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Abstract

Frontotemporal lobar degeneration with TDP-43 inclusions (FTLD-TDP) is an important cause of dementia in individuals

under age 65. Common variants in the TMEM106B gene were previously discovered by genome-wide association to confer

genetic risk for FTLD-TDP (p¼1 � 10� 11, OR¼1.6). Furthermore, TMEM106Bmay act as a genetic modifier affecting age at

onset and age at death in the Mendelian subgoup of FTLD-TDP due to expansions of the C9orf72 gene. Evidence suggests that

TMEM106B variants increase risk for developing FTLD-TDP by increasing expression of Transmembrane Protein 106B

(TMEM106B), a lysosomal protein. To further understand the functional role of TMEM106B in disease pathogenesis, we

investigated the cell biological effects of increased TMEM106B expression. Here, we report that increased TMEM106B

expression results in the appearance of a vacuolar phenotype in multiple cell types, including neurons. Concomitant with the

development of this vacuolar phenotype, cells over-expressing TMEM106B exhibit impaired lysosomal acidification and

degradative function, as well as increased cytotoxicity. We further identify a potential lysosomal sorting motif for TMEM106B

and demonstrate that abrogation of sorting to lysosomes rescues TMEM106B-induced defects. Finally, we show that

TMEM106B-induced defects are dependent on the presence of C9orf72, as knockdown of C9orf72 also rescues these defects. In

sum, our results suggest that TMEM106B exerts its effects on FTLD-TDP disease risk through alterations in lysosomal

pathways. Furthermore, TMEM106B and C9orf72 may interact in FTLD-TDP pathophysiology.

Introduction

Frontotemporal lobar degeneration (FTLD) is a leading cause of

presenile dementia (1,2). The most common neuropathological

subtype of disease, FTLD-TDP, is characterized by inclusions of

TAR DNA-binding protein of 43 kDa (TDP-43) (3). Two of the ma-

jor Mendelian causes of FTLD-TDP have been identified as (i)

non-coding hexanucleotide repeat expansions in C9orf72 (4,5)

and (ii) haploinsufficiency mutations in GRN, which encodes

the growth factor progranulin (6–8). In addition, a recent

genome-wide association study (9) revealed multiple common

variants in the largely uncharacterized gene TMEM106B that sig-

nificantly associated with FTLD-TDP (p¼ 1 � 10�11, OR¼ 1.6).

In addition to acting as a genetic risk factor for FTLD-TDP,

TMEM106B has also been shown to act as a genetic modifier in

both GRN mutation-associated FTLD-TDP (10) and C9orf72 ex-

pansion-associated FTLD-TDP (11,12), affecting age at onset of
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disease and age at death. Moreover, while genotypes at

TMEM106B do not appear to confer risk for development of

amyotrophic lateral sclerosis (ALS), another disease defined by

TDP-43 proteinopathy (13), TMEM106B variants associated with

increased FTLD-TDP risk correlate with development of demen-

tia in ALS (14). Most recently, TMEM106B variants associated

with increased FTLD-TDP risk have been reported to correlate

with increased burden of TDP-43 proteinopathy in aged individ-

uals without overt clinical FTLD (15).

Since its initial discovery as an FTLD-TDP risk factor,

TMEM106B has been characterized as a Type II transmembrane

protein localized to late endosomes/lysosomes (16–18), with

widespread expression in human brain (19). Recent data sug-

gests that TMEM106B is involved in lysosomal transport in neu-

rons, with knockdown of TMEM106B resulting in increased

retrograde lysosomal transport in one report (17) and increased

bidirectional transport in another report (16). TMEM106B has

also been demonstrated to affect lysosomal size, acidification

and degradative capacity in immortalized cell lines (16,20,21),

and lysosomal size and number in neurons (16).

While functional characterization of FTLD-TDP-associated

genetic variants at TMEM106B remains incomplete, we and

others have demonstrated that TMEM106B genotypes associated

with disease also correlate with increased TMEM106B expres-

sion (9,15,21,22). To further understand the contribution of

TMEM106B to FTLD-TDP disease pathogenesis, we investigated

the cell biological effects of disease-associated increases in

TMEM106B expression.

Results

Increased expression of TMEM106B results in
altered endolysosomal morphology

We (21) and others (20) have previously demonstrated that in-

creased expression of TMEM106B results in enlargement of or-

ganelles positive for the late endosomal/lysosomal marker

LAMP1 (Lysosomal-Associated Membrane Protein 1) in immor-

talized cells. By live cell imaging, we confirmed this effect of in-

creased TMEM106B expression in HeLa cells, using a previously

described GFP-tagged TMEM106B construct (20). These enlarged

organelles were readily visible by brightfield imaging and did

not occur with increased expression of GFP-tagged LAMP1, an-

other transmembrane late endosomal/lysosomal protein (Fig.

1a).

We next extended our investigations of TMEM106B over-ex-

pression to neurons. As shown in Figure 1b, primary mouse hip-

pocampal neurons over-expressing TMEM106B also exhibited

multiple, enlarged vacuolar structures>2–3 lm in size concen-

trated in the cell body and dispersed along the cell processes as

well. In contrast, over-expression of LAMP1 in neurons did not re-

sult in the appearance of these enlarged vacuolar structures (Fig.

1c). These enlarged vacuoles appeared within a day post-nucleo-

fection with TMEM106B and were observed in both hippocampal

and cortical neurons. Mirroring our prior results in immortalized

cell lines (21), these vacuoles were positive for both TMEM106B it-

self and for LAMP1, which co-localized with TMEM106B at the

limiting membrane of these vacuoles (Fig. 1b). Indeed, the aver-

age size of LAMP1þorganelles in neurons over-expressing

TMEM106B was 50% larger than a control non-over-expressing

condition (Fig. 1d). Moreover, vacuoles were negative for EEA-1, a

marker of early endosomes, and SV2, a marker of synaptic vesi-

cles; neither of these markers demonstrated strong co-localiza-

tion with TMEM106B (Supplementary Material, Fig. 1).

To better characterize these enlarged LAMP1þ

TMEM106Bþorganelles, we performed ultrastructural analyses

by electron microscopy. Exogenous expression of empty vector,

GFP or LAMP1 resulted in no notable changes in ultrastructure

(Supplementary Material, Fig. 2a). However, in HeLa cells (Fig. 2a

and Supplementary Material, Fig. 2b), COS-7 cells (Fig. 2b),

HEK293 cells (Fig. 2c) and DIV7 mouse hippocampal neurons

(Fig. 2d and e), expression of TMEM106B resulted in the appear-

ance of a striking vacuolar phenotype. Specifically, TMEM106B

over-expressing cells contained multiple enlarged, electron-lu-

cent, single-membrane-delimited cytoplasmic organelles>2 lm

in diameter. These enlarged organelles often appeared largely

empty, although at times they contained multilamellar struc-

tures and cytoplasmic material or organelles in varying states

of degradation. Because of the “empty” appearance of some of

these vacuoles, we investigated the possibility that they could

be lipid droplets. However, immunofluorescence microscopy

demonstrated that these enlarged vacuoles were negative for

BODIPY 493/503, which labels neutral lipids (Supplementary

Material, Fig. 2c).

We next quantified this ultrastructural phenotype in both

HeLas and primary neurons. Because TMEM106B was over-ex-

pressed in cells by transient transfection or nucleofection, not

all cells over-expressed TMEM106B. Thus, we enriched for

TMEM106B-expressing cells by expressing GFP-TMEM106B and

sorting into GFP-positive and GFP-negative populations using

flow cytometry (Supplemementary Material, Fig. 3). In GFP-posi-

tive TMEM106B-transfected HeLa cells, 26% (26/100) exhibited

enlarged vacuoles>1 mm in diameter. In the corresponding GFP-

negative population (cells which presumably express little or no

TMEM106B), only 4% (4/100) displayed this phenotype (p< 0.001,

Fisher exact test). As GFP sorting of nucleofected neurons was

complicated by cell death, we could not similarly confine

our quantitative analyses to neurons with confirmed

GFP-TMEM106B expression. However, 22% (11/50) of the total

primary hippocampal neurons nucleofected with TMEM106B

exhibited the enlarged organelles, whereas only 2% (1/50) of

GFP-LAMP1-nucleofected neurons did (p¼ 0.004, Fisher exact

test).

Increased expression of TMEM106B results in multiple
lysosomal abnormalities

Having observed that TMEM106B over-expression results in a

striking vacuolar phenotype, we next asked what the functional

consequences of this phenotype might be. Previous data in im-

mortalized cell lines has demonstrated that TMEM106B over-ex-

pression results in impaired acidification of the lysosomal

compartment as well as compromised lysosomal degradative

capability (20,21). To expand this to more disease-relevant cell

types, we over-expressed TMEM106B in primary mouse hippo-

campal neurons and assessed lysosomal acidification with the

pH-sensitive dye, LysoTracker. As shown in Figure 3a,

TMEM106B over-expressing neurons showed visibly decreased

mean fluorescence intensity (MFI) of LysoTracker compared

with non-over-expressing neurons, suggesting that elevated

levels of TMEM106B impaired acidification. Indeed, quantifica-

tion of the LysoTracker MFI for TMEM106B over-expressing neu-

rons revealed a significant decrease compared with neighboring

non-over-expressing neurons (14.2363.45% decrease, p¼ 0.002).

In contrast, LAMP1 over-expression did not result in significant

changes in Lysotracker MFI comparing LAMP1 over-expressing

cells with neighboring non-over-expressers (Fig. 3b).
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The loss of lysosomal acidification observed here in neurons and

previously described in other cell types has consequences for lysoso-

mal degradative function. Corroborating the reports of others (20),

we found that over-expression of TMEM106B results in impaired

lysosomal degradation of the epidermal growth factor receptor

(EGFR) (Fig. 3c). Under normal conditions, EGFR rapidly targets to the

lysosome for degradation upon internalization via endocytosis of its

ligand, epidermal growth factor (EGF) (23,24). Quantification of EGFR

degradation demonstrated a significant delay in EGFR degradation in

the context of increased TMEM106B expression versus vector-ex-

pressing control (two-way ANOVA p¼ 0.011, Fig. 3d).

The delay in EGFR degradation upon conditions of increased

TMEM106B expression could be solely because of inefficient

lysosomal degradation. Alternatively, trafficking defects

Figure 1. Increased expression of TMEM106B results in a vacuolar phenotype. (a) Live image of HeLa cells transfected with GFP-TMEM106B or GFP-LAMP1. Expression of

TMEM106B resulted in the appearance of enlarged vacuolar structures (left) visible by fluorescence or brightfield microscopy. This phenotype was not observed upon

expression of GFP-LAMP1, another transmembrane lysosomal protein (right). (b) In primary mouse hippocampal neurons nucleofected with GFP-TMEM106B, the en-

larged vacuolar structures demonstrate co-localization of TMEM106B (green) and the lysosomal marker LAMP1 (red). The two right panels show the merged images,

which are shown in monochrome in the first and second panels. Scale bar for images excludingmagnified right panel ¼ 10mm. (c) Primary mouse hippocampal neurons

nucleofected with GFP-TMEM106B (left) exhibit enlarged >2–3mm vacuolar structures, whereas neurons nucleofected with GFP-LAMP1 (right) do not. Scale bar ¼ 10 mm.

(d) The diameter of LAMP1þ organelles in TMEM106B over-expressing neurons is significantly larger than that of neighboring neurons not over-expressing TMEM106B.

p < 0.001 for four replicate experiments.
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induced by increasing TMEM106B expression could also be play-

ing a role. To assess these possibilities, we evaluated the traf-

ficking of fluorescently-labeled EGF from introduction into the

cell culture medium to internalization in a LAMP1þvesicle. As

shown in Figure 3e, TMEM106B over-expression resulted in de-

layed delivery of EGF to LAMP1þvesicles at both higher and

lower concentrations of EGF (two-way ANOVA p¼ 0.001 for

50 ng/ml EGF, p< 0.001 for 400 ng/ml EGF).

Figure 2. Ultrastructural characterization of TMEM106B-induced vacuolar phenotype. (a) HeLa cells transfected with TMEM106B exhibit multiple large electron-lucent,

single-membraned organelles. These organelles often contain cytosolic components in varying states of degradation andmultilamellar structures (see insets), an ultra-

structural phenotype consistent with late autophagic vacuoles (autolysosomes or amphisomes). (b) COS-7 cells transfected with TMEM106B also display a similar phe-

notype, with intraluminal vesicles (ILVs, arrow) and multilamellar structures within the enlarged vacuoles (see insets). (c) HEK293 cells transfected with TMEM106B

also display the enlarged vacuoles, some containing components in varying states of degradation (see inset). (d, e) Primary mouse hippocampal neurons nucleofected

with TMEM106B display the same ultrastructural phenotype. The organelle depicted in the middle panel of (e) demonstrates a small area of still visible double mem-

brane (arrowhead), consistent with identification as a late autophagic vacuole (double membrane-autophagosome fusing with a lysosome, resulting in degradation of

the inner membrane). Occasional internal ILVs are similarly noted as well (arrow in top inset for (d)). In all panels, right panels show insets of the lower-power view in

each set of images. Scale bars ¼ 2 mm for the lower-power view, and 0.5 mm for the insets.
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Figure 3. Increased expression of TMEM106B results in lysosomal dysfunction. (a) Expression of GFP-TMEM106B (top three panels) in DIV4 primary mouse hippocampal

neurons results in an apparent decrease in intensity of LysoTracker, a pH-sensitive dye that fluoresces intensely at low pH and weakly at higher pH. Expression of GFP-

LAMP1 (bottom three panels) does not affect LysoTracker intensity. In each set of three panels, the right-most panel shows the merged images, with LysoTracker in

red, and TMEM106B or LAMP1 in green. Cells over-expressing TMEM106B or LAMP1 fluoresce brightly in green compared to non-over-expressing neighbors. (b)

Quantification of lysosomal acidification data combined from seven replicates performed on 4 days in primary neurons. GFP-TMEM106B over-expressing neurons dem-

onstrate a significant decrease in MFI of LysoTracker, compared with neighboring non-over-expressers (Mann–Whitney p¼0.002). Over-expression of GFP-LAMP1 does

not significantly affect LysoTracker MFI. (c, d) Addition of EGF in the presence of cycloheximide results in rapid EGFR lysosomal degradation in vector-transfected cells

(right immunoblot). EGFR degradation in TMEM106B-transfected cells, however, was impaired (left immunoblot). EGFR is indicated by the arrowhead; other bands are

non-specific. Shown are representative immunoblots of EGFR and an alpha-tubulin loading control (alpha-tub) (c) and quantification of four replicates (d) (two-way

ANOVA p ¼ 0.011). (e) The endolysosomal trafficking of EGF to LAMP1þ organelles is delayed in TMEM106B over-expressing cells, as demonstrated by decreased co-lo-

calization between EGF and LAMP1 under TMEM106B over-expressing conditions, compared with neighboring control cells. Two different concentrations of EGF were
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These endolysosomal disturbances appear to be associated

with decreased cell survival, since we observed that HeLa cells

expressing TMEM106B “disappeared” from culture �48 h post-

transfection, whereas LAMP1-expressing cells remained readily

apparent (Supplementary Material, Fig. 4a). To further quantify

these observations, we assessed cytotoxicity in several ways.

First, we measured lactate dehydrogenase (LDH) release from cul-

tured cells, which occurs when cell membranes are compro-

mised. After transient transfection with TMEM106B or control

constructs, we assessed cytotoxicity at multiple timepoints.

Compared with both vector control and LAMP1 over-expressing

cells, cells over-expressing TMEM106B exhibited significantly

higher cytotoxicity at 48 h post-transfection (two-way ANOVA

p¼ 0.026 compared with vector control, p¼ 0.010 compared with

LAMP1, Fig. 3f), suggesting that TMEM106B over-expression is

toxic to cells. Second, because we were concerned that LDH re-

lease could also result from our transfection methods, we per-

formed Trypan Blue cell counts to quantitate non-viable cells in

each condition. These studies corroborated the cytotoxic effect of

increased TMEM106B expression (Supplementary Material, Fig.

4b). Finally, in order to investigate the contribution of apoptotic

cell death mechanisms to the cytotoxicity observed with

TMEM106B expression, we performed TUNEL staining.

Corroborating the results of others (20), we did not see a differ-

ence in numbers of cells undergoing apoptosis in conditions with

versus without TMEM106B over-expression, with very

few TUNELþ cells in both conditions. (Supplementary Material,

Fig. 4c).

Taken together, our data demonstrate that increased expres-

sion of TMEM106B in multiple cell types, including neurons,

results in prominent morphological alterations in LAMP1þor-

ganelles such as late endosomes, lysosomes, or autolysosomes.

Moroever, these alterations affect trafficking to lysosomes, lyso-

somal acidification and degradative function, ultimately result-

ing in cytotoxicity.

The cell biological effects of increased TMEM106B
expression are dependent on localization of TMEM106B
to lysosomes

The preceding experiments demonstrate that increased expres-

sion of TMEM106B results in changes in LAMP1þorganelles

such as late endosomes, lysosomes, amphisomes or autolyso-

somes, with concomitant cytotoxic effects. Furthermore, these

effects are relatively specific to TMEM106B, since they are not

seen upon over-expression of another lysosomal protein,

LAMP1, or a control protein, GFP. We next asked whether the lo-

calization of TMEM106B to lysosomes is necessary for these

changes to occur.

To answer this question, we first had to determine, and then

abrogate, potential lysosomal sorting motifs for TMEM106B.

Inspection of the cytosolic, N-terminal domain of TMEM106B

revealed three potential canonical lysosomal sorting motifs

(Fig. 4a)—two tyrosine-based (YDGV, YVEF) and one extended

dileucine-based motif (ENQLVALI), fitting the tyrosine consensus

sequence YXX(/) and dileucine motif [DE]XXXL[LI], respectively

(25). We therefore used site-directed mutagenesis to individually

mutate each potential motif. The potential lysosomal sorting mo-

tifs are identified in Figure 4b along with the mutations introduced:

YDGV ! ADGV, YVEF ! AVEF and ENQLVALI ! ENQLVAAA. We

assessed the subcellular localization of each of these motif mu-

tants by immunofluorescencemicroscopy.

While the constructs containing mutated tyrosine-based

motifs (YDGV ! ADGV, YVEF ! AVEF) continued to localize to

lysosomes, mutation of the leucine and isoleucine residues

within the extended dileucine-based motif abrogated lysosomal

localization of TMEM106B, as demonstrated by decreased co-lo-

calization with LAMP1 (Fig. 4c). Instead, in the ENQLVAAA-

TMEM106B mutant, TMEM106B expression was more diffusely

cytoplasmic. In addition, we verified that the ENQLVAAA-

TMEM106B mutant was not retained in the endoplasmic reticu-

lum (ER) by confirming cell surface expression under non-per-

meabilized immunofluorescence microscopy conditions

(Supplementary Material, Fig. 5a) and by Endoglycosidase H

(EndoH) and Peptide-N-Glycosidase F (PNGaseF) deglycosylation

experiments (Supplementary Material, Fig. 5b). Specifically,

both wild-type TMEM106B and ENQLVAAA-TMEM106B showed

similar EndoH-resistant bands �35 kDa by immunoblot, demon-

strating that ENQLVAAA-TMEM106B achieves complex glycosyl-

ation in the Golgi and is not retained in the ER. This 35 kDa

band fully collapsed down to TMEM106B’s predicted 31 kDa size

when deglycosylated with PNGaseF for both ENQLVAAA-

TMEM106B and wild-type TMEM106B.

Accompanying the abrogation of lysosomal localization,

ENQLVAAA-TMEM106B also demonstrated a striking loss of the

vacuolar phenotype (Figs. 4c and 5a). In fact, on brightfield mi-

croscopy, cells expressing ENQLVAAA-TMEM106B showed virtu-

ally no vacuoles (Fig. 5a). We considered the possibility that the

loss of phenotype might be because of lower expression levels

of this construct. We found, however, that, whereas our wild-

type TMEM106B construct demonstrated over-expression levels

2-10X over baseline, the ENQLVAAA-TMEM106B mutant con-

struct showed much higher expression (Fig. 5b and c).

Given the loss of the vacuolar phenotype in cells over-ex-

pressing ENQLVAAA-TMEM106B, we then asked if the other cell

biological effects of TMEM106B over-expression were also abro-

gated upon mutation of this motif. Indeed, ENQLVAAA-

TMEM106B expressing cells did not exhibit decreased lysosomal

acidification as seen with wild-type TMEM106B (Fig. 6a and b).

In addition, the cytotoxicity effects exerted by wild-type

TMEM106B were also rescued in this point mutant, since ex-

pression of ENQLVAAA-TMEM106B caused no more toxicity

than controls (Fig. 6c, and Supplementary Material, Fig. 5c).

Lysosomal acidification and cytotoxicity effects
of increased TMEM106B expression are dependent
on C9orf72

We have previously demonstrated that TMEM106B is a genetic

modifier affecting age at death in C9orf72-associated FTLD-TDP

(12), suggesting that TMEM106B and C9orf72 may interact in the

pathophysiology of FTLD-TDP (11,26,27). The protein product of

tested, as the lower concentration (left) is internalized via EGFR-mediated endocytosis, while the higher concentration (right) may also utilize other internalization

mechanisms. Co-localization was quantified by Mander’s overlap (two-way ANOVA p ¼ 0.001 for 50ng/ml EGF, p < 0.0001 for 400ng/ml EGF). (f) Increased expression of

TMEM106B results in cytotoxicity. Cytotoxicity was quantified in HeLa cells over-expressing TMEM106B or controls (LAMP1, 5TO vector) using measurements of LDH re-

lease (which accompanies loss of cell membrane integrity); data are combined for 18 replicates performed on 3 days. Over a 48-h time-course, TMEM106B over-expres-

sion (green) resulted in significantly greater cytotoxicity than over-expression of LAMP1 (blue, two way ANOVA p < 0.001) or 5TO vector control (5TO in red, two-way

ANOVA p ¼ 0.026).
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Figure 4. ENQLVALI is a potential lysosomal sorting motif for TMEM106B. (a) Three potential classical lysosomal targeting motifs—two tyrosine motifs and one isoleu-

cine/dileucine motif—were identified in the N-terminal domain of TMEM106B. (b) The primary amino acid sequence of TMEM106B, with potential lysosomal targeting

motifs depicted in green, is shown. Specific residues were individually mutated to alanine residues, with mutated residues indicated in red. (c) Double-label immuno-

fluorescence microscopy demonstrates that wild-type TMEM106B (top row), ADGV-TMEM106B (second row) and AVEF-TMEM106B (third row) continue to co-localize

strongly with LAMP1. In contrast, ENQLVAAA-TMEM106B (bottom row) appears diffusely throughout the cytoplasm of HeLa cells and exhibits decreased co-localization

with LAMP1. For all constructs, the right-most panel shows merged channels for TMEM106B (green) and LAMP1 (red), with individual channels shown in monochrome

in the left and middle panels. Scale bars ¼ 10mm. TMEM106B is detected by N2077 antibody.
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Figure 5. The vacuolar phenotype induced by TMEM106B expression depends on proper localization of TMEM106B to lysosomes. (a) Live imaging of HeLas over-ex-

pressing either wild-type TMEM106B or lysosomal motif mutants by bright-field microscopy demonstrates loss of the vacuolar phenotype in cells expressing the

ENQLVAAA-TMEM106B mutant. In contrast, cytoplasmic vacuoles ranging in size were readily seen in cells expressing wild-type, ADGV-, or AVEF-TMEM106B. Scale

bar ¼ 100 mm. (b, c) Lysosomal motif mutants all exhibit expression levels that are comparable to, or higher than, wild-type TMEM106B, with the ENQLVAAA-

TMEM106B construct expressing at the highest levels in HeLa cells. Endo¼endogenous TMEM106B, WT ¼ wild-type TMEM106B, ENQ ¼ ENQLVAAA-TMEM106B, AVEF ¼

AVEF-TMEM106B, and ADGV ¼ ADGV-TMEM106B. In the example immunoblot (b), two bands (arrows) for TMEM106B at 70kDa (dimer) and 40kDa (monomer) are de-

tected (N2077 antibody), and alpha-tubulin is shown as a loading control. Quantification of TMEM106B protein expression levels for four replicate experiments is shown

in (c), normalized in each blot to the endogenous condition (mean6 SEM).
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Figure 6. The effects of increased TMEM106B expression depend on proper localization of TMEM106B to lysosomes. (a, b) While expression of wild-type TMEM106B

(FLAG-TMEM106B construct) in HeLa cells impairs lysosomal acidification (as demonstrated by decreased LysoTracker MFI, top row, arrowhead indicates TMEM106B

over-expressing cell), expression of ENQLVAAA-TMEM106B does not significantly alter organelle acidification as compared with neighboring non-over-expressers (bot-

tom row, arrowheads indicate ENQLVAAA-TMEM106B over-expressing cells). Representative images are shown in (a), and means 6 SEM for six replicates performed

on 3 days are shown in (b). Scale bars ¼ 10mm. Wild-type TMEM106B and ENQLVAAA-TMEM106B are detected by their FLAG tags in (a). (c) Cytotoxicity is rescued by

mutation of critical residues within the potential dileucine lysosomal sorting motif (ENQLVALI to ENQLVAAA) in TMEM106B. While wild-type TMEM106B expression in

HeLa cells induces cytotoxicity by 48h (TMEM106B, green line), the loss of lysosomal localization (ENQ TMEM106B, pink) rescues this cytotoxicity to levels seen with

transfection of vector only (control, red line, almost entirely overlapped by pink line). Cytotoxicity seen with expression LAMP1 (blue line) is also shown for comparison

purposes; the LAMP1 data is repeated from Figure 3f. Beyond the 48-h time point, wild-type TMEM106B-expressing cells are largely lost from the culture medium due

to cell death. % cytotoxicity is calculated in comparison to the maximal LDH release induced by treatment with Triton X as described in Materials and Methods section.

Data are combined for six replicates performed on three different days. **p < 0.01. ****p < 0.0001.
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the C9orf72 gene, in which hexanucleotide repeat expansions

are the most common Mendelian cause of both FTLD-TDP and

ALS (4,5), is predicted to be a DENN protein by structural analy-

sis (28). As DENN proteins are guanine exchange factors (GEFs)

regulating Rab GTPases, which in turn regulate cell biological

events such as vesicular trafficking and fusion (29), we asked

whether TMEM106B’s cell biological effects might be dependent

on C9orf72.

Strikingly, siRNA-mediated knockdown of C9orf72 expres-

sion abrogated the vacuolar phenotype seen upon over-expres-

sion of TMEM106B. This effect was found in multiple cell types

(Fig. 7a and b), and did not occur with control siRNA knock-

down. Moreover, quantification of LAMP1þorganelle size dem-

onstrated that siRNA knockdown of C9orf72, but not control

siRNA knockdown, rescued the LAMP1þorganelle diameter size

in TMEM106B over-expressing cells to levels near that of cells

with endogenous levels of C9orf72 and TMEM106B (Fig. 7c and

d). Intriguingly, in HEK293 cells but not in HeLa cells, concomi-

tant over-expression of both C9orf72 and TMEM106B resulted in

the most dramatic increases in vacuolar size (Fig. 7d). In addi-

tion, in both cell types, knockdown of C9orf72 without over-ex-

pression of TMEM106B resulted in a small, but significant,

decrease in the LAMP1þorganelle diameter size, compared with

cells without knockdown of C9orf72 (Fig. 7c and d,

Supplementary Material, Fig. 6a).

Finally, to ensure that the reversal of TMEM106B over-ex-

pression effects by C9orf72 knockdown were not due to off-tar-

get effects of the siRNA used, we repeated our experiments with

a different knockdown construct: specifically, an shRNA target-

ing C9orf72. As shown in Supplementary Material, Figure 6a,

knockdown of C9orf72 by a second method in TMEM106B over-

expressing cells again rescued LAMP1þorganelle diameter sizes

to near-baseline.

We then asked if other cell biological phenotypes observed

with TMEM106B over-expression were similarly dependent on

the presence of C9orf72 protein. Specifically, we evaluated cyto-

toxicity as well as the lysosomal acidification defect induced by

TMEM106B over-expression. As shown in Figure 8a and b, the

difference in LysoTracker MFI typically seen in TMEM106B over-

expressing HeLa cells as compared with non-over-expressing

cells is abrogated in the context of C9orf72 knockdown, but

maintained in the context of control siRNA knockdown. In addi-

tion, knockdown of C9orf72, by siRNA or by shRNA, abrogated

the cytotoxic effects of TMEM106B over-expression (Fig. 8c and

Supplementary Material, Fig. 6b).

Of note, immunoblots were run in parallel to confirm

C9orf72 knockdown for all experiments and demonstrated

nearly complete disappearance of the endogenous C9orf72

band; validation of the specificity for the C9orf72 antibody used

was demonstrated with C9orf72 knockdown and over-expres-

sion in immortalized cells (Supplementary Material, Fig. 6c). In

addition, quantitative PCR experiments demonstrated efficient

knockdown and over-expression of C9orf72 in our siRNA experi-

ments (Supplementary Material, Fig. 6d). Finally, we considered

the possibility that C9orf72 knockdown and over-expression

might secondarily affect TMEM106B expression levels, thus res-

cuing TMEM106B over-expression phenotypes. However, ma-

nipulation of C9orf72 levels minimally affected TMEM106B

expression (Supplementary Material, Fig. 6e and f).

Discussion

Genotypes at TMEM106B linked to increased risk for FTLD-TDP

are associated with increased expression of TMEM106B (21).

Moreover, in human FTLD-TDP brain, TMEM106B expression is

also increased (21), with an altered subcellular distribution (19).

Here, we explore the cell biological consequences of this dis-

ease-associated increase in TMEM106B expression, demonstrat-

ing that it results in multiple perturbations to endolysosomal

pathways, and that these changes are dependent on the pres-

ence of C9orf72.

We and others have previously shown that TMEM106B over-

expression results in enlargement of LAMP1þorganelles

(16,21,30). We corroborate and expand this result here with ul-

trastructural characterization in neurons, as well as demonstra-

tion that the lysosomal acidification defect extends to neurons.

We note that the ultrastructural characteristics of these organ-

elles—single-membrane-bound, electron-lucent, containing

possible degradation products—suggest that they may be late

autophagic vacuoles (amphisomes and autolysosomes). As

such, investigation of the role of TMEM106B in autophagy path-

ways may be a valuable addition to the data presented here.

Indeed, it has been recently reported that increased expression

of TMEM106B results in increased nuclear translocation of

Transcription Factor EB (TFEB) (16). Because TFEB has been pro-

posed as a master regulator of lysosomal and autophagosomal

gene expression (31,32), our current findings may also support a

potential interaction between TMEM106B and TFEB, although

how direct this interaction might be remains to be seen.

We identify for the first time here a potential lysosomal sort-

ing motif for TMEM106B, demonstrating that point mutations to

an extended dileucine motif (33,34) abrogate lysosomal localiza-

tion. The elucidation of this lysosomal sorting motif is impor-

tant for two reasons. First, it provides domain-level detail for a

protein that was virtually uncharacterized prior to 2010. Second,

it provides a valuable tool for mechanistic exploration of

TMEM106B function. We exploit the latter use in this study as

an important control, demonstrating that the effects seen with

over-expression of TMEM106B depend on both the identity of

the over-expressed protein (since they are not seen with LAMP1

or GFP over-expression) and on the proper subcellular localiza-

tion of TMEM106B.

The abrogation of TMEM106B-induced effects by concomi-

tant knockdown of C9orf72 also supports the assumption that

the vacuolar phenotype, lysosomal acidification defect and cy-

totoxicity described here are disease-relevant effects of

TMEM106B over-expression. Indeed, these findings provide the

first mechanistic evidence for a link between the two FTLD-

TDP-associated genes TMEM106B and C9orf72. Hexanucleotide

repeat expansions in C9orf72 are the most common Mendelian

cause of both FTD and ALS (4,5,35). C9orf72-associated FTD and

ALS cases demonstrate large expansions (800–4400 repeats),

while healthy controls have<33 repeats (35,36). The effects of

C9orf72 repeat expansion are an area of active research, with ev-

idence for multiple mechanisms playing a role in disease. In

particular, proposed pathophysiological mechanisms for

C9orf72 repeat expansions include toxic repeat RNA species (37–

40), toxic dipeptide repeats resulting from repeat-associated,

non-ATG (RAN) translation (41–43), and reduced levels/loss of

function of the normal C9orf72 protein (4,5,44,45).

We and others have previously demonstrated a genetic in-

teraction between TMEM106B and C9orf72 (11,12), with

TMEM106B genotypes associated with increased risk for FTLD-

TDP in non-C9orf72-expansion cases paradoxically correlating

with later age at death and age at onset in C9orf72-expansion-

associated FTLD. This sign epistatic effect has been described in

other contexts before, and in these other contexts, the protein

products of the two genes involved have been shown to

2690 | Human Molecular Genetics, 2016, Vol. 25, No. 13

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
m

g
/a

rtic
le

/2
5
/1

3
/2

6
8
1
/2

5
2
5
7
5
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

Deleted Text: to
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw127/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw127/-/DC1
Deleted Text: to 
Deleted Text: ,
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw127/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw127/-/DC1
Deleted Text: ally
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw127/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw127/-/DC1
Deleted Text:  &ndash; 
Deleted Text:  &ndash; 
Deleted Text: e
Deleted Text: current 
Deleted Text: ,
Deleted Text:  
Deleted Text: -
Deleted Text: ,


Figure 7. Knockdown of C9orf72 rescues TMEM106B-induced vacuolar phenotype. (a, b) In HeLa cells (a) and in HEK293 cells (b), treatment with control siRNA does not

affect the LAMP1þ vacuolar phenotype seen in TMEM106B over-expressing cells (arrows, top row), but siRNA knockdown of C9orf72 mitigates the phenotype (bottom

row). For all panels, the right panel shows the merged channels for TMEM106B (green) and LAMP1 (red); individual channels are shown in monochrome in the left and

middle panels. Scale bars ¼ 10mm. TMEM106B detected by N2077 antibody. (c, d) The diameter of LAMP1þ organelles was quantified in HeLa (c) and HEK293 (d) cells. In

the left graph for both cell types, LAMP1þ diameter was assessed under endogenous conditions (first column), TMEM106B over-expression (second column),
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mechanistically interact (46,47). Our present study implicates

TMEM106B and C9orf72 in the same mechanistic pathways as

well, since knockdown of C9orf72 mitigates most lysosomal ef-

fects of TMEM106B over-expression.

While the normal function of C9orf72 protein is yet un-

known, it is predicted by structural analysis to be a DENN pro-

tein (28,48). DENN proteins function as GDP–GTP exchange

factors (GEFs) for Rab GTPases and, as such, they play a role in

regulating autophagy, vesicular trafficking and fusion, and

membrane trafficking events. Proper regulation of Rab GTPase

activity is known to be important for neuronal function; further-

more, dysregulation of Rabs by DENN proteins or other protein

families with similar GEF activity has previously been linked to

neurodegeneration (49–51). Thus, it is possible that many of the

effects of increased TMEM106B expression are mediated

through alterations to one or more Rab GTPases, which are in

turn regulated by C9orf72. Such a model of pathogenesis implies

that C9orf72 loss-of-function mechanisms may play a role in

development of disease.

We note that C9orf72 knockdown in the context of

TMEM106B over-expression here has a phenotype rescue effect.

While this result may be counter-intuitive to straightforward

assumptions about loss-of-function mechanisms in disease, it

is congruent with the sign epistatic genetic modifier effect we

previously reported for TMEM106B and C9orf72 in a 30-site inter-

national cohort of C9orf72 expansion-associated FTLD-TDP

cases (12). That is, in human FTLD-TDP and in cell culture, in-

creased TMEM106B expression (proxied by TMEM106B risk geno-

type or manipulated by transient transfection) appears

deleterious in most cases, but is rescued in the specific context

TMEM106B over-expression with C9orf72 knockdown (third column), and TMEM106B over-expression with control siRNA knockdown (fourth column). In the right

graph, LAMP1þ diameter is quantified under endogenous conditions (first column), C9orf72 over-expression (second column), C9orf72 knockdown alone (third col-

umn), TMEM106B over-expression alone (fourth column), and TMEM106B and C9orf72 concomitant over-expression (fifth column). All values are normalized to the en-

dogenous condition (first column) and means 6 SEM from nine replicates performed on three separate days are shown. In both HeLa (c) and HEK293 (d) cells,

TMEM106B over-expression significantly increased LAMP1þ organelle size (p < 0.0001, left graph, compare first and second columns). In both cell types, however,

knockdown of C9orf72 abrogated the effects of TMEM106B over-expression, resulting in a return of LAMP1þ organelle size toward that of the endogenous baseline (p <

0.001, left graph, comparing third column with second and fourth columns). ****p < 0.0001, ***p < 0.001.

Figure 8. Knockdown of C9orf72 mitigates TMEM106B-induced acidification defects and cytotoxicity. (a, b) Expression of wild-type TMEM106B in HeLa cells impairs

lysosomal acidification, as demonstrated by decreased LysoTracker MFI. Concomitant siRNA knockdown of C9orf72 rescues this defect (bottom row). In contrast, treat-

ment with control siRNA does not rescue this defect (top row). Representative images are shown in (a), and means 6 SEM for eight replicates performed on 3 days are

shown in (b). Myc-TMEM106B construct is expressed and detected by its myc tag. Cells over-expressing TMEM106B are highlighted by arrowheads. ****p < 0.0001. Scale

bars ¼ 10 lm. (c) TMEM106B over-expression induces cytotoxicity in HeLa cells, as quantified by LDH release over a 48-h time-course. Concomitant siRNA knockdown

of C9orf72 abrogates cytotoxicity, whereas treatment with control siRNA does not. Means 6 SEM for >12 replicates performed on 3 days shown, and cytotoxicity com-

pared by two-way ANOVA. *p < 0.05.
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of reduced C9orf72 (proxied by C9orf72 expansion carrier state

or manipulated by C9orf72 knockdown). We further note that

C9orf72 knockdown, without concomitant TMEM106B over-ex-

pression, results in a small, but significant, decrease in the size

of LAMP1þorganelles. These data also support the notion that

C9orf72 and TMEM106B may function in the same cell biological

pathways regulating the biogenesis, size, trafficking, or turnover

of these organelles.

Several limitations of our study deserve consideration. First,

because many common variant correlates of disease risk may

act through cis-regulatory effects on expression of specific genes

(52), we modeled these effects in our specific FTLD-TDP case by

over-expression of TMEM106B. Such a strategy is not without its

dangers, since over-expression may cause cellular artifacts. We

guarded against such a possibility in several important ways.

First, we evaluated levels of TMEM106B over-expression by im-

munoblot in all experiments, allowing us to verify that the ob-

served cellular phenotypes occurred reliably at TMEM106B over-

expression levels ranging from �2 to 10� (Fig. 5b and c). In addi-

tion, we employed as controls both over-expression of a differ-

ent lysosomal protein (LAMP1) and over-expression of a version

of TMEM106B that did not target efficiently to lysosomes, in

each case confirming that expression levels of control were

equivalent to or greater than wild-type TMEM106B over-expres-

sion levels. Finally, we demonstrated that effects of TMEM106B

over-expression on organelle morphology, acidification, and

toxicity could be rescued by manipulation of a second disease-

relevant protein, C9orf72. Taken together, these control mea-

sures greatly decrease the possibility that the observed effects

of increased TMEM106B expression are non-specific over-ex-

pression artifacts.

A second limitation of this study is that we have modeled ef-

fects of TMEM106B over-expression by transient transfection.

While the advantage of such an approach is that it allows for

comparisons of cells over-expressing versus not over-express-

ing TMEM106B within the same field, longer-term effects of al-

terations in expression might not be captured.

Third, this study focused on the effects of disease-relevant

increases in TMEM106B expression on lysosomes, finding, in

the process, that observed phenomena are dependent on the

presence of C9orf72. We note here that previous work by our

group (21) and others (10,18,20) also suggests a potential con-

nection between TMEM106B and progranulin based on genetic

and cell-based analyses. Since progranulin localizes to lyso-

somes (20), and humans without functional progranulin mani-

fest with a lysosomal storage disorder (53), the potential for

TMEM106B-induced effects on lysosomes to affect progranulin

pathways as well, either in neurons themselves or in other sup-

port cells in which progranulin expression is very high (e.g.

microglia), is also an area worthy of further investigation.

In summary, since the discovery of the TMEM106B locus as a

genetic risk factor for FTLD-TDP in 2010 (9), multiple groups

have worked to understand the significance of this gene and

protein for disease pathophysiology (16,18,20–22,30). Here, we

dissect at a cell biological level the effects of disease-associated

increases in TMEM106B expression, demonstrating significant

effects on lysosomal morphology and impairment in lysosonal

acidification, with associated cytotoxicity. We moreover dem-

onstrate that these effects depend on the presence of a second

FTLD-TDP-associated protein, C9orf72. This study thus estab-

lishes the importance of lysosomal pathways to the develop-

ment of FTLD-TDP and suggests a previously unsuspected

mechanistic interaction between TMEM106B and C9orf72.

Materials and Methods

Constructs

C9orf72 constructs—FLAG-C9orf72: open reading frame of human

C9orf72 (transcript variant 2NM_018325.3) in pCMV6 vector

(Origene); this construct is dual-tagged with myc-FLAG inserted

after the C-terminus; however, because only the FLAG was used

for antibody detection, we hereinafter refer to this construct as

FLAG-C9orf72.

Control constructs—5TO: pcDNA/5TO backbone vector

(Invitrogen). GFP: GFP was cloned into the pcDNA/5TO vector

(Invitrogen). GFP-LAMP1: gift from L. Volpicelli-Daley

(University of Alabama, Birmingham, AL, USA). LAMP1: human

LAMP1 in pCMV6-XL5 (Origene).

TMEM106B constructs – (i) FLAG-TMEM106B: the 50 untrans-

lated region and open reading frame of TMEM106B and a C-ter-

minal FLAG tag were cloned into pcDNA 3.0 vector (Life

Technologies). (ii) GFP-TMEM106B: cloned into pEGFP-C3 vector

(Clontech) by F. Hu (Cornell University, Ithaca, NY, USA) as pre-

viously described (20). (iii) myc-TMEM106B: the 50 untranslated

region and open reading frame of TMEM106B and an N-terminal

myc tag were cloned into pcDNA 3.0 (Life Technologies).

Lysosomal motif mutants

Point mutations were introduced to putative lysosomal sorting

motifs in the parent FLAG-TMEM106B construct (see previous

section). Mutations to the tyrosine and dileucine-based motifs

were created using the QuikChange II Site-Directed

Mutagenesis Kit and primer design software (Agilent

Technologies). The primer used to mutate YVEF ! AVEF was

tcctgtaaattccacagctggaaactgagagacatctccatttcttcc, YDGV !

ADGV was gatgtgactccatcagcagcatcttctttgcttgaatgcaaagg, and

ENQLVALI ! ENQLVAAA was tctctgatcactatatggagccgctgccac-

cagttggttttcttgccccc. For precise locations of these motifs, please

see Figure 4b.

Cell culture, transfection and nucleofection

Primary cortical and hippocampal mouse neurons were pre-

pared from embryonic day 18 (E18) to E20 C57BL/6 mice as previ-

ously described (54). Exogenous plasmids were introduced by

nucleofection (Lonza Amaxa Nucleofector 2b). For each nucleo-

fection, 5 million neurons in suspension were spun down at

80�g and resuspended in 100 ml Mirus BioIngenio

Electroporation Solution (Mirus #50111). Details of nucleofection

protocols can be found in the Supplementary Materials and

Methods.

COS-7, HEK293 and HeLa cells were also used for experi-

ments. Exogenous plasmids were introduced by Lipofectamine-

mediated transfection. Details of their maintenance and trans-

fection are provided in Supplementary Materials and Methods.

C9orf72 knockdown

Two rounds of knockdown with 120 pg of siRNA against C9orf72

(GE Healthcare ON-TARGETplus SMARTpool #L-013341-01

Human C9orf72) or 120 pg of siControl (GE Healthcare ON-

TARGETplus Non-targeting Pool #D-001810-10-05) were per-

formed at 24 and 48 h after cell plating. For experiments that re-

quired concomitant over-expression of another construct, the
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over-expression construct was transfected in parallel with the

siRNA during the second round of knockdown.

As a second method to confirm specificity of C9orf72 knock-

down effects, we used 4 lg of shRNA against C9Orf72 (Origene

pRS construct # TR305711 construct C) or 4 lg of an shRNA to

GFP as a negative control (Origene pRS construct # TR30003).

Transfections were performed 24 and 48 h after plating, with

overexpression of TMEM106B occurring at the same time as the

48-h knockdown transfection.

Live and immunofluorescence microscopy

Live images were taken with the EVOS FL Cell Imaging System

(Life Technologies) at 40� or 60� magnification.

Double- and triple-label immunofluorescence labeling ex-

periments were performed as previously described (21). The fol-

lowing primary antibodies and conditions were used: C9orf72:

anti-human rabbit C9orf72 (Sigma #HPA023873) at 0.8 mg/ml

(1:250); EEA-1: rat anti-mouse EEA-1 (BD #610456) at 1:100; GFP:

goat polyclonal anti-GFP (abcam #6673) at 0.98 mg/ml (1:1000);

LAMP1 1D4B: rat anti-mouse 1D4B (DSHB) at 1 mg/ml; LAMP1

H4A3: mouse anti-human H4A3 (DSHB) at 1 mg/ml; SV-2 mouse

anti-mouse SV-2 (DSHB #SV2) at 1:3000. TMEM106B: custom rab-

bit anti-human, anti-mouse N2077 polyclonal antibody raised

against amino acids 4–19 of TMEM106B at 1 mg/ml; custom

chicken anti-human N2077 serum raised against the same pep-

tide at 1:2000. TMEM106B antibody characterization has been

previously reported (21). Secondary antibodies: goat anti-rabbit

Alexa Fluor 488 (Life Technologies #A-11008); goat anti-rabbit

Alexa Fluor 594 (Life Technologies #A-11037); goat anti-chicken

Alexa Fluor 488 (Life Technologies #A-11039) all used at 1:1000.

AMCA anti-mouse (Vector Laboratories #CI-2000) at 1:100.

LysoTracker DND-99 (Life Technologies #L-7528) was used as

previously described (21). Images were taken on a Nikon 80i up-

right fluorescence microscope and analyzed with Nikon NIS-

Elements AR Imaging Software.

BODIPY 493/503 (Life #D-3922) was used per manufacturer’s

instructions. In brief, cells grown on coverslips were washed

with PBS and fixed with 2% paraformaldehyde. BODIPY stock

(1 mg/ml in 100% EtOH) was freshly diluted at 1:500 in DPBS and

incubated on the coverslips in the dark at room temperature for

15 min. Coverslips were then rinsed with DPBS three times,

then counterstained with DAPI and mounted with ProLong Gold

mounting medium (Life #P36930).

Immunoblotting

Immunoblots were performed as previously described (55). The

following antibodies and conditions were used: N2077 rabbit

TMEM106B antibody at 1 mg/ml (21); EGFR (Cell Signaling #2232)

at 1:1000; LAMP1 H4A3 at 0.5 mg/ml; alpha tubulin: mouse mono-

clonal DM1A (abcam #ab7291) at 0.1333 mg/ml (1:7500); C9orf72:

rabbit anti-human at 1:500 (Sigma #023873).

EGF-R degradation assay

HeLa cells were transfected with FLAG-TMEM106B, GFP or 5TO

(vector) constructs. The next day media was replaced with se-

rum-free DMEM media. After 24-h starvation, 25 mg/ml cyclo-

heximide (Sigma #C1988) was added to the wells; cells were

then stimulated with 100 ng/ml recombinant EGF (Invitrogen #

PHG0311). At each timepoint, cells were lysed and harvested

into 1� RIPA on ice and immunoblots were performed with

anti-EGFR antibody at 1:1000. Densitometry was used to quan-

tify the amount of EGFR as normalized to alpha tubulin for four

replicate experiments.

EGF trafficking assay

A previously published protocol was adapted (56). In brief, HeLa

cells were transfected with TMEM106B; 24-h later, media was

changed to serum-free media containing 1 mM leupeptin in

DMSO (Sigma #L2023) and 1 mM pepstatin in DMSO (Sigma

#P4265). EGF-488 (Invitrogen #E-13345) was then added at 50 or

400 ng/ml. The 0-h timepoint was immediately fixed and immu-

nofluorescently labeled with anti-LAMP1 H4A3 and N2077. For

subsequent timepoints, after 20 min of pulsing with EGF-488,

media was removed, cells were washed and media containing

unlabeled recombinant EGF, leupeptin and pepstatin was added

to the cells. Coverslips were fixed at each timepoint and immu-

nofluorescently labeled. Z-stack images were taken at 100� and

deconvolved using Nikon NIS-Elements AR Imaging Software.

For each timepoint, approximately eight fields were taken; non-

over-expressing and over-expressing cells (>12 each) were out-

lined using the region-of-interest tool and Mander’s overlap

was determined between the LAMP1- and EGF channels with

the Nikon NIS-Elements AR Imaging Software, comparing

neighboring cells with versus without TMEM106B over-

expression.

Cytotoxicity assays

The Clontech LDH assay (Clontech #630117), an LDH-based col-

orimetric kit, was used. HeLa cells were transfected with FLAG-

TMEM106B, LAMP1, ENQLVAAA-TMEM106B or 5TO vector back-

bone constructs. For experiments requiring C9orf72 knock-

down, two rounds of knockdown were performed, as described

above. At 0, 24 and 48 h after transfection, 150 ll media was re-

moved from each condition and processed according to manu-

facturer instructions for three independent experiments.

Additional details can be found in Supplementary Materials and

Methods.

Trypan Blue assays were also used to assess cytotoxicity.

Forty-eight hours after transfection, media was collected, ad-

herent cells were trypsinized and added to the collected media,

and cells were spun down at 800�g for 5 min. Media was then

removed and a 50/50 mix of DMEM and 0.4% Trypan Blue were

used to resuspend the cells. The number of blue and total cells

were counted using a hemacytometer.

Terminal deoxynucleotidyl transferase dUTP nick end la-

beling (TUNEL) assays were used to assess for cells with apo-

ptosis-induced DNA damage. HeLa cells were transfected

with FLAG-TMEM106B or control empty vector. At 24 h after

transfection, staurosporine (Sigma #S6942-200) was added to

a final concentration of 1 mM to positive control wells and

cells were returned to the incubator for an additional 4 h.

Coverslips were then removed from the wells for immunoflu-

orescent labeling, with TMEM106B over-expressing cells

identified by staining against the FLAG tag. The TUNEL assay

was then performed according to manufacturer’s protocol

(Roche #11 684 795 910), with the TUNEL fluorescein reaction

mixture incorporated into the secondary antibody step of im-

munofluorescent labeling. Images were taken on a Nikon 80i

upright fluorescence microscope and analyzed with Nikon

NIS-Elements AR Imaging Software.
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Electron microscopy

Tissues for electron microscopic examination were fixed, wash-

ed and dehydrated prior to embedding in EMbed-812 (Electron

Microscopy Sciences #14120). Images were acquired with a JEOL

1010 electron microscope fitted with a Hamamatsu digital cam-

era and AMT Advantage image capture software. For analysis,

grids with cells or neurons expressing either control or

TMEM106B constructs were then scanned systematically; non-

dividing, non-apoptotic cells were imaged in an unbiased man-

ner. In some cases, as indicated in the text, cells expressing

GFP-TMEM106B constructs were first captured by flow cytomet-

ric cell sorting, selecting for cells expressing GFP versus cells not

expressing GFP. To quantify the percentage of sorted cells ex-

hibiting the vacuolar phenotype, two independent investigators

scored GFP-positive and GFP-negative flow-sorted populations

of GFP-TMEM106B transfected HeLa cells for the presence or ab-

sence of the vacuolar phenotype as captured by electron mi-

croscopy; disagreements were reviewed by both investigators so

that a consensus decision could be reached. The vacuolar phe-

notype was defined as the presence of one or more single mem-

brane-delimited vacuoles with long-width diameter>1 lm.

Additional details of tissue, coverslip and grid preparation can

be found in the Supplementary Material.

Quantification of LysoTracker MFI

Detailed quantification procedures are provided in the

Supplementary Material. In brief, LysoTracker MFI was deter-

mined as previously described (21), with>180 neurons per con-

dition imaged at 60� and quantified for MFI. In all cases,

quantification was performed blinded to the identity of the

over-expressed construct.

Quantification of LAMP1þorganelle diameter

The maximum diameter of the 10 largest LAMP1þorganelles (by

visual inspection) within each cell analyzed was measured us-

ing the Nikon NIS-Elements AR Imaging Software, with>150

LAMP1þorganelles (>15 cells) measured for each condition

from images captured at 40�. Additional details regarding

quantification and normalization are found within the

Supplementary Material.

Statistical tests

Two-tailed nonparametric (Mann–Whitney) tests were used

except for time-course experiments, for which two-way

ANOVAs were used instead. Fisher exact tests were used for

electron microscopy analysis given low event counts in some

control categories. Calculations were performed using

GraphPad Prism 5.

Supplementary Material

Supplementary Material is available at HMG online.
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