD-TDP) (4–6). In rare cases of FTLD,
cytoplasmic deposits of the fused in sarcoma protein are
observed (7, 8). In addition, very recently ubiquilin 2 (UBQLN2)
has also been shown to be deposited in patients with amyo-
trophic lateral sclerosis and dementia (9).
Although rare FTLD-TDP-causing mutations were identi-

fied in the valosin-containing protein (VCP) (10, 11) and the
charged multivesicular body protein 2B (CHMP2B) (12), many
more mutations are located in theGRN gene. Autosomal dom-
inantmutations in theGRN gene, which have been identified by
genetic linkage studies and/ormutation screenings, account for
20% of familial FTLD-TDP cases (13–16). Of the mutations
reported to date, most are loss-of-function mutations leading
to GRN haploinsufficiency (5, 15), which results in a severe
reduction of GRN levels in tissues and biological fluids of
patients (17–20). Additionally, missense mutations (21–23)
might lead to folding defects, aberrant processing (24), or cyto-
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plasmic missorting and degradation of GRN (25, 26) and
thereby result in reduced secretion (20, 26). Because GRN
mutations are not fully penetrant, carriers of identical muta-
tions show a high variability in age of onset and pathological
presentation. Thus, additional genetic factors or environmental
influences were postulated to play a role in themanifestation of
the disease (27). Consistent with that hypothesis, the first
genome-wide association study in patients with FTLD-TDP
inclusions identified three single nucleotide polymorphisms at
the TMEM106B gene locus on chromosome 7p21.3 as a risk
factor (28). TMEM106B variants specifically increase the risk
for FTLD-TDP in patients with mutations in the GRN (28).
Although one study could not confirm these findings (29), mul-
tiple replication studies reproduced the genome-wide associa-
tion study (30–32) stressing the importance of TMEM106B as
a risk factor for FTLD. Van Deerlin et al. (28) demonstrated a
more than 2.5-fold increase of TMEM106BmRNA expression
in cases of FTLD-TDP compared with healthy controls.
Moreover, disease-associated TMEM106B variants apparently
reduce GRN in plasma (30, 31) and thus decrease the age at
disease onset ofGRNmutation carriers (30, 31).However, these
results are still under debate (33) and could not be confirmed by
others (32). So far, our knowledge of the cell biological proper-
ties of TMEM106B is far too limited to allow any suggestions of
how TMEM106B could affect TDP-43 pathology in a GRN-de-
pendent manner. We therefore investigated membrane orien-
tation and subcellular localization of TMEM106B. In addition,
we examined whether TMEM106B expression is affected by
inhibition of vacuolar H�-ATPases, which is known to increase
GRN expression levels (34). Finally, we investigated whether
TMEM106B expression influences GRN levels in cell culture.

EXPERIMENTAL PROCEDURES

cDNA Constructs—Human TMEM106B cDNA (clone
IRATp970G1031D)was obtained fromSource BioScience Life-
Sciences (Nottingham, UK). TMEM106B wild type (WT)
cDNA was amplified by PCR and subcloned into the BamHI
and XhoI restriction sites of the pcDNA 3.1/Hygro(�) or the
pcDNATM4/TO expression vector (Invitrogen). The HA tag
was introduced by a 5�- or 3�-primer. TMEM106B point muta-
tionsN1–5 (N1,N145S;N2,N151S;N3,N164S;N4,N183S;N5,
N256S) were introduced by site-directed mutagenesis (Strat-
agene, La Jolla, CA) according to the manufacturer’s instruc-
tions and verified by DNA sequencing.
Cell Culture and Transfection—Human cervical carcinoma

(HeLa) cells, human embryonic kidney (HEK 293T) cells, and
the T-RExTM 293 cell line (Invitrogen) for tetracycline-induc-
ible expression were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with Glutamax I (Invitrogen) supplemented
with 10% (v/v) fetal calf serum (Invitrogen) and penicillin/
streptomycin (PAA Laboratories, Pasching, Austria). Human
neuroblastoma cells (SH-SY5Y) were cultured in Dulbecco’s
modified Eagle’s medium: nutrient mixture F-12 (DMEM/F-
12) supplementedwith 15% (v/v) fetal calf serumandpenicillin/
streptomycin. Transient transfection of cells was carried out
using either LipofectamineTM 2000 (Invitrogen) or FuGENE�
HD transfection reagent (Roche Applied Science) according to
the manufacturers’ protocols. Stable cell lines were obtained

through transfection of TMEM106B pcDNATM4/TO con-
structs (N-terminally HA-tagged) into the T-RExTM 293 cell
line. For stable TMEM106B-expressing cell lines, transfected
cells were selected with 400 ng/�l ZeocinTM (Invitrogen), and
single cell clones were picked. To induce TMEM106B expres-
sion, stable cell clones were treated with 0.2 �g/ml tetracycline
(Sigma) for 12–24 h.
siRNA-mediated Knockdown of TMEM106B—TMEM106B

knockdown in HEK 293T and SH-SY5Y cells was achieved by
using a pool of pre-designed siRNAs (D-020307-17, D-020307-
04, D-020307-03, and D-020307-02; Thermo Fisher Scientific,
Waltham, MA). Nontargeting siRNA pool, negative control 1
(D-001210-01-20; Thermo Fisher Scientific, Waltham, MA),
was used to assess unspecific effects of siRNA delivery. Cells
were reversely transfected with siRNA (10 nM) and Lipo-
fectamineTM RNAiMAX (Invitrogen) according to the manu-
facturer’s instruction and analyzed 72 h post-transfection.
Antibodies—The following antibodies were used for immu-

noblotting: rabbit polyclonal anti-humanGRN antibody (Invit-
rogen; 1:700),mousemonoclonal anti-�-actin antibody (Sigma;
1:2000), rabbit polyclonal anti-calnexin antibody (StressGen,
San Diego, CA; 1:2000), mousemonoclonal anti-14-3-3-� anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA; 1:200), poly-
clonal anti-HA antibody (Sigma; 1:250), a horseradish per-
oxidase-conjugated rat monoclonal anti-HA antibody 3F10
(Roche Applied Science; 1:1000), and a generated rat monoclo-
nal anti-TMEM106B antibody directed against the N terminus
(1:10). Secondary antibodies were horseradish peroxidase-con-
jugated goat anti-mouse and goat anti-rabbit IgG (Promega,
Madison,WI; 1:10,000). The following antibodies were used for
immunocytochemistry: mouse monoclonal anti-Grp78 (BiP)
antibody (StressGen, San Diego; 1:200); mouse monoclonal
anti-giantin antibody (Alexis, Lörrach, Germany; 1:600); a rat
monoclonal anti-HA antibody 3F10 (Roche Applied Science;
1:200); and a rabbit polyclonal anti-TMEM106B antibody
raised against rat TMEM106B (amino acids 1–91). The mouse
monoclonal anti-LAMP1 antibody H4A3 (1:200) and the
mouse monoclonal anti-LAMP2 antibody H4B4 (1:200) were
obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD, National Insti-
tutes of Health, and maintained by the Dept. of Biology, Uni-
versity of Iowa (Iowa City, IA). Secondary antibodies were
Alexa 555-, Alexa 488-, and Alexa 647-conjugated goat anti-
mouse, anti-rabbit, or anti-rat IgG (Invitrogen; 1:500).
Immunocytochemistry—Transfected HeLa cells, transfected

HEK 293T cells, or induced T-RExTM 293 cells stably express-
ing HA-TMEM106B were grown on poly-L-lysine-coated cov-
erslips, and immunocytochemistry was performed as described
before (34). The coverslips were mounted on glass slides using
ProLong� Gold antifade reagent (Invitrogen). Images were
obtained on a Zeiss confocal laser scanning microscope (LSM
510 META) using oil immersion 1�00/1.4 and �60/1.4 objec-
tives and the LSM software Version 3.5 (Carl ZeissMicroImag-
ing, Göttingen, Germany).
Preparation of Conditioned Media, Cell Lysates, and

Immunoblotting—Conditioned media and cell lysates were
prepared and analyzed as described (34). For the separation of
TMEM106B by PAGE, 4 M urea SDS gels and a urea sample
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buffer without �-mercaptoethanol were used. Signals on
immunoblots were visualized by horseradish peroxidase-con-
jugated secondary antibodies and enhanced chemilumines-
cence (GE Healthcare), which was detected by a Luminescent
Image Analyzer LAS-4000 (Fujifilm Life Science, Tokyo,
Japan). Quantification was performed with the MultiGauge
Version 3.0 software.
Membrane Preparation—Cells were scraped and pelleted as

described (34). For swelling, the cells were incubated on ice for
30 min in hypotonic buffer supplemented with a protease
inhibitormixture (Sigma). The cell suspensionwas needled and
subsequently centrifuged for 10 min at 4 °C and at 1500 � g.
The resulting supernatant was ultracentrifuged for 1 h at 4 °C
and 100,000 � g. The pellet contained all membrane proteins,
and the supernatant contained the cytosolic proteins. To fur-
ther distinguish between integral membrane proteins and
membrane-associated proteins, a carbonate extraction was
performed as described (35). Briefly, membranes were incu-
bated on ice for 30 min in carbonate buffer supplemented with
a protease inhibitor mixture (Sigma). Then, the sample was
ultracentrifuged as described above. The resulting pellet con-
tained the integral membrane proteins, and the supernatant
contained the membrane-associated proteins.
Deglycosylation with N-Glycosidase F and Endoglycosidase

H—For N-glycosidase F and endoglycosidase H treatment,
either total cell lysates (30 �g of protein) or immunoprecipi-
tated TMEM106B (polyclonal anti-HA antibody; 1:250; Sigma)
was used as indicated. Immunoprecipitated TMEM106B was
eluted from protein A-Sepharose as described (36). Deglycosy-
lation was performed using 1 unit of N-glycosidase F (Roche
Applied Science) in N-glycosidase F buffer (100 mM sodium
phosphate, pH 8, 25 mM EDTA, 0.1% Triton X-100, 0.1%
�-mercaptoethanol, 0.1% SDS, protease inhibitor mixture) or 5
milliunits endoglycosidase H (Roche Applied Science) in the
appropriate buffer (200mMsodiumcitrate, pH5.8, 0.1%�-mer-
captoethanol, 0.1% SDS, protease inhibitor mixture). Samples
and controls without enzyme were incubated for 16 h at 37 °C.
The samples were then mixed with urea loading buffer and
separated on urea SDS gels.
Drug Treatment—To inhibit N-glycosylation, cells were

treated with 10 �g/ml tunicamycin, and transcription was
inhibited by 1 �M actinomycin D and translation by 20 �g/ml
cycloheximide. Lysosomal degradation was inhibited by 10 �M

leupeptin or amixture of 10�M leupeptin, 10�ME64, and 5�M

antipain. Proteasomal degradation was inhibited by 1 �M epox-
omicin (all Sigma). To inhibit vacuolar H�-ATPases, cells were
treated with 30 nM bafilomycin A1 (BafA1) (Merck). All treat-
ments were carried out for 16 h at 37 °C.
Quantifying mRNAwith Real Time RT-PCR—For qRT-PCR,

total RNA preparation and reverse transcription were performed
as described (34). qRT-PCRs were carried out on a 7500 Fast Real
Time PCR system (Applied Biosystems, Carlsbad, CA) with Taq-
Man technology using human TMEM106B (Hs00998849; exon
boundary 7–8), human GRN (Hs00173570; exon boundary 1–2),
andhumanGAPDH(4326317E) primer sets (AppliedBiosystems,
Carlsbad, CA). Each samplewas analyzed in triplicate, and levels
of TMEM106B cDNA were normalized to GAPDH cDNA

according to the ��Ct method using the equation
2�(CtTMEM106B�CtGAPDH)treatment� (CtTMEM106B�CtGAPDH)control.
Enzyme-linked Immunosorbent Assay (ELISA) for Human

GRN—Secreted GRN in conditioned media was quantified in a
sandwich ELISA as described before (34).
Statistics—Statistical analysis was performed using GraphPad

Prism 5 (GraphPad Software, San Diego, CA). If more than two
groups were compared, a one-way ANOVA followed by the
Dunnett’s test or the Tukey’s test was applied. If only two
groups were compared, an unpaired Student’s t test was used
with a significance level � of 0.05.

RESULTS

Membrane Association and Glycosylation of TMEM106B—
Because nothing is known about the cellular properties of
TMEM106B, we first generated a tetracycline-inducible
T-RExTM 293 cell line stably expressing N-terminally
HA-tagged WT TMEM106B (HA-TMEM106B), and we con-
ducted a detailed study to determine a potential membrane
association and orientation of TMEM106B. Bioinformatic pre-
diction programs like TMHMM 2.0 and TMpred suggest that
TMEM106B is a membrane protein that lacks an N-terminal
signal peptide and may contain either one or two transmem-
brane domains. To prove whether TMEM106B is membrane-
associated or membrane-inserted, as predicted, we extracted
membranes with carbonate (35). HA-tagged TMEM106B
was detected as an �56-kDa membrane protein, and no
TMEM106B was obtained in the cytosolic fraction (Fig. 1A).
Upon carbonate extraction of the membrane fraction, no
TMEM106B was observed in the supernatant, whereas
TMEM106B was quantitatively recovered within the mem-
brane pellet (i.e. carbonate pellet) (Fig. 1A). These findings
therefore demonstrate that TMEM106B is an integral mem-
brane protein. A typical signature of numerousmembrane pro-
teins is their post-translational glycosylation, which occurs
during the transport through the secretory pathway.
TMEM106B contains five putative consensus sequence motifs
for N-glycosylation (Asn-Xaa-(Ser/Thr)), but no potential
motif for O-glycosylation. To determine whether TMEM106B
is a glycoprotein, lysates of T-RExTM 293 cells stably expressing
WT TMEM106B were treated with N-glycosidase F to remove
all N-linked glycans. Treatment with N-glycosidase F resulted
in a substantial molecular weight shift demonstrating that
TMEM106B is expressed as a glycoprotein (Fig. 1B). However,
deglycosylated TMEM106B still migrates above its predicted
molecular mass of 31 kDa and appears as a double band upon
deglycosylation, which suggests additional modifications (Fig.
1B). Next, we analyzed whether the N-linked glycans are of
complex type indicating trafficking of TMEM106B beyond
early Golgi compartments. T-RExTM 293 cells expressing WT
TMEM106B were treated with endoglycosidase H, which
removes N-linked mannose-rich but not fully processed com-
plex glycans. Indeed, TMEM106B is partially resistant to treat-
ment with endoglycosidase H (Fig. 1B), suggesting transport to
late secretory compartments.
TMEM106B Is a Type 2 Transmembrane Protein—After

demonstrating that TMEM106B is a glycosylated integral
membrane protein, we investigated its membrane orientation.
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On the basis of the prediction of one or two potential trans-
membrane domains, the lack of an N-terminal signal sequence
and the modification by glycosylation, we assumed that
TMEM106B could adopt two distinct topologies (Fig. 1C). If
only the N-terminal hydrophobic domain was utilized for
membrane insertion, TMEM106B would adopt a type 2 orien-
tation, whereas if both potential transmembrane domains were
used, TMEM106Bwould be inserted as a hairpin protein with a
large luminal loop and with its N and C termini located in the
cytosol (Fig. 1C). To discriminate between both possibilities, we
made use of the predicted N-glycosylation sites (N1–5) within
the primary sequence of TMEM106B (Fig. 1C).We sequentially
inactivated all five predicted sites by mutagenesis of the critical
Asn residues to Ser. If these sites were used for glycosylation in

vivo, a molecular weight shift of the TMEM106B variant should
be observed upon mutagenesis. Moreover, each molecular
weight shift would be indicative for a luminal positioning of this
domain. Indeed, sequential mutagenesis of glycosylation
sites N1–5 resulted in a corresponding stepwise reduction of
the molecular weight of TMEM106B (Fig. 1D). Importantly,
mutagenesis of all glycosylation sites, including site N5
(N1–5mut), additionally reduced the molecular weight of
TMEM106B (Fig. 1D). Furthermore, mutant TMEM106B lack-
ing all five glycosylation sites migrates at the same molecular
weight as nonglycosylatedWTTMEM106B (Fig. 1D). To verify
that glycosylation site N5 is indeed utilized in living cells and
thus facing luminal compartments, we compared themolecular
weight of TMEM106B containing only a singlemutation of gly-

FIGURE 1. TMEM106B is a highly glycosylated type 2 transmembrane protein. A, cellular fractionation of tetracycline-induced T-RExTM 293 cells stably
expressing N-terminally HA-tagged WT TMEM106B (HA-TMEM106B). Total membranes, cytosol and carbonate-extracted membranes (carbonate (carb.) pellet
and supernatant (sup.)), were analyzed for TMEM106B by immunoblotting with an anti-HA antibody. Calnexin and 14-3-3-� are controls for integral membrane
proteins and cytosolic proteins, respectively. * indicates putative TMEM106B aggregates. B, deglycosylation of TMEM106B. Lysates of T-RExTM 293 cells stably
expressing HA-TMEM106B were treated with N-glycosidase F (F) or endoglycosidase H (H) for 16 h. Controls were incubated in the appropriate buffer without
the enzyme. TMEM106B was detected by immunoblotting with an anti-HA antibody. * indicates putative TMEM106B aggregates. C, model of the two probable
topologies of TMEM106B. N1–N5 indicate the five potential glycosylation motifs within TMEM106B. D, determination of the N-glycosylation sites of TMEM106B.
The critical Asn residues of the five potential N-glycosylation motifs of HA-TMEM106B were sequentially mutated to Ser, so that each mutant contains an
additionally deleted glycosylation site (N1mut to N1–5mut). The mutated HA-TMEM106B cDNA constructs were transiently transfected into HEK 293T cells. As a
control for the migration behavior of unglycosylated and fully glycosylated TMEM106B, cells transfected with WT HA-TMEM106B were treated with 10 �g/ml
tunicamycin or solvent for 16 h. HA-TMEM106B variants were detected by immunoblotting with an anti-HA antibody. * indicates putative TMEM106B aggre-
gates. Note that each additionally introduced Asn-to-Ser mutation results in a further molecular weight shift indicating that all potential glycosylation sites are
utilized. Note that preventing TMEM106B glycosylation, either by mutated glycosylation sites or by inhibitor treatment, leads to a reduced expression level
probably due to impaired folding and therefore increased degradation. E and F, verification of the glycosylation site N5. Mutations of the single glycosylation
sites N3, N4, and N5 were generated (N3mut, N4mut, and N5mut) in N-terminally HA-tagged TMEM106B (HA-TMEM106B) (E) and of N4 and N5 (N4mut and N5mut)
in C-terminally tagged TMEM106B (TMEM106B-HA) (F). The indicated constructs were transiently transfected in HEK 293T cells. Lysates were analyzed for
TMEM106B expression by immunoblotting with an anti-HA antibody. * indicates putative TMEM106B aggregates. Note that the HA tag does not interfere with
the glycosylation at the N5 site.
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cosylation site N5 (N5mut) with that of WT TMEM106B and
other single site mutants (N3mut and N4mut). Indeed, the single
mutation of glycosylation site N5 resulted in a lowering of the
molecular weight of TMEM106B similar to single mutations of
site N3 or N4 (Fig. 1E). To prove that the N-terminal HA tag
does not interfere with the membrane orientation of
TMEM106B, we additionally analyzed a C-terminally tagged
variant of TMEM106B.Mutation of glycosylation site N5 of the
C-terminally tagged TMEM106B resulted in a lowering of
the molecular weight similar to N-terminally HA-tagged
TMEM106B variants (Fig. 1F). This proves that glycosylation
site N5, which is located C-terminal to the predicted second
transmembrane domain (see Fig. 1C), is indeed used for glyco-
sylation and must therefore be located within the cellular
lumen. Thus, TMEM106B is an integral type 2 membrane pro-
tein (Fig. 1C, right model).
Subcellular Localization of TMEM106B—After demonstrat-

ing that TMEM106B is a complex glycosylated integral type 2
membrane protein, we investigated its subcellular localization
in T-RExTM 293 cells stably expressing HA-TMEM106B.
Cells were subjected to immunofluorescence to visualize
TMEM106B and a variety of marker proteins for subcellular
compartments, including BiP (ER), giantin (Golgi), and LAMP1
(late endosomes and lysosomes). Stably expressed HA-
TMEM106B colocalized predominantly with the endosomal/
lysosomal marker protein LAMP1 (Fig. 2A). The predominant
localization of TMEM106B in late endosomal/lysosomal com-
partments was further confirmed by costainingwith transiently
expressed GFP-Rab7 (37), a late endosomal/lysosomal marker
protein (supplemental Fig. 1).
To prove that endogenous TMEM106B also localizes to late

endosomes/lysosomes, we generated a polyclonal antibody to
TMEM106B. In untransfected cells, this antibody detects
TMEM106B predominantly in LAMP1-positive compartments
(Fig. 2B). The endogenous late endosomal/lysosomal stain-
ing was specific as it could be completely abolished by
siRNA-mediated knockdown of TMEM106B (Fig. 2B).
Cellular Transport of TMEM106B Requires Complex

Glycosylation—To investigatewhether glycosylation affects the
cellular transport of TMEM106B to late secretory compart-
ments, we first examined which glycosylation sites contain
complex glycans and consequently become endoglycosidase
H-resistant. To do so, the glycosylation site mutants described
above (Fig. 1D) were analyzed for complex glycosylation by
N-glycosidase F and endoglycosidase H treatment (Fig. 3A).
Combined mutation of the glycosylation sites N1, N2, and N3
(N1–3mut) still results in an endoglycosidase H-resistant
TMEM106B variant indicating that complex glycosylation
occurs for the remaining glycosylation sites N4 and N5 (Fig.
3A).Mutation of the noncomplex glycosylation sites (N1–3mut)
has no influence on the localization of TMEM106B (supple-
mental Fig. 2). In contrast, abolishing glycosylation completely
by mutation of all glycosylation sites (N1–5mut) results in an
accumulation of TMEM106B in the ER and an impaired trans-
port to late endosomal/lysosomal compartments (supplemen-
tal Fig. 2). To address the question whether complex glycosyl-
ation at site N4 and/or N5 influences lysosomal targeting, we
analyzed the cellular localization of the individual complex gly-

cosylation site mutants of TMEM106B (N4mut and N5mut)
in HeLa cells transiently transfected with N-terminally HA-
tagged TMEM106B constructs. Abolishing the glycosylation at
the N4 site impairs forward transport to late endosomes/lyso-
somes and leads to an accumulation of TMEM106B N4mut
within the ER (Fig. 3B, right panel), whereas the N5 glycosyla-
tion site mutant (TMEM106BN5mut) is not retained within the
ER (Fig. 3B, right panel). Instead, this variant shows a strong
staining at lamellipodia (Fig. 3B) consistent with a prominent
cell surface localization. Thus, glycosylation at the N4 site
appears to be required for anterograde trafficking, whereas
complex glycosylation at the N5 site appears to influence direct
sorting of TMEM106B to endosomes.
TMEM106B Expression Does Not Influence GRN Levels—Be-

cause TMEM106B is associated with the risk for FTLD-TDP
specifically in patients withGRNmutations (28) and an inverse

FIGURE 2. TMEM106B is located in the secretory pathway, mainly in endo-
somes/lysosomes. A, immunocytochemistry of T-RExTM 293 cells stably
expressing TMEM106B. A T-RExTM 293 cell clone stably expressing WT
HA-TMEM106B at a low level was grown on coated coverslips, and TMEM106B
expression was induced with 0.2 �g/ml tetracycline. 16 h after tetracycline
induction, cells were stained with an anti-HA antibody for TMEM106B (green)
and costained with the cell marker antibodies BiP (ER, red), giantin (Golgi, red)
and LAMP1 (lysosomes, red). Scale bars represent 10 and 2.5 �m (inset).
B, immunocytochemistry of endogenous TMEM106B. HEK 293T cells were
grown on coverslips. Cells were subsequently stained for TMEM106B (green)
and costained with the lysosomal marker antibody against LAMP1 (red). Addi-
tionally, TMEM106B was knocked down by siRNA transfection to verify the
specificity of the antibody directed to TMEM106B. Scale bars, 10 �m and 2.5
�m (inset). Note that endogenous TMEM106B similar to stably expressed WT
HA-TMEM106B colocalizes almost exclusively with lysosomes.
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correlation has been shown between increased TMEM106B
mRNA levels (28) and reduced GRN in the plasma of patients
with disease-associated TMEM106B variants (30, 31), we ana-
lyzed whether exogenous expression or siRNA-mediated
knockdown of TMEM106B affects GRN levels in cell culture.
Tetracycline induction of WT TMEM106B in stably trans-
fected T-RExTM 293 cell lines did not cause a change of GRN
protein levels in cell lysates or media (Fig. 4, A and B) nor of
GRNmRNA levels (Fig. 4B). In addition, transient expression of
TMEM106B in SH-SY5Y cells, a human neuroblastoma cell
line, did not significantly affect GRN levels in cell lysates
(supplemental Fig. 3A). Because exogenous expression of
TMEM106B did not affect GRN levels, we examined whether
reduction of TMEM106B had an effect on GRN protein levels
and GRN mRNA. Although siRNA-mediated TMEM106B
knockdown was very efficient, no change of GRN protein and
GRN mRNA levels could be observed in HEK 293T cells (Fig.
4C) and SH-SY5Y cells (supplemental Fig. 3B).
Protein Levels of TMEM106B Are Increased upon Inhibition

of H�-ATPases—We have previously shown that GRN expres-
sion is significantly increased upon inhibition of vacuolar
H�-ATPases by BafA1 by a post-transcriptional mechanism
(34). Because TMEM106B is located in BafA1-sensitive com-
partments, we investigated whether TMEM106B levels are
affected by inhibiting vacuolar H�-ATPases. Upon inhibition
of H�-ATPases by BafA1, endogenous TMEM106B accumu-
lated within LAMP1-positive late endosomes/lysosomes (Fig.
5A). This finding suggests that BafA1 may affect the expres-
sion or degradation of TMEM106B. Indeed, endogenous

TMEM106B protein levels significantly increased upon inhibi-
tion of vacuolar H�-ATPases by BafA1 (Fig. 5B). Detection of
endogenous TMEM106B is specific because its immunoreac-
tive signal is almost completely abolished upon siRNA-
mediated TMEM106B knockdown (Fig. 5B). Because we could
not confirm a direct influence of TMEM106B expression on
GRN levels, we next analyzed whether TMEM106B is required
for enhanced GRN expression upon inhibition of vacuolar
H�-ATPase. Therefore, we examined the increase of GRN lev-
els upon BafA1 treatment after knockdown or overexpression
of TMEM106B. However, neither TMEM106B knockdown
(Fig. 5,B andC) nor exogenous expression (supplemental Fig. 4,
A and B) affected the BafA1-mediated increase in GRN expres-
sion. Thus, TMEM106B is not involved in regulating pH-sen-
sitive GRN expression. Next, we investigated whether the
BafA1-mediated increase in TMEM106B protein levels occurs
by a post-transcriptional mechanism similar to that of GRN
(34). Therefore, we examined whether the increase of
TMEM106B protein levels is dependent on transcription.
Although the mRNA of TMEM106B showed a minor 1.5-fold
increase (Fig. 5D), inhibition of transcription by actinomycin
did not affect the massive elevation of TMEM106B protein levels
caused by BafA1 treatment (Fig. 5E). In contrast, inhibition of
translation by cycloheximide strongly reduced the BafA1 effect
on TMEM106B levels (Fig. 5E). Therefore, stabilization of
TMEM106Bproteinalonecannotaccount for theelevatedprotein
levels after BafA1 treatment. This is further supported by the find-
ing that inhibition of lysosomal degradation does not result in an
increase inTMEM106Bprotein levels to the same extent as BafA1

FIGURE 3. Glycosylation of TMEM106B influences its localization. A, deglycosylation of HA-TMEM106B mutants containing sequentially deleted glycosyl-
ation motifs (N1mut to N1–5mut). HA-TMEM106B cDNA constructs (N1mut to N1–5mut) as well as WT HA-TMEM106B were transiently transfected into HEK 293T
cells. 24 h after transfection, cell lysates were subjected to immunoprecipitation and treatment with N-glycosidase F (F) and endoglycosidase H (H) for 16 h.
Controls were incubated in the appropriate buffer without the enzyme. TMEM106B was detected by immunoblotting with an anti-HA antibody. B, immuno-
cytochemistry of HeLa cells transiently transfected with WT, N4mut, and N5mut HA-TMEM106B constructs. TMEM106B was stained with an anti-HA antibody (red)
and costained with antibodies directed to LAMP2 (lysosomes, green) and BiP (ER, green). Scale bars, 10 and 2.5 �m (inset). Note that N4mut (N183S) is retained
in the ER, whereas N5mut (N256S) shows lysosomal and strong lamellipodial localization.
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treatment (Fig. 5F). Taken together, these data suggest a predom-
inant post-transcriptional mechanism involved in the BafA1-me-
diated increase in TMEM106B expression.

DISCUSSION

Major progress has been made in the understanding of the
overlapping pathology and clinical symptoms of FTLD and
amyotrophic lateral sclerosis specifically by the identification of

the genetic components as well as the protein deposits involved
(38). Althoughmany novel FTLD and amyotrophic lateral scle-
rosis associated genes have now been discovered, understand-
ing the cellular consequences of the disease-associated muta-
tions lags far behind. This is particularly obvious for
TMEM106B, which is apparently a risk factor for FTLD-TDP
(28) probably even to a similar extent as ApoE for Alzheimer
disease.

FIGURE 4. TMEM106B expression does not affect GRN levels. A, GRN levels in T-RExTM 293 cells stably expressing WT HA-TMEM106B. T-RExTM 293
HA-TMEM106B cells were not tetracycline-induced (�Tet) or induced (�Tet) with 0.2 �g/ml tetracycline for 16 h. T-RExTM 293 cells were used as control.
Conditioned media and lysates were analyzed for TMEM106B and GRN expression by immunoblotting. �-Actin serves as a loading control. The bar graph
represents the quantification of cell lysates for TMEM106B expression by measuring the chemiluminescence on the immunoblot. Data are shown as fold
change normalized to noninduced cells, means � S.D. (n � 3) are depicted (***, p 	 0.001 and n.s. (not significant) by one-way ANOVA post hoc Dunnett’s test).
B, bar graphs represent GRN levels in lysates quantified from the immunoblot and media quantified by ELISA. GRN mRNA levels were quantified by qRT-PCR.
Data are shown as fold change in GRN levels after TMEM106B induction, means � S.D. (n � 3) are depicted (n.s. by one-way ANOVA post hoc Dunnett’s test).
C, knockdown of TMEM106B does not affect GRN levels. TMEM106B knockdown in HEK 293T cells was achieved by the transfection of a TMEM106B siRNA pool.
Nontargeting siRNA was transfected as a control. 72 h after the transfection, conditioned media of the last 16 h of siRNA transfection were collected, and cell
lysates and total RNA were prepared. Subsequently, lysates were analyzed for endogenous TMEM106B and GRN expression by immunoblotting. �-Actin serves as a
loading control. The bar graphs represent the quantification of cell lysates for TMEM106B and GRN expression by measuring the chemiluminescence on the immu-
noblot. Conditioned media were analyzed for GRN levels by ELISA. mRNA levels of TMEM106B and GRN were analyzed by qRT-PCR and normalized to control siRNA
transfected cells. All quantifications are shown as fold change, means � S.D. (n � 3) are depicted (***, p 	 0.001 and n.s. by unpaired Student’s t test).
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However, for TMEM106B not even the most basic informa-
tion about its membrane orientation and its subcellular local-
izationwas available.We therefore performed a comprehensive
protein biochemical and cell biological analysis of this unchar-
acterized protein.We first demonstrated that TMEM106B is an
integral membrane protein using sequential membrane extrac-
tion protocols. Furthermore, five asparagine residues were
identified as N-glycosylation sites. Making use of these N-gly-
cosylation sites, we could unequivocally show that TMEM106B
adopts a type 2membrane orientation with its large C-terminal
domain within the lumen and the smaller N-terminal domain
within the cytosol. Specifically, the usage of the most C-termi-

nal N-glycosylation site at amino acid Asn256 (N5) excludes a
potential hairpin structure with both the N and the C termini
locatedwithin the cytosol. If the latter was the case,mutation of
this site would not affect the apparent molecular weight of the
native protein. However, upon inactivation of this single glyco-
sylation site, we observed a molecular weight shift indicative of
a luminal glycosylation. The type 2 orientation was indepen-
dent of tags fused to either the N or the C terminus. In both
cases, inactivation of the N5 site resulted in an equal reduction
of the molecular weight. Next, we investigated whether
TMEM106B is transported through the secretory pathway and
where it accumulates in the cell. Immunohistochemistry and a

FIGURE 5. Endogenous TMEM106B accumulates in lysosomes upon BafA1 treatment. A, subcellular localization of endogenous TMEM106B after BafA1
treatment. HEK 293T cells were grown on coverslips and treated with/without 30 nM BafA1 for 16 h. Cells were subsequently stained for TMEM106B (green) and
costained with the lysosomal marker antibody against LAMP1 (red). Scale bars, 10 and 2.5 �m (inset). B, effects of BafA1 treatment on endogenous TMEM106B
expression levels. HEK 293T cells were transfected with a control or a TMEM106B siRNA pool and treated with/without 30 nM BafA1 for 16 h. Cell lysates were
prepared 72 h after the siRNA transfection and analyzed by immunoblotting for TMEM106B and GRN expression and for �-actin to verify equal loading.
TMEM106B increase after BafA1 treatment was quantified (right panel) in cell lysates normalized to untreated cells and depicted as means � S.D. (n � 3) (***,
p 	 0.001 and by one-way ANOVA post hoc Tukey’s test). n.s. (not significant). C, BafA1-mediated GRN increase is not affected by TMEM106B knockdown. GRN
increase after BafA1 treatment with/without TMEM106B knockdown was quantified from the immunoblot (B), normalized to untreated cells, and depicted as
means � S.D. (n � 3) (***, p 	 0.001 and n.s. by one-way ANOVA post hoc Tukey’s test). D, mRNA levels of TMEM106B upon BafA1 treatment. TMEM106B mRNA
levels of control and BafA1-treated cells were quantified by qRT-PCR and normalized to control cells (means � S.D. (n � 3); *, p 	 0.05, by unpaired Student’s
test). E, HEK 293T were treated with actinomycin or cycloheximide during treatment with/without BafA1. Cell lysates were analyzed by immunoblotting for
TMEM106B and for �-actin to verify equal loading. F, HEK 293T were treated with BafA1, a mixture of lysosomal protease inhibitors (leupeptin, E64, and
antipain), leupeptin, and epoxomicin. Cell lysates were analyzed by immunoblotting for TMEM106B and for �-actin to verify equal loading.
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partial endoglycosidaseHresistanceofTMEM106Bareconsistent
with a transport into late secretory compartments. Importantly,
theendosomal/lysosomal transportofTMEM106Bwasnotdue to
ectopic expression because similar findings were also made for
endogenous TMEM106B. Thus, TMEM106B occurs as a type
2-oriented membrane protein in vivo, which is targeted
through the secretory pathway to late endosomes and
lysosomes.
The lysosomal targeting signal of TMEM106B is currently

not known. However, TMEM106B may reach late endosomes/
lysosomes via sorting from the trans-Golgi network, which
requires complex glycosylation and/or internalization of plasma
membrane-targeted TMEM106B. In line with such sorting
mechanisms, TMEM106B lacking the N5 glycosylation site is
preferentially targeted to the plasma membrane, but it still
reaches late endosomes/lysosomes, probably due to cell surface
reinternalization. Indeed, lysosomal membrane proteins often
use both pathways. Therefore, the indirect pathway may func-
tion as a backup pathway because the direct targeting mecha-
nism can be saturated due to a limited expression of coat or
adaptor proteins (reviewed in Refs. 39, 40).
The localization of TMEM106B in late endosomes and lyso-

somes may provide an unexpected link to GRN. We have pre-
viously shown that the inhibition of vacuolar H�-ATPases by
BafA1 causes a significant increase of GRN within cell lysates
and conditioned media (34). In fact, we provided evidence that
Food and Drug Administration-approved inhibitors of lyso-
somal acidification such as chloroquine exert a similar activity,
which could even be of therapeutic relevance for patients suf-
fering from GRN haploinsufficiency. Mechanistically, the
increase of GRN levels due to inhibition of vacuolar H�-
ATPases largely occurs by a post-transcriptional regulation
(34). Surprisingly, we now found that the protein levels of
TMEM106B are also significantly increased upon BafA1 treat-
ment most likely by a predominant post-transcriptional mech-
anism. However, it remains to be shown whether and how the
BafA1-mediated increase of TMEM106B and GRN is function-
ally connected. Interestingly, whereas BafA1 leads to increased
GRN levels in early secretory compartments, its effect on
TMEM106B appears to be restricted to the endosomal/lyso-
somal compartment because a strong increase of endosomal/
lysosomal localization of TMEM106B is observed upon inhibi-
tion of vacuolar H�-ATPases. Together with our finding that
overexpression as well as knockdown of TMEM106B fails to
influence GRN levels, the BafA1-mediated increase of both
GRN and TMEM106B demonstrates that there is not necessar-
ily a negative correlation between TMEM106B and GRN
expression as suggested previously (30, 31).
Interestingly, the localization of TMEM106B in BafA1-sen-

sitive late endosomes/lysosomes links TMEM106B to a cellular
compartment, which has been implicated previously in familial
FTLD-TDP. It has been shown that raremutations inCHMP2B
are causative for FTLD-TDP (12). CHMP2B is a component of
the ESCRT-III complex, which is involved in budding and fis-
sion of cellularmembranes.Moreover, FTLD-associatedmuta-
tions in CHMP2B result in impaired endocytosis (12, 41) and
maturation of dendritic spines (42). Onemay speculate that the
CHMP2Bmutations prevent the recruitment of accessory pro-

teins, like Rab7, required formembrane fusion (43). Interestingly,
TMEM106B preferentially localizes to Rab7-positive compart-
ments. In addition, one may also speculate that TMEM106B
affects sortilin-facilitated endocytosis of GRN and its subsequent
transport to late endosomes and lysosomes (44).However, further
work is required toaddress thequestionofwhetherTMEM106B is
directly required for assisting neuronal autophagy similar to
CHMP2B (45–47) or whether TMEM106B affects the sortilin-
facilitated endocytosis and subsequent transport of GRN to lyso-
somes (44). Finally, the localization of TMEM106B within endo-
somes and lysosomes as well as its increased protein levels upon
inhibition of H�-ATPases may be in line with the accumulating
evidence for lysosomal dysfunction inneurodegenerativediseases,
including Alzheimer disease and FTLD (48–52).
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