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Abstract
Frontotemporal lobar degeneration with TDP-43 inclusions (FTLD-TDP) is a fatal
neurodegenerative disease with no available treatments. Mutations in the progranulin gene (GRN)
causing impaired production or secretion of progranulin are a common Mendelian cause of FTLD-
TDP; additionally, common variants at chromosome 7p21 in the uncharacterized gene
TMEM106B were recently linked by genome-wide association to FTLD-TDP with and without
GRN mutations. Here we show that TMEM106B is neuronally expressed in postmortem human
brain tissue, and that expression levels are increased in FTLD-TDP brain. Furthermore, using an
unbiased, microarray-based screen of over 800 microRNAs, we identify microRNA-132 as the top
microRNA differentiating FTLD-TDP and control brains, with <50% normal expression levels of
three members of the microRNA-132 cluster (microRNA-132, microRNA-132*, and
microRNA-212) in disease. Computational analyses, corroborated empirically, demonstrate that
the top mRNA target of both microRNA-132 and microRNA-212 is TMEM106B; both
microRNAs repress TMEM106B expression through shared microRNA-132/212 binding sites in
the TMEM106B 3’UTR. Increasing TMEM106B expression to model disease results in
enlargement and poor acidification of endo-lysosomes, as well as impairment of mannose-6-
phosphate-receptor trafficking. Finally, endogenous neuronal TMEM106B co-localizes with
progranulin in late endo-lysosomes, and TMEM106B over-expression increases intracellular
levels of progranulin. Thus, TMEM106B is an FTLD-TDP risk gene, with microRNA-132/212
depression as an event which can lead to aberrant over-expression of TMEM106B, which in turn
alters progranulin pathways. Evidence for this pathogenic cascade includes the striking
convergence of two independent, genomic-scale screens on a microRNA:mRNA regulatory pair.
Our findings open novel directions for elucidating miRNA-based therapies in FTLD-TDP.
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INTRODUCTION
The neurodegenerative dementia FTLD-TDP is a sporadic and familial neurodegenerative
disease causing progressive impairment in language, behavioral control, or both (McKhann
et al., 2001; Baker et al., 2006). One of the major forms of presenile dementia (Ratnavalli et
al., 2002), FTLD-TDP is characterized by ubiquitinated inclusions comprised primarily of
the HIV TAR-DNA binding protein of 43 kD, or TDP-43 (Arai et al., 2006; Neumann et al.,
2006). These TDP-43 inclusions are also found in the motor neuron disease amyotrophic
lateral sclerosis (ALS) (Arai et al., 2006; Neumann et al., 2006). Mutations in the TDP-43
gene (TARDBP) are rare genetic causes of both FTLD-TDP (Benajiba et al., 2009) and ALS
(Gitcho et al., 2008), suggesting that FTLD-TDP and ALS might be two phenotypic ends of
one disease spectrum (Chen-Plotkin et al., 2010a). Additionally, mutations in the
progranulin gene (GRN) – a secreted growth factor (He and Bateman, 2003) – are a major
Mendelian cause of FTLD-TDP (Baker et al., 2006; Cruts et al., 2006) and account for
~10% of all cases (Gass et al., 2006). Deficiency of progranulin production (Baker et al.,
2006; Cruts et al., 2006) or secretion (Mukherjee et al., 2008; Shankaran et al., 2008)
appears to be the disease mechanism in these autosomal dominant FTLD-TDP cases (Cruts
and Van Broeckhoven, 2008).

To identify additional risk factors for FTLD-TDP, we previously conducted a genome-wide
association study (GWAS) and showed that chromosome 7p21 variants within the gene
TMEM106B confer increased risk of FTLD-TDP, with an odds ratio of 1.6 (Van Deerlin et
al., 2010), and this association has been replicated (van der Zee et al., 2011). Intriguingly,
decreased plasma progranulin levels correlate with TMEM106B risk genotypes (Finch et al.,
2011), and, in ALS patients, TMEM106B genotypes associated with FTLD-TDP increase
the risk of developing dementia (Vass et al., 2011). While these observations correlate with
TMEM106B genotype, they do not provide mechanistic evidence that TMEM106B is the
causative 7p21 genetic signal observed in the GWAS. Furthermore, very little is known
about TMEM106B, a 274 amino-acid, predicted single transmembrane domain protein, with
no yeast orthologue and homology only to two other uncharacterized members of the
TMEM106 family.

Here, we investigate the genetic regulation and pathophysiological function of TMEM106B,
both of which were previously unknown. We demonstrate that TMEM106B is elevated in
FTLD-TDP brains. We further show that TMEM106B is normally repressed by
microRNA-132 and microRNA-212, which are significantly decreased in FTLD-TDP.
Finally, we demonstrate that TMEM106B over-expression in turn disrupts endosomal-
lysosomal pathways, sequesters progranulin in TMEM106B positive late endosomes or
lysosomes, and increases intracellular levels of progranulin. We thus establish TMEM106B
mechanistically as the 7p21 genetic risk factor for FTLD-TDP and elucidate
pathophysiological steps which may be amenable to targeted intervention in an otherwise
fatal disease.
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MATERIALS AND METHODS
Human brain samples

Frontal cortex samples from 12 FTLD-TDP cases (5 with GRN mutations and 7 without
GRN mutations) and 6 neurologically normal controls of either sex (see Table 1 for details)
were obtained from the University of Pennsylvania Center for Neurodegenerative Disease
Research Brain Bank. Total RNA was isolated and evaluated for quality control parameters
as previously described (Chen-Plotkin et al., 2008), with the exception that a column
purification step was not used, in order to retain small RNAs. Protein was sequentially
extracted from a subset of frontal cortex samples. Informed consent was obtained for
postmortem studies.

Of note, some of the frontal cortex samples used for mRNA quantitation were previously
reported in our GWAS study (Van Deerlin et al., 2010); these data were included here so
that sets of data from multiple brain regions included the same samples.

MicroRNA screening and QRT-PCR validation
1µg of total RNA from each individual brain sample, as well as 1µg of a pooled reference
sample, was hybridized to the miRCURY LNA array version 11.0 (Exiqon, Copenhagen) for
microRNA quantitation. No microRNA enrichment was needed, as concentrations of
miRNAs were high. Statistical analyses of miRNA expression were performed using open
source R software packages available from Bioconductor and specifically the limma
package for two-color arrays. Microarray QC was performed as previously described (Chen-
Plotkin et al., 2008); no outlier chips were identified for elimination. Raw data were RMA
normalized (Wettenhall and Smyth, 2004), and median values for each microRNA were
used to compare groups using pairwise contrasts within an ANOVA (Analysis of Variance)
model correcting for gender and age. R-scripts for these analyses are available on request.
Promising candidate microRNAs found by array screening to differ in disease were
evaluated using QRT-PCR with TaqMan microRNA assays from Applied Biosystems (AB
Assay ID 000457, AB Assay ID 002132, AB Assay ID 000515); microRNAs were
normalized to either the geometric mean of two housekeeping small RNAs (human let-7a,
AB Assay ID 000377; human RNU38b, AB Assay ID 001004) or a neuron-specific
microRNA (human miR-124a, AB Assay ID 000446).

QRT-PCR was also used for transcript quantitation for TMEM106B and other mRNAs of
interest as previously described (Chen-Plotkin et al., 2008). Relative quantification was
performed (delta-delta method) using β-actin and/or PPIA as our reference housekeeping
gene after verification that these transcripts remain constant in the experimental conditions
used.

SNP genotyping
DNA was extracted from brain samples and genotyping was performed using TaqMan
chemistry-based allelic discrimination assays as previously described (Van Deerlin et al.,
2010).

MicroRNA target prediction and verification
The TargetScan program (release 5.1, http://www.targetscan.org) was used to predict targets
of specific microRNAs and specific microRNA regulators of TMEM106B. To verify the
predicted regulation of TMEM106B by miR-132 or miR-212, we performed three types of
assays.

Chen-Plotkin et al. Page 3

J Neurosci. Author manuscript; available in PMC 2013 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.targetscan.org


First, in an endogenous TMEM106B assay, HEK293 cells were plated one day before
transfection at 2 × 105 per well in 12-well plates. The following day, 75pmoles of miRNA
mimic (miR-132, Applied Biosystems PM10166; miR-212, Applied Biosystems PM10340;
miR-124 Applied Biosystems PM 10691) were transfected using Lipofectamine 2000
(Invitrogen) according to manufacturer’s instructions in serum-free conditions. Medium was
replaced after 4–6 hours to standard 10% FBS-containing medium. Appropriate amounts of
microRNA mimics were determined empirically by testing a range of concentrations. 48
hours after transfection, cells were harvested, and total RNA was isolated using the
miRNeasy kit (Qiagen) before quantitation by QRT-PCR.

Second, TMEM106B constructs containing the full 3’UTR, or lacking various portions of
the 3’UTR were cloned into a commercially available construct (TMEM106B construct,
Origene SC113580). For miR-132/212 Site 1 and 2 deletions, the seed match region (red
nucleotides on the 3’ end of sequences shown in Figure 4A) was deleted. 4µg of the relevant
TMEM106B construct was transfected into each well of a 6-well plate. RNA and protein
were harvested at 48 hours after transfection. For protein studies, cells were lysed in RIPA
buffer with protease inhibitors and PMSF on ice, and lysates were centrifuged (16,000×g,
4°C, 15min) to remove debris, before downstream immunoblotting.

Third, luciferase reporter constructs were created adding 35–40bp of TMEM106B 3’UTR
sequence including and flanking the relevant miR-132/212 binding sites to the 3’UTR
regulatory region of a commercially available dual-luciferase reporter (pmiRGLO Vector,
Promega). In addition, mutated versions of these same constructs, containing the same 35–
40bp in a scrambled order to abrogate miR-132/212 binding, were also cloned into the
luciferase reporters in a similar manner. For miR-132/212 Site 1, the following sequence
(flanking regions plus miRNA binding sites, with miRNA binding site in bold) was inserted:
CTAGTGAGATGGTGGAGTAAAAAGACTGTTAAACATTGCA. For miR-132/212
Site 1 mutated sequence, the following sequence (flanking regions plus scrambled miRNA
binding sites, with scrambled miRNA binding site in bold) was inserted:
CTAGTGAGATAGGGGTGAATACAATGAGCTTAACATTGCA. For miR-132/212
Site 2, the following sequence (flanking regions plus miRNA binding sites, with miRNA
binding site in bold) was inserted:
CTAGTATTACTACCATGTAGACTGTTATAGTTTGCA. For miR-132/212 Site 2
mutated sequence, the following sequence (flanking regions plus scrambled miRNA binding
sites, with scrambled miRNA binding site in bold) was inserted:
CTAGTATTAGTACTACGTACAGGTATTTAGTTTGCA. For miR-132/212 Site 2
mutated sequence, the following sequence (flanking regions plus scrambled miRNA binding
sites, with scrambled miRNA binding site in bold) was inserted:
CTAGTATTAGTACTACGTACAGGTATTTAGTTTGCA. These constructs were then
co-transfected into HEK293 cells with microRNA mimics as described above. 50ng of the
relevant luciferase reporter construct was co-transfected. 24 hours after transfection, lysates
were prepared according to instructions from the Dual Luciferase Assay kit (ProMega) and
read on a Berthold LB941 TriStar vTI Multimode Reader.

TMEM106B antibodies
An N-terminus peptide corresponding to amino acid residues 4–19
(SLSHLPLHSSKEDAYDC) was synthesized and used to immunize rabbits, and site-
specific IgG was affinity-purified with an N-terminus peptide column. The resulting
antibody was named N2077. Antibody specificity was verified with immunoblots and
immunofluorescence microscopy (Figure 1). Peptide preabsorption was performed with a
5:1 (by weight) ratio of immunizing peptide to N2077 antibody, incubated overnight at 4°C,
with rotation.
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In addition, we tested commercially available antibodies against TMEM106B raised against
N-terminus amino acids 1–50 (Bethyl Laboratories, Montgomery, TX) and against the C-
terminus of the protein (Proteintech, Chicago, IL). Neither antibody demonstrated specificity
in immunocytochemical experiments (data not shown), but the N-terminus antibody
recognized the same bands as N2077 on immunoblot (Figure 1D) and was used to confirm
key biochemical findings.

Cell culture and transfection
Primary cortical and hippocampal neurons were prepared from embryonic day 18 (E18) to
E20 C57BL/6 mice, plated, and maintained as previously described (Tseng et al., 2006). In
addition, HEK293 and SHSY5Y cells were maintained and used for experiments. Where
indicated, cells were transfected with the respective construct(s) using Lipofectamine-2000
(Invitrogen) one day after plating (50–70% confluency) according to manufacturer
instructions; transfections were performed under serum-free conditions. SHSY5Y cells were
neuronally differentiated prior to their use in experiments as previously described (Remenyi
et al., 2010). Neuro2A cells were neuronally differentiated directly after transfection for 48
hours prior to their use by incubation in neurobasal media (Gibco catalog # 1208) with B27
(Gibco catalog #1209) together with complete DMEM in a 1:1 ratio in an adaption of a
previously described protocol (Ishikura et al., 2005).

Treatment of cells with lysosomal and proteosomal inhibitors
Cells were treated with the vacuolar ATPase inhibitor bafilomycin A1, lysosomal protease
inhibitors Pepstatin A or Leupeptin, proteosomal inhibitor MG132, or control DMSO as
previously described (Capell et al., 2011), with the exception that Leupeptin was not used in
a mix but rather alone at a concentration of 1µM.

Immunofluorescence microscopy
Cells were fixed (2% paraformaldehyde, 15min, RT), washed five times with PBS, and then
blocked for 60 minutes at room temperature in blocking buffer (3% BSA, 0.05% saponin, in
PBS). Primary antibodies were diluted in blocking buffer, and coverslips were incubated
overnight at 4°C. The next day, coverslips were washed four times with blocking buffer
before incubation with secondary antibody. Secondary antibodies were diluted in blocking
buffer, and coverslips were incubated for 1 hour at room temperature protected from light.
Following this incubation, coverslips were washed five times with blocking buffer, once
with PBS, and then mounted on slides (ProLong Gold, Invitrogen).

The following antibodies and conditions were used. TMEM106B: N2077 antibody (see
“TMEM106B antibodies”) was used at 1ug/mL. FLAG: M2 antibody (Sigma) was used at 1
ug/mL. Progranulin: goat anti-human GRN (R&D Systems) was used at 1 ug/mL, and sheep
anti-mouse GRN (R&D Systems) was used at 1 ug/mL. TDP-43: N171 antibody (mouse
monoclonal antibody generated at University of Pennsylvania (Lippa et al., 2009)) was used
at 1 ug/mL. Mannose-6-phosphate receptor (M6PR, cation-independent): mouse anti-human
M6PR (Catalog number ab2733, Abcam, Cambridge, MA) was used at 2 ug/mL. LAMP-1:
mouse anti-human H4A3 (DSHB, Iowa City, IA) and mouse anti-human CD107A (Catalog
number 555798, BD Biosciences, San Jose, CA) were used at 1 ug/mL; rat anti-mouse
1D4B (DSHB, Iowa City, IA) was used at 1 ug/mL. GM130: mouse GM130 antibody
recognizing human, mouse, and rat GM130 (BD Biosciences, San Jose, CA) was used at
1.25 ug/mL. All secondary antibodies were Alexa Fluor antibodies (Invitrogen, Carlsbad,
CA) used at 1:1000, with the exception of an AMCA anti-mouse IgG (Vector Labs,
Burlingame, CA) used at 1:100.
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Lysosensor and Lysotracker staining
The weak base dyes Lysosensor DND-189 (Invitrogen, Carslbad, CA) and Lysotracker
DND-99 (Invitrogen, Carlsbad, CA) were used to assess the acidity of intracellular
organelles, since they both fluoresce intensely at low pH, and more weakly or not at all at
higher pH. Live cells were incubated with Lysosensor (1µM, 30 minutes, 37°C) or with
Lysotracker (100nM, 2 hours, 37°C). Lysosensor-stained cells were imaged live
immediately in 4°C PBS. Lysotracker-stained cells were imaged live in 4°C PBS or fixed
and stained for immunofluorescence microscopy as above.

Quantification of LAMP-1+ organelle size, Lysosensor/Lysotracker mean fluorescence
intensity, and progranulin staining appearance

LAMP-1+ organelle size: An average of twelve fields containing a representative
heterogenous mixture of cells with and without TMEM106B over-expression after transient
transfection were captured at 40X magnification after staining for LAMP-1 and
TMEM106B. The diameter of LAMP-1+ organelles was measured for an average of three
TMEM106B over-expressing and three TMEM106B non-over-expressing cells per field,
and average diameters (+/− SEM) were calculated for cells with and without TMEM106B
over-expression. TMEM106B over-expressing cells occasionally contained very large
vacuolar LAMP-1+ organelles; these were not included in the quantitation.

Lysosensor/Lysotracker mean fluorescence intensity: An average of eleven fields containing
a representative heterogeneous mixture of cells with and without TMEM106B over-
expression after transient transfection were captured at 40X magnification after staining for
TMEM106B and the indicated pH-sensitive dye. The cytoplasmic compartment was
outlined as a region of interest for measures of mean fluorescence intensity (MFI) in the
Lysosensor or Lysotracker channel. An average of two TMEM106B over-expressing and
three TMEM106B non-over-expressing cells per field were quantitated for MFI, and
average MFIs (+/− SEM) were calculated for cells with and without TMEM106B over-
expression.

Progranulin staining appearance: Six fields containing a representative heterogeneous
mixture of cells with and without TMEM106B over-expression after transient transfection
were imaged at 20X magnification after staining for TMEM106B and progranulin. The
presence or absence of intense puncta of progranulin staining was then scored for an average
of 14 TMEM106B-over-expressing cells and >50 TMEM106B-non-over-expressing cells
per field.

Protein preparation and immunoblotting
Where indicated, sequential biochemical fractionation of cell lysates or postmortem human
brain samples was performed. Samples were sequentially extracted in buffers of increasing
strength: High-salt (10 mM Tris, 500 mM NaCl, 2 mM EDTA, 1mM DTT, 10% sucrose, pH
7.5), RIPA (50 mM Tris, 150 mM NaCl, 5mM EDTA, 0.5% sodium deoxycholate, 1%
NP-40, 0.1% sodium dodecyl sulfate [SDS], pH 8.0), and 2% SDS. Since most TMEM106B
is extractable in RIPA with a small fraction in High-salt, we extracted directly into RIPA for
routine biochemical experiments unless otherwise indicated. Immunoblotting was performed
as previously described (Neumann et al., 2006).

Enzyme-linked immunosorbent assay (ELISA)
Sandwich ELISAs were used for measurement of progranulin and the control secreted
protein IGFBP-2 from cell culture lysates and conditioned medium. Specifically,
progranulin quantification was performed using a commercially available ELISA (Human
progranulin ELISA kit, AdipoGen, Korea). IGFBP-2 quantification was also performed
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using a commercially available ELISA (Human IGFBP-2 ELISA kit, RayBiotech, Inc,
USA).

For the progranulin secretion assay, 50µL samples of conditioned medium were removed
from each cell culture well (containing a total of 1mL of medium) at designated time
intervals after transfection. At the last time point (48 hours), a 50µL conditioned medium
sample was collected, the remaining medium was removed, cells were washed once with
PBS, and cell lysates were then extracted in RIPA buffer as described in the preceding
section.

Statistical tests
Two-tailed t-tests were used, unless confirming a specific directionality of change (e.g.
QRT-PCR verification of microarray results), in which case one-tailed t-tests were used.
Statistical analysis of microarray data was performed as described in “MicroRNA screening
and QRT-PCR validation” section. For BDNF treatment experiments in SHSY5Y cells,
linear regressions were used to evaluate the correlation of miRNA levels with target mRNA
levels, adjusting for time point of measurements and the interaction of miRNA effect with
time. For repeated measurements of extracellular progranulin over time, repeated measures
two-way ANOVA was used to evaluate the effect of increased TMEM106B expression.

RESULTS
TMEM106B shows increased expression in FTLD-TDP brain

TMEM106B is a minimally characterized protein. Thus, we first sought to investigate its
expression in normal and FTLD-TDP brain tissue. We thus raised an affinity-purified
polyclonal antibody, N2077, which specifically recognizes an N-terminus peptide sequence
unique to TMEM106B.

In both HEK293 cells (Figure 1A) and murine primary cortical neurons (Figure 1B)
transfected with a FLAG-tagged TMEM106B construct, staining patterns for N2077 and
anti-FLAG antibody showed nearly perfect overlap. Similarly, immunoblots performed on
sequentially-extracted HEK293 cell lysates transfected with FLAG-tagged TMEM106B
constructs showed the same band when probed with N2077 or antibodies against the tag
(Figure 1C), again demonstrating that the N2077 antibody recognizes TMEM106B.
Furthermore, both N2077 and the anti-FLAG antibodies recognize TMEM106B in RIPA-
extracted samples, consistent with the predicted transmembrane character of TMEM106B.
Finally, preabsorption of N2077 with the peptide immunogen resulted in the disappearance
of TMEM106B immunobands on immunoblotting (Figure 1D), as well as the disappearance
of TMEM106B staining within cellular structures on immunofluorescence (data not shown).
Taken together, these results demonstrate the specificity of the N2077 antibody for
TMEM106B in both biochemical and cell biological contexts.

Unexpectedly, however, the molecular weight of the main species recognized by both
N2077 and antibodies directed against the FLAG tag was approximately 75kD, with a
fainter band occasionally seen at 40kD, while the predicted molecular weight of
TMEM106B is 31kD. We accordingly tested other commercially available antibodies
against TMEM106B; only one recognized immunobands that increased with over-
expression of TMEM106B, and this antibody demonstrated the same 75kD and 40kD bands
(Figure 1D), with possibly greater affinity for the 40kD band than N2077.

To investigate the apparent discrepancy between predicted and observed molecular weights
of TMEM106B, we manipulated the protein in various ways. Dephosphorylating or reducing
cell lysates with DTT did not change the molecular weight (Figure 1E). Incubating the
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protein at 37°C or above, however, demonstrated that the 75kD species recognized by both
N2077 and antibodies against the TMEM106B construct tag was very sensitive to heat, even
in the presence of protease inhibitors. Specifically, when cell lysates containing
TMEM106B were kept at 37°C for 30 minutes, several changes were observed in the
immunoblot pattern (Figure 1F). First, more than 50% of the protein was lost. Second, the
40kD band became more prominent. Third, when cell lysates containing TMEM106B were
heated to 56°C or above, both the 75kD and 40kD bands were lost, and a high-molecular
weight species was seen at the top of the gel, again consistent with the transmembrane
character of TMEM106B. Human brain homogenates behaved similarly, with the exception
that the 40kD band was much less prominent (Figure 1G).

Finally, TMEM106B has recently been reported to be glycosylated, with at least five
glycosylation sites C-terminal to the predicted transmembrane domain (Lang et al, 2012).
We confirmed this finding and extended it to brain tissue by deglycosylating cell lysates and
human brain homogenates. Specifically, we found that if we combined treatment with N-
glycosidase F with short pre-treatment with heat, the 40kD band (prominent in cell lysates
and visible although less prominent in human brain homogenates) collapsed to the expected
31kD weight of TMEM106B, while the 75kD band collapsed to ~60kD (Figure 1H). Taken
together, these data suggest that TMEM106B is glycosylated, detergent-soluble, and exists
primarily in a heat-sensitive protein complex migrating at an apparent molecular weight of
75kD. Accordingly, all subsequent biochemical experiments performed for quantitation
were done with the samples kept at 4°C.

Having demonstrated the specificity of our N2077 antibody, we used it to evaluate the
expression of TMEM106B in human frontal cortex brain tissue (n=5 each of normal cases.
FTLD-TDP without GRN mutations, FTLD-TDP with GRN mutations). TMEM106B was
abundantly expressed in human brain tissue, with a cytoplasmic perikaryal localization in
neurons from normal individuals (Figure 2A), reminiscent of TMEM106B’s expression
pattern in murine primary cortical neurons (Figure 1B). Intriguingly, TMEM106B appeared
more widely distributed in the cytoplasm of neurons from individuals with FTLD-TDP, and
particularly FTLD-TDP with GRN mutations (GRN(+) FTLD-TDP, Figure 2A). In these
individuals, TMEM106B expression extended beyond the cell body into neuronal processes,
filling the cytoplasm of the cells. Of note, none of the commercially available TMEM106B
antibodies produced a clear staining pattern in human brain tissue (data not shown), whereas
N2077's perikaryal neuronal staining was robust and disappeared upon preabsorption of the
antibody with the peptide immunogen (Figure 2B).

These immunohistochemical findings, as well as preliminary data reported in our prior
GWAS (Van Deerlin et al., 2010), suggested that TMEM106B expression is increased in
FTLD-TDP. We therefore quantified TMEM106B expression in FTLD-TDP brain.

At the mRNA level, quantitative reverse-transcription PCR (QRT-PCR) demonstrated that
TMEM106B brain expression was lowest in normal individuals (n=6), higher in FTLD-TDP
patients without GRN mutations (GRN(−) FTLD-TDP, n=7) and highest in GRN(+) FTLD-
TDP (n=5, see Table 1 for patient and control characteristics). These trends were observed
in multiple areas of the brain (Figure 2C), with the most striking differences seen in frontal
cortex, corroborating our previously published report (Van Deerlin et al., 2010) with a wider
range of samples. For a subset of patients, never-thawed frontal cortex samples were
available for protein quantitation, and quantitation of immunoblots performed on these
frontal cortex samples corroborated the mRNA finding that TMEM106B expression is
increased in GRN(+) FTLD-TDP (Figure 2D). It is worth noting that human brain
TMEM106B expression appears to be much higher than in HEK293 cells, which show
negligible expression by immunoblot in the absence of over-expression. In addition, we
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have previously shown that the GRN(+) FTLD-TDP brains used in this study do not have
more severe TDP-43 pathology than the GRN(−) FTLD-TDP brains (Chen-Plotkin et al.,
2010b), suggesting that general mechanisms of TDP-43 mediated pathology and/or
neurodegeneration cannot account for the observed differences in TMEM106B expression.

Thus, TMEM106B appears to be abundantly expressed in human brain tissue, with
particularly high levels of expression in GRN(+) FTLD-TDP brain, and possible modest
increases in GRN(−) FTLD-TDP brain as well.

The microRNA-132 cluster is decreased in FTLD-TDP brain
We next sought to identify genetic modifiers of TMEM106B expression which might be
responsible for the observed increase in expression in FTLD-TDP. To do this, and to
simultaneously pursue effectors of a distinct mRNA expression signature previously
demonstrated in FTLD-TDP (Chen-Plotkin et al., 2008), we performed global microRNA
(miRNA) expression profiling. MiRNAs – small noncoding RNAs of ~22bp – have emerged
in recent years as major regulators of gene expression, binding to complementary sequences
in the 3’ untranslated region (3’UTR) of specific mRNAs and repressing expression by
targeting mRNAs for degradation or blocking translation (Filipowicz et al., 2008). In
addition, miRNA dysfunction has been implicated in a growing number of diseases,
including the neurodegenerative disorders Alzheimer’s disease (Hebert et al., 2008; Wang et
al., 2008), Parkinson’s disease (Kim et al., 2007), and spinocerebellar ataxia (Lee et al.,
2008).

Utilizing a microarray platform testing all known human miRNAs (n=836), we compared
frontal cortex tissue from FTLD-TDP patients (n=12) and controls (n=6, see Table 1 for
patient and control characteristics). Three miRNAs in the miR-132 cluster – miR-132,
miR-132*, and miR-212 – all emerged within the 11 miRNAs showing significantly
dysregulated expression in FTLD-TDP (Figure 3A). A fourth putative member of the
miR-132 cluster – miR-212* – is not in the microRNA database miRBase 17
(http://www.mirbase.org/index.shtml) and was not represented on the microarray.

The top miRNA thus identified was miR-132 (p=0.0001, Figure 3A), a CREB-activated
miRNA previously reported to play diverse roles in neuronal differentiation (Vo et al., 2005;
Magill et al., 2010). In addition, by corroborative QRT-PCR, miR-132, miR-132*, and
miR-212 all showed <50% expression in both GRN(−) FTLD-TDP and GRN(+) FTLD-TDP
compared to normal controls (QRT-PCR, Figure 3B). This decreased expression relative to
normal controls persisted in both GRN(−) FTLD-TDP and GRN(+) FTLD-TDP subgroups,
removing the possibility that one subgroup is driving the effect; a significant difference also
persisted when quantitation was normalized to the brain-expressed miRNA miR-124,
removing the possibility that neuronal loss associated with FTLD-TDP is driving the effect
(data not shown). However, absolute levels of miR-132 were ~100 times higher than
miR-132* and miR-212 in all groups (Figure 3B).

MiR-132, miR-132*, and miR-212 are all generated from a shared primary miRNA
transcript (pri-miRNA) on chromosome 17; this pri-miRNA is then processed into 2 pre-
miRNAs, which in turn become the three mature miRNAs (Figure 3C). Interestingly,
miR-132, miR-132*, and miR-212 levels were highly correlated on an individual-to-
individual basis (R2 values > 90%, Figure 3D), suggesting that the observed decrease of all
three miRNAs may result from decreased expression of the pri-miRNA transcript in FTLD-
TDP.
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MiR-132 and miR-212 are dual repressors of TMEM106B through shared binding sites in
the 3’UTR

Having identified the miR-132 cluster by genomic-scale screening for FTLD-TDP-
dysregulated miRNAs, we next performed computational analyses of miR-132 cluster
targets using the program TargetScan (Lewis et al., 2003) (release 5.1,
http://www.targetscan.org). Strikingly, the top computationally-predicted target of both
miRNA-132 and miR-212 was TMEM106B, ranked 1 of 283 predicted mRNA targets
(Table 2). Specifically, miR-132 and miR-212 share one recognition sequence, and two sites
within the TMEM106B 3’UTR contain this “seed match” (Figure 4A, nucleotides in red).
Indeed, on an individual-by-individual basis, irrespective of disease status, frontal cortex
levels of both miR-132 and miR-212 showed significant inverse associations with frontal
cortex levels of TMEM106B (linear regression one-tailed p-value = 0.03 for miR-132, 0.05
for miR-212).

To determine if the computationally predicted relationship between miR-132/212 and
TMEM106B could be demonstrated experimentally, we transfected each miRNA into
HEK293 cells. Transfection of either miR-132 or miR-212 resulted in a 40% decrease of
endogenous mRNA levels of TMEM106B, suggesting that these miRNAs are bona fide
negative regulators of TMEM106B (Figure 4B).

We next evaluated the site-specific contributions of the two predicted miR-132/212 binding
sites within the TMEM106B 3’UTR (Sites 1 and 2 in Figure 4A) on miR-132/212 regulation
of TMEM106B. First, we used a “subtraction” strategy – removing miR-132/212 binding
sites from the native TMEM106B 3’UTR by truncations and by site-directed deletions
(Figure 4A). We expressed these TMEM106B 3’UTR mutants in HEK293 cells and assayed
their expression levels under the regulation of endogenous miR-132/212.

Expression of a TMEM106B construct lacking the predicted 3’UTR miR-132/212 binding
sites resulted in high TMEM106B protein expression (Figure 4C). Inclusion of the 3’ end of
the 3’UTR in the full 3’UTR-containing TMEM106B construct resulted in a 65% decrease
of TMEM106B protein (Figure 4C) and mRNA levels (Figure 4D), compared to the
construct without miR-132/212 binding sites – demonstrating the repressive function of this
portion of the 3’UTR. Moreover, a targeted deletion eliminating only the seed region of
miR-132/212 Site 1 from the full 3’UTR construct resulted in significant restorations of
TMEM106B protein (Figure 4C) and mRNA (Figure 4D) levels, while a targeted deletion
eliminating only the seed region of miR-132/212 Site 2 resulted in negligible change in
TMEM106B levels. Finally, a construct containing targeted deletions of both miR-132/212
Site 1 and miR-132/212 Site 2 seed regions resulted in the largest restorations (>50%) of
TMEM106B expression at the protein (Figure 4C) and mRNA (Figure 4D) levels. Thus,
miR-132/212 Site 1 and miR-132/212 Site 2 are necessary in mediating the repression of
TMEM106B by endogenous microRNAs, with greater repressor activity from Site 1.

Second, we employed an “addition” strategy – selectively adding the full miR-132/212
binding Site 1 or 2 to luciferase reporter constructs in the 3’ regulatory region. Co-
transfection of luciferase reporter constructs with miR-132 or miR-212 into HEK293 cells
resulted in a significant reduction in luciferase reporter activity for both the Site 1 construct
(Figure 4E) and the Site 2 construct (Figure 4F). This reduction was not seen when cells
were treated with an irrelevant microRNA or with no microRNAs, or when mir-132/212-
site-containing reporters were substituted with either empty vector (Figures 4E and 4F, grey
bars) or a luciferase reporter construct inserting the same base pairs in a scrambled order that
would abolish microRNA binding (Figures 4E and 4F, black bars). Thus, either
miR-132/212 Binding Site 1 or miR-132/212 Binding Site 2 of the TMEM106B 3’UTR is
sufficient to confer regulatory activity by miR-132 and miR-212.
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We next evaluated whether miR-132/212 activation by a physiologic stimulus in a neuronal
cell would demonstrate the same regulatory effect of miR-132/212 on TMEM106B.
Previous studies have shown that in neurons, miR-132 and miR-212 are CREB-activated
miRNAs (Impey et al., 2004; Magill et al., 2010) and that treatment with BDNF, which
activates CREB-mediated transcription, also increases miR-132 and miR-212 expression.
Because the miR-132/212 binding sites in the TMEM106B 3’UTR are not conserved
beyond primates, we used retinoic acid induced neuronally-differentiated human SHSY5Y
cells. BDNF treatment in SHSY5Y cells resulted in a rapid (1–2hr) increase in both the
known CREB-responsive gene fos and precursor forms of miR-132 and miR-212, consistent
with CREB-activated transcription of these two miRNAs (Figure 4G). We observed a
subsequent rise in mature forms of miR-132 and miR-212, peaking at 24 hours after BDNF
treatment. Concomitant with the rise in miR-132, TMEM106B transcript levels fell, with a
maximum effect 48 hours after BDNF treatment (Figure 4H). Reduction in TMEM106B
expression was significantly associated with rise in miR-132, and similar in magnitude to
observed reduction in the known miR-132 target gene p250GAP (Wayman et al., 2008;
Remenyi et al., 2010), consistent with miR-132 repression of TMEM106B in a neuronal
setting (Figure 4H). Similar trends were seen for miR-212, but total levels were 5–10 times
lower than miR-132 in SHSY5Y cells and negative correlation with TMEM106B and
p250GAP expression was not significant for miR-212 (data not shown). Taken together,
these results provide empirical confirmation of the computationally predicted regulation of
TMEM106B by miR-132 and miR-212.

Neuronal TMEM106B is localized to late endosomes or lysosomes
Having established that the miR-132 cluster is decreased in FTLD-TDP, that TMEM106B is
increased in FTLD-TDP, and that miR-132 and miR-212 can both repress TMEM106B
expression, we turned our attention to the biology of this previously uncharacterized protein.
Using immunofluorescence microscopy, we first evaluated the subcellular localization of
TMEM106B using the N2077 antibody. Of note, the commercially available antibodies
against TMEM106B did not show co-localization with antibodies against various tags upon
expression of tagged constructs, so we did not use them for cell biological experiments.
FLAG-tagged TMEM106B in HEK293 cells (Figure 5A) co-localized with the late
endosomal/lysosomal marker LAMP-1, supporting previous reports using immortalized cell
lines that TMEM106B may be localized to lysosomes (Lang et al., 2012). We extended
these findings by demonstrating that endogenous TMEM106B in non-transfected murine
primary cortical neurons (Figure 5B) also co-localized with LAMP-1, as well as
Lysotracker, an indicator of acidic organelles (Figure 5C). In contrast, there was little
overlap in staining between TMEM106B and Golgi markers (Figure 5D) or between
TMEM106B and TDP-43 (Figure 5E). Similar late endosomal/lysosomal staining patterns
were seen for murine primary hippocampal neurons, and for primary hippocampal and
primary cortical neurons from rats (data not shown). Thus, neuronal TMEM106B is
localized primarily in late endosomes or lysosomes.

Over-expression of TMEM106B results in abnormalities in the endosomal-lysosomal
pathway

Having established the late endosomal-lysosomal subcellular localization of TMEM106B,
we next evaluated the effect of over-expression of TMEM106B on the endosomal-lysosomal
pathway. To do this, we transiently over-expressed TMEM106B and performed double-label
immunofluorescence for TMEM106B and LAMP-1. As shown in Figure 6A, HeLA cells
over-expressing TMEM106B (arrowhead) demonstrated enlargement of LAMP-1+/
TMEM106B+ organelles, while neighboring cells with normal levels of TMEM106B did
not. We observed this general enlargement of LAMP-1+ organelles upon TMEM106B over-
expression in multiple cell lines, including HEK293 cells, HeLA cells, and the mouse
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neuronal cell line Neuro2A, with virtually no "normal-sized" LAMP-1+ organelles (Figure
6B) seen. Additionally, we occasionally observed the formation of very large cytoplasmic
vacuolar structures ~5µm in diameter; these structures showed LAMP-1 and TMEM106B
staining co-localized at the limiting membrane (Figure 6A, bottom).

Since large vacuolar structures have been described upon treatment of cells with alkalizing
agents such as the lysosomotropic drug chloroquine (Brown et al., 1984), we sought to
determine whether these large LAMP-1+/TMEM106B+ organelles were acidified. To do
this, we used the pH-sensitive dyes Lysotracker and Lysosensor, both weak bases that
fluoresce intensely at low pH and weakly (or not at all) at higher pH. As shown in Figure
6C, HeLA cells over-expressing TMEM106B (arrowhead) contained large LAMP-1+/
TMEM106B+ organelles which were not as acidic as the LAMP-1+ organelles in
neighboring cells with normal levels of TMEM106B expression. Indeed, the Lysotracker
mean fluorescence intensity of the cytoplasmic compartment of cells over-expressing
TMEM106B was significantly lower than that of cells expressing normal levels of
TMEM106B, indicating a general failure to acidify organelles(Figure 6D). The effect of
TMEM106B over-expression was reminiscent of the cellular alkalization induced by
bafilomycin A1 (BafA1), a selective inhibitor of the vacuolar ATPase that acidifies
lysosomes (Figures 6C (bottom) and 6D). Similar results were obtained in HEK293 cells,
and in both HeLAs and HEK293 cells live-imaged with the Lysosensor dye (data not
shown).

Alkalization of cells with BafA1 was recently reported to result in increased TMEM106B
expression (Lang et al., 2012). We confirmed this finding in HeLA cells (Figure 6E) and
HEK293 cells (data not shown). Thus, not only can TMEM106B over-expression impair
endosomal-lysosomal acidification, but impairing the acidification of these organelles can in
turn result in increased expression of TMEM106B.

We sought to determine whether these enlarged, poorly acidified LAMP-1+ organelles were
improperly acidified lysosomes, or late endosomes unable to mature into lysosomes. To do
so, we performed double-label immunofluorescence for LAMP-1 and the cation-
independent mannose-6-phosphate-receptor (M6PR), which is not present on lysosomes,
under conditions of TMEM106B over-expression. In HeLA cells at steady state, the M6PR
was found primarily in the trans-Golgi network (TGN) and did not colocalize extensively
with LAMP-1 (Figure 6F, top). However, in cells over-expressing TMEM106B, LAMP-1
and the M6PR co-localized extensively in enlarged organelles (Figure 6F, bottom),
suggesting that there may be a block in endosomal-lysosomal fusion, and, further, that
retrograde transport from the late endosome to the TGN is affected.

Taken together, our data suggest that over-expression of TMEM106B results in endosomal-
lysosomal dysfunction as demonstrated by dramatic abnormalities in late endosome-
lysosome morphology and acidification, and M6PR trafficking. Moreover, blocking
endosomal-lysosomal function could itself prevent TMEM106B degradation, causing its
levels to increase, further exacerbating these defects.

Over-expression of TMEM106B alters the appearance and compartmentalization of
progranulin

Since progranulin has been previously linked to lysosomes through proteomic identification
of lysosomal contents (Kollmann et al., 2005), we investigated whether TMEM106B and
progranulin are found together in lysosomes. Indeed, double label immunofluorescence
showed that TMEM106B partially colocalized with progranulin in murine primary cortical
neurons (Figure 7A). Moreover, endogenous neuronal TMEM106B and progranulin
appeared most co-localized in neuronal processes, within LAMP-1+ organelles (Figure 7B).
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Defects in the production or secretion of progranulin are known to cause FTLD-TDP and
among the cases with progranulin mutations, we observed increased mRNA and protein
expression of TMEM106B (Figure 2). Furthermore, progranulin has been reported to
internalize via endocytosis to lysosomes using sortilin-1 as a plasma membrane receptor (Hu
et al., 2010), and our data suggested that TMEM106B over-expression may impair the
endosomal-lysosomal pathway. Finally, impairment of endosomal-lysosomal acidification,
shown here to be an effect of TMEM106B over-expression, has been reported by others
(Capell et al., 2011) to result in increased progranulin levels, a finding we confirmed (Figure
6E). Thus, we asked what impact increased TMEM106B expression might have on
progranulin.

Intriguingly, over-expression of TMEM106B in HEK293 cells (Figure 7C, arrowhead) and
HeLA cells resulted in striking changes in the appearance of progranulin (Figure 7C), in
addition to the enlargement of LAMP-1+ organelles. Indeed, ~60% of cells over-expressing
TMEM106B contained intense puncta that colocalized with progranulin, while less than 5%
of cells with normal levels of TMEM106B expression showed this pattern (Figure 7D). In
neighboring, non-transfected cells with normal levels of TMEM106B expression (Figure
7C, arrows), progranulin intracellular staining was much less intense, exhibiting the more
diffuse pattern previously reported in the literature (Shankaran et al., 2008).

These observations suggested that increased expression of TMEM106B might alter the
trafficking of progranulin. We therefore tested the hypothesis that TMEM106B over-
expression would affect levels of intracellular or extracellular progranulin. As shown in
Figure 7E, intracellular progranulin levels significantly increased by ~30% with over-
expression of TMEM106B in HEK293 cells. In contrast, extracellular progranulin measured
in the conditioned medium remained relatively constant, showing a non-significant slight
decrease in the setting of TMEM106B over-expression. Normalization of progranulin
measurements to those of another secreted protein, IGFBP-2, did not alter these results and
in fact increased the apparent differences. Thus, over-expression of TMEM106B increases
levels of intracellular progranulin.

Taken together, these data demonstrate that aberrant over-expression of TMEM106B affects
the distribution and intracellular levels of progranulin, suggesting that the two proteins may
act in the same pathogenic pathway in FTLD-TDP.

DISCUSSION
Following our recent GWAS reporting the uncharacterized gene TMEM106B as a risk
factor for FTLD-TDP, here we describe TMEM106B’s genetic regulation and relationship
to progranulin. Specifically, we show that TMEM106B is highly expressed in human brain
tissue, with particularly increased expression in GRN(+) FTLD-TDP. We further
demonstrate that FTLD-TDP (with and without GRN mutations) shows <50% normal
expression of three members of the miR-132 cluster: miR-132, miR-132*, and miR-212.
Strikingly, miR-132 and miR-212 repress TMEM106B through two specific sites in the
TMEM106B 3’UTR. Having observed increased TMEM106B expression in FTLD-TDP,
and uncovered a possible upstream cause in miR-132/212, we then explored the
consequences of TMEM106B over-expression. Over-expression of TMEM106B, which
shows steady-state neuronal localization to late endo-lysosomes and co-localizes in these
organelles with progranulin, disrupts late endo-lysosome function and consequently, both
the appearance and compartmentalization of progranulin. Taken together, the data presented
in the current study are compatible with a model (Figure 8) which illustrates how decreased
levels of miR-132/212 lead to increased TMEM106B expression, perturbation of
progranulin pathways, and increased risk of developing FTLD TDP.
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There have been conflicting data regarding the levels of TMEM106B expression in FTLD-
TDP. In our initial paper (Van Deerlin et al., 2010), we reported that FTLD-TDP patients
show increased expression of TMEM106B mRNA in frontal cortex. Others, however, have
not found significant differences in TMEM106B mRNA expression in FTLD-TDP patients
vs. controls (van der Zee et al., 2011). In the present study, we demonstrate again that
TMEM106B expression is increased in disease states. First, we directly measure human
brain TMEM106B at the mRNA and protein levels, quantifying transcript levels in multiple
brain regions; we consistently observe higher levels of TMEM106B in GRN(+) FTLD-TDP.
In addition, we present a second, independent line of evidence suggesting that TMEM106B
expression is aberrantly elevated in FTLD-TDP. Specifically, we find that miR-132 and
miR-212, both computationally predicted and experimentally shown to negatively regulate
TMEM106B, are significantly reduced in GRN(−) and GRN(+) FTLD-TDP brain. The
expected effect of a reduction in these miRNAs would be de-repression, or over-expression,
of their target mRNA TMEM106B.

In terms of miR-132/212 regulation of TMEM106B, while both miRNAs can decrease
TMEM106B expression, miR-132 may be the dominant miRNA. Specifically, miR-132
levels are orders of magnitude higher than miR-212 levels in human brain tissue, and only
miR-132 elevation was significantly associated with decrease of TMEM106B in neuronal
cells.

The miR-132 cluster – comprised of miR-132, miR-132*, miR-212, and a fourth potential
member, miR-212* – has been previously shown to be important in neuronal development
and in the neurobiology of addictive behavior. Much of the literature has focused on
miR-132 and miR-212, which are also the only two miRNAs in the cluster that show
potential binding to TMEM106B. Specifically, introduction of miR-132 in primary neuronal
cultures has been reported to stimulate neurite outgrowth through specific effector mRNAs
(Vo et al., 2005), and knockdown of the miR-132 cluster in newborn hippocampal neurons
decreases the length and arborization of dendrites (Magill et al., 2010). Increasing striatal
expression of miR-212 through lentiviral delivery, on the other hand, has been reported to
decrease addictive cocaine-ingestion behavior in rats, while inhibition of miR-212 has an
opposing effect (Hollander et al., 2010). Both miR-132 and miR-212 appear to be regulated
by the transcription factor CREB (Impey et al., 2004), but the connection, if any, between
the neuronal phenotypes observed with miR-132 manipulation and the whole organism
behaviors observed with miR-212 manipulation are unclear. In any case, miR-132 and
miR-212 have been postulated to be the downstream effectors of the phenotypes – including
increased neuronal survival – associated with CREB activation (Wayman et al., 2008;
Magill et al., 2010). Thus, the greatly decreased levels of miR-132 cluster expression
observed in FTLD-TDP may have deleterious effects on neurons beyond the de-repression
of TMEM106B.

In addition to demonstrating the miR-132/212 regulation of TMEM106B, our study adds to
a growing body of evidence that TMEM106B and progranulin may be mechanistically
related. That is, TMEM106B genotype has been reported to correlate with plasma levels of
progranulin in normal controls (Finch et al., 2011), and with age at onset in GRN(+) FTLD-
TDP (Cruchaga et al., 2011). Evidence from the current study to support a link between
TMEM106B and progranulin includes: 1) increased protein and mRNA expression of
TMEM106B in GRN(+) FTLD-TDP cases; 2) abnormal localization of TMEM106B in
neuronal processes in GRN(+) FTLD-TDP cases; 3) co-localization of TMEM106B and
progranulin in late endo-lysosomes; and 4) increased accumulation of intracellular
progranulin when TMEM106B is overexpressed. Indeed, we provide the first demonstration
of a relationship between TMEM106B and progranulin in a model system which can be
directly manipulated. Of note, a prior study (Lang et al., 2012) reported no change in
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progranulin levels with over-expression of TMEM106B, a result that contradicts our present
result. Various methodological differences, such as our use of ELISA to measure
progranulin, may explain the discrepancy.

At a more general level, the data presented here strongly support TMEM106B as a risk gene
for FTLD-TDP and the source of the 7p21 signal found by GWAS. First, there is the striking
fact that both miR-132 and TMEM106B emerged as single-best hits from independent,
genomic-scale screens in FTLD-TDP. Their convergence as a microRNA:mRNA regulatory
pair greatly adds to our confidence that both are real signals and also argues for the
centrality of the miR-132/212: TMEM106B pathway in this disease. Second, we link
TMEM106B to effects on progranulin – haploinsufficiency of which is a known pathogenic
mechanism in FTLD-TDP. In doing so, our data suggest a clear direction for further
mechanistic studies of TMEM106B. It is worth noting that establishment of whether a
GWAS signal is “true” and, additionally, what the causative gene behind a signal might be,
is not always straightforward. Indeed, while additional cohorts of clinical FTLD (van der
Zee et al., 2011) and clinical-pathologic FTLD/FTLD-TDP cases (Finch et al., 2011) have
replicated the association of FTLD with rs1990622 genotype, some clinical cohorts have not
demonstrated this association (Rollinson et al., 2011), possibly because only ~50% of FTLD
clinical cases have underlying FTLD-TDP.

Future directions suggested by the data presented here include a detailed analysis of the
biochemistry of TMEM106B. Specifically, we have shown that TMEM106B is glycosylated
and heat-sensitive, with both 75kD and 40kD species -- collapsing to ~60kD and 31kD,
respectively, after deglycosylation -- apparent by immunoblotting. However, it is presently
unclear whether TMEM106B, with a predicted molecular weight of 31kD, migrates at the
higher molecular weight because it self-associates into a dimer or because it is complexed to
another unknown protein. Understanding the native complex in which TMEM106B occurs
may be important in determining its molecular function in normal and disease states.

Additionally, the exact molecular mechanisms by which increased expression of
TMEM106B affects progranulin are at present unclear and would be an important direction
for future studies. Several hypotheses are compatible with our data. First, increased
TMEM106B might cause intracellular retention of progranulin, an intriguing possibility
since decreased secretion of progranulin is a known mechanism of FTLD-TDP pathogenesis
(Mukherjee et al., 2008; Shankaran et al., 2008). We note here that while we did not see a
significant drop in secreted progranulin with TMEM106B over-expression, the trend
towards decreased extracellular progranulin was present at every timepoint, and technical
limitations such as the high turnover rate in culture medium may have precluded our ability
to see a significant change in levels of secreted progranulin. Second, increased TMEM106B
might increase the internalization of progranulin from the extracellular space, in the same
way that sortilin-1 over-expression increases progranulin’s internalization and sorting into
lysosomes (Hu et al., 2010). Third, increased TMEM106B may impair the maturation of
lysosomes, as suggested by our observation of enlarged, poorly acidified organelles
expressing both LAMP-1 and the M6PR upon TMEM106B over-expression. This defect
may in turn alter the dynamics of progranulin internalization and turnover, as others have
shown (Capell et al., JNeurosci, 2011), and we have confirmed, that blocking lysosomal
acidification can increase levels of progranulin.

In conclusion, we demonstrate here the microRNA regulation of TMEM106B and its effects
on the endosomal-lysosomal pathway and the FTLD-TDP-associated protein progranulin.
Our findings thus open up novel directions for elucidating miRNA-based mechanisms of
neurodegeneration in FTLD-TDP and related TDP-43 proteinopathies that could become
targets for drug discovery in these currently untreatable diseases.
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Figure 1. TMEM106B antibody and protein characterization
We raised a novel polyclonal antibody (N2077) recognizing amino acids 4–19 of
TMEM106B.
A and B. HEK293 cells (Panel A) or murine primary cortical neurons (Panel B) were
transfected with FLAG-tagged TMEM106B. Double label immunofluorescence microscopy
demonstrates that anti-FLAG antibody recognizes the same cellular structures as anti-
TMEM106B antibody (N2077), demonstrating the specificity of our antibody in a cell
biological context.
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C. HEK293 cells transfected with FLAG-tagged TMEM106B were sequential extracted into
high-salt (HS), RIPA, and 2% SDS (SDS) buffers. A RIPA-soluble 75kD band was
recognized by both anti-FLAG antibody and anti-TMEM106B antibody (N2077),
demonstrating the specificity of our antibody in a biochemical context.
D. TMEM106B over-expression in HEK293 cells resulted in the appearance of bands at
75kD and 40kD, detected by both N2077 (first two columns) and a commercially available
N-terminus antibody (Bethyl, middle two columns). Both bands disappeared when N2077
was preabsorbed with immunizing peptide (last two columns). O/E indicates whether
TMEM106B was over-expressed (+) or not (−). Peptide indicates whether the antibody was
preabsorbed with peptide immunogen (+) or not (−).
E. Neither dephosphorylation with lambda phosphatase, nor treatment with the reducing
agent DTT changed the electrophoretic mobility of TMEM106B. Dephos =
dephosphorylated, DTT = DTT treated; (−) indicates control, (+) indicates treated condition.
F and G. TMEM106B shows unusual heat sensitivity at temperatures above 4°C, even in
the presence of protease inhibitors. In cell lysates from HEK293 cells transfected with
FLAG-tagged TMEM106B (Panel F), TMEM106B appeared primarily as a 75kD band
when samples were kept on ice (4). When heated at 37°C for 30 minutes (37S) or 45
minutes (37L), the 75kD band faded, and a 40kD species began to appear. At higher
temperatures (e.g. 56°C for 15min, lane labeled 56), both the 40kD and 75kD bands were
lost and a >150kD aggregate appeared at the top of the gel. Overexpression (O/E) indicates
whether TMEM106B was over-expressed (+) or not (−). Blots were probed with both anti-
FLAG and N2077 antibodies, demonstrating the specificity of the bands. Similar heat-
sensitivity was seen for TMEM106B extracted from human brain tissue from normal
individuals (Panel G). In contrast to HEK293 cell lysates, however, the 40kD band was
never prominent in human brain samples. For all panels, samples were extracted into RIPA
buffer, and equal amounts of protein were loaded into all lanes.
H. TMEM106B from human brain samples (left), or over-expressed in HEK293 cells (right)
was deglycosylated with PNGase F after short pre-treatment at 37°C. The 75kD and 40kD
bands observed prior to deglycosylation (−) collapsed to lower molecular weight species of
~60kD and 31kD, respectively, after PNGase F treatment (+). Note that the predicted
molecular weight of TMEM106B is 31kD. Blots probed with the Bethyl TMEM106B
antibody.
All immunoblots: Arrowheads indicate TMEM106B species. * non-specific band.
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Figure 2. TMEM106B expression is increased in FTLD-TDP
A. Immunohistochemical staining was performed with N2077 anti-TMEM106B antibody on
frontal cortex brain sections from age-matched controls (Normal), GRN(−) FTLD-TDP and
GRN(+) FTLD-TDP). GRN(+) FTLD-TDP patients had more diffuse TMEM106B staining,
extending throughout the cell body and into neuronal processes. Representative lower-
magnification images (top) and higher-magnification images of typical neurons from the
same field (bottom) are shown. Scale bar represents 100µm.
B. Neuronal staining (top) was abolished with preabsorption of N2077 with the immunizing
peptide (bottom). Scale bar represents 200µm.
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C. Total mRNA was isolated from neurologically normal controls (n=6), GRN(−) FTLD-
TDP (n=7), and GRN(+) FTLD-TDP (n=5), and TMEM106B transcript expression was
measured by QRT-PCR in multiple brain regions. Compared to both normal controls and to
GRN(−) FTLD-TDP, GRN(+) FTLD-TDP had significantly higher levels of TMEM106B
expression. Means +/− SEM shown. *p<0.05, **p<0.01
D. Frontal cortex protein was RIPA-extracted. Equal amounts of total protein from
neurologically normal controls (n=4), GRN(−) FTLD-TDP (n=3), and GRN(+) FTLD-TDP
(n=4) were loaded, and immunoblots were probed for TMEM106B. Corroborating our
mRNA findings, GRN(+) FTLD-TDP brain showed higher levels of TMEM106B protein
expression. Quantification (means +/− SEM) includes all available samples; representative
subset immunoblot is also shown.
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Figure 3. The microRNA 132/212 cluster is decreased in FTLD-TDP
A. Frontal cortex samples from normal controls (n=6) and patients with FTLD-TDP (n=12)
were evaluated by microarray for differentially expressed microRNAs. Eleven microRNAs
demonstrated nominally significant differences in FTLD-TDP compared to controls, with
microRNA-132 (miR-132) demonstrating the most significant association (p=0.0001), and a
decrease of ~50% in FTLD-TDP.
B. Confirmation of microarray screening results by QRT-PCR showed significant 65–75%
reductions in miR-132, miR-132*, and miR-212 for FTLD-TDP frontal cortex samples from
patients with (GRN+, n=5) and without (GRN-, n=7) progranulin mutations, compared to
neurologically normal controls (n=6). Absolute levels of miR-132, however, were 50–100
times higher than levels of either miR-132* or miR-212. Relative expression (means +/−
SEM) of microRNAs are shown on a log2 scale, calibrated to one normal sample’s miR-132
expression value. *p<0.05, **p<0.01.
C. Three of the 11 microRNAs with differential expression in FTLD-TDP are known to
arise from processing of the same CREB-responsive primary transcript. Specifically, a
primary transcript on chromosome 17 gives rise to pre-microRNA (pre-miRNA) 132 and
pre-miR-212. Pre-miR-132 is then further processed to yield mature miR-132 and miR-
132*, while pre-miR-212 yields mature mir-212.
D. MiR-132 (x-axis), miR-132* (y-axis, red), and miR-212 (y-axis, blue) show highly
correlated expression levels across all 18 human samples, suggesting that the observed
decrease of all 3 microRNAs may be due to decreased expression of the shared primary
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transcript. For each miRNA, values are normalized to one sample within that group to
account for the much higher expression levels of mir-132.
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Figure 4. TMEM106B is regulated by miR-132 and miR-212
A. MiR-132 and miR-212 are predicted to target the same mRNAs through a common seed
region (nucleotides in red). The TMEM106B 3’UTR has two 8mer miR-132/miR-212 target
sites at positions 5084 and 5662 (NM_001134232.1). Bolded, underlined nucleotides
indicate regions of perfect complementarity between the TMEM106B 3'UTR and miR-132,
which may have greater affinity than miR-212 for Site 2 of the TMEM106B 3'UTR through
a stretch of complementarity outside the seed region. Constructs containing TMEM106B
with the intact 3’UTR (Full 3’UTR), or truncations or targeted deletions removing one or
both miR-132/212 sites, were used for experiments shown in C and D.
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B. Endogenous TMEM106B mRNA transcript is significantly reduced with addition of
miR-132 or miR-212 mimics (means±SEM from 4 independent transfections).
C. Compared with the truncated construct (Part 3’UTR), protein levels of the TMEM106B
construct containing both miR-132/212 binding sites (Full 3’UTR) was decreased by 65%.
Deletion of miR-132/212 Site 1 restored TMEM106B protein levels by ~40%, while
deletion of miR-132/212 Site 2 had minimal effect. Targeted deletions of both miR-132/212
binding sites (Site1and2Mut) resulted in even greater restoration of TMEM106B expression.
Representative immunoblot (top) and quantitation (means±SEM of 5 independent replicates)
are shown. For TMEM106B constructs, only the 75kD band was apparent for cell lysates,
which were always kept on ice.
D. Corresponding TMEM106B mRNA levels (means±SEM of 5 independent replicates) for
the same constructs.
E and F. Luciferase reporters were generated containing TMEM106B 3’UTR miR-132/212
binding Site 1 (Panel E) or Site 2 (Panel F) with 5–10 flanking base pairs. Transfection of
MiR-132 or miR-212 resulted in significant decreases in reporter activity (means±SEM from
3 independent replicates) when either site was intact. No change was seen for reporters
containing scrambled versions of the miR-132/miR-212 binding sites (Site1Mut and
Site2Mut) or for reporters without miR-132 binding sites (Vector). Luminescence ratio is the
ratio between the firefly luciferase reporter under 3’UTR control and the constitutively
active renilla luciferase reporter, controlling for differences in transfection efficiency.
G and H. BDNF was applied to neuronally-differentiated SHSY5Y cells to induce CREB-
responsive genes. Pre-miR-132 and pre-miR-212, as well as the canonical CREB-responsive
gene fos, were induced by BDNF within 1–2 hours (Panel G). Mature miR-132 was
maximally induced 24 hours after BDNF treatment (Panel H). Expression of the known
miR-132 target gene p250GAP, as well as TMEM106B, decreased with BDNF treatment,
with maximal repression at 48 hours for TMEM106B. MiR-132 levels had a significant
effect on both TMEM106B (p=0.009) and p250GAP (p=0.006) expression.
Ratios of BDNF-treated to non-treated conditions are shown for a minimum of 4 separate
transfections.
All panels: *p<0.05, **p<0.01, ***p<0.001
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Figure 5. TMEM106B is associated with late endosomes/lysosomes in neurons
TMEM106b antibody N2077 was used for immunofluorescence microsopy. Scale bars
represent 10µm.
A. Structures staining with TMEM106B antibody (green) also expressed the late endosomal/
lysosomal marker LAMP-1 (red) in HEK293 cells transiently transfected with TMEM106B.
B. In non-transfected primary murine cortical neurons, endogenous TMEM106B (green) co-
localized with LAMP-1 (red) in cell processes, and in the cell body (inset).
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C. In non-transfected primary murine cortical neurons, TMEM106B (green) co-localized
with a marker for acidic organelles, Lysotracker (red), corroborating the association of
TMEM106B with late endosomes/lysosomes.
D. TMEM106B did not co-localize with the cis-Golgi marker GM130.
E. TMEM106B did not co-localize with TDP-43.
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Figure 6. Over-expression of TMEM106B results in abnormalities in the endosomal-lysosomal
pathway
A. In HeLA cells over-expressing TMEM106B (arrowhead), LAMP-1+ organelles
demonstrate a general increase in size, compared with neighboring cells not over-expressing
TMEM106B. In addition, over-expression of TMEM106B also results in occasional
formation of large vacuolar structures ~5µm in diameter (asterisks indicate two vacuolar
structures in top panel, also pictured throughout the cytoplasm of cell in bottom panel).
While these large vacuolar structures occur only occasionally with TMEM106B over-
expression (the more typical finding is enlarged ~1.5µm LAMP-1+ organelles), they are not
seen in the absence of TMEM106B over-expression.
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B. Similar results were obtained in HeLAs, HEK293 cells, and in the neuronal cell line
Neuro2A. Size quantitation (means +/− SEM) was performed by measuring LAMP-1+
organelle diameter on >10 40X fields containing a mixture of cells with and without
TMEM106B over-expression. Because the large vacuolar structures are only occasionally
seen, they were not included in the quantitation.
C. HeLA cells over-expressing TMEM106B (arrowhead) showed less intense staining with
Lysotracker, a dye which demonstrates greater fluorescence at lower pH, than neighboring
cells not over-expressing TMEM106B (top). This effect was abrogated by treatment of cells
with bafilomycin A1, an inhibitor of the vacuolar ATPase, which resulted in diminished
Lysotracker fluorescence for all cells (bottom).
D. Quantitation of mean fluorescence intensity for cells over-expressing TMEM106B
demonstrated that Lysotracker staining was significantly less intense than in neighboring
cells with normal levels of TMEM106B expression. Quantitation (means +/− SEM) was
performed on >10 40X fields containing a mixture of cells with and without TMEM106B
over-expression.
E. Immunoblot analysis of HeLA cells treated with the vacuolar ATPase inhibitor
bafilomycin A1 (Baf) showed increased intracellular levels of TMEM106B and progranulin.
Treatment with the lysosomal protease inhibitor leupeptin (Leu) increased levels of
TMEM106B but did not affect levels of progranulin. Treatment with the lysosomal protease
inhibitor pepstatin A (Pep) did not affect either protein, while treatment with the proteasome
inhibitor MG132 decreased TMEM106B levels. Representative immunoblot (top) and
quantitation of five replicate immunoblots (means +/− SEM, bottom) are shown. Asterisk
indicates TMEM106B 40kD band only seen with leupeptin treatment.
F. Under normal conditions, the cation-independent mannose-6-phosphate receptor (M6PR)
does not co-localize with LAMP-1. In cells over-expressing TMEM106B, M6PR co-
localizes with LAMP-1 at the limiting membrane of enlarged LAMP-1+ organelles.
*p<0.05, **p<0.01, ***p<0.001.
All immunofluorescence panels: TMEM106B staining performed with N2077. Scale bar
represents 10µm.
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Figure 7. Over-expression of TMEM106B alters the compartmentalization of progranulin
Immunofluorescence microscopy (panels A–C) performed on cells stained for TMEM106B
(N2077 antibody) and progranulin. Scale bar represents 10µm.
A and B. Endogenous TMEM106B (green) in non-transfected primary murine cortical
neurons co-localized with progranulin (GRN, red) in the cell body (A, arrowheads), and in
processes (B, arrowheads). TMEM106B and GRN co-localized within late endosomes or
lysosomes, as indicated by LAMP-1 staining (blue, panel B).
C. Progranulin (GRN, red) appearance changed under conditions of TMEM106B over-
expression. Progranulin formed intensely stained cytoplasmic puncta variably co-localizing
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with TMEM106B (green) only in HEK293 cells over-expressing FLAG-tagged TMEM106B
(arrowhead). In the absence of TMEM106B over-expression, progranulin staining was much
less intense (arrows).
D. More than 60% of cells over-expressing TMEM106B showed intense cytoplasmic puncta
of progranulin, compared with <5% of cells with normal levels of TMEM106B expression.
Assessment of progranulin staining pattern performed on six 20X fields of HEK293 cells
containing a mixture of cells with and without TMEM106B over-expression.
E. Intracellular (left) and extracellular/secreted (right) pools of progranulin were measured
by ELISA under conditions of TMEM106B over-expression (TMEM, white bars) vs. vector
transfection in HEK293 cells. Progranulin measurements (means ±SEM for 5 experiments)
were normalized to total protein in the cell lysate, to account for differential rates of cell
growth. Over-expression of TMEM106B resulted in a 30% increase in intracellular
progranulin, with a trend towards decreased extracellular progranulin. Intracellular
progranulin is shown measured at 48 hours after transfection of TMEM106B. Extracellular
progranulin is shown at baseline and indicated time periods after transfection of
TMEM106B. **p<0.01
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Figure 8. Hypothetical model of causes and effects of TMEM106B over-expression in FTLD-
TDP
Our data are compatible with a model whereby decreased levels of miR-132/212 result in
increased TMEM106B expression. As a result, increased TMEM106B expression leads to
(1) endosomal-lysosomal dysfunction, which may in turn further increase levels of
TMEM106B, and also to (2) perturbation of progranulin pathways, thereby increasing the
risk of developing FTLD-TDP. Black arrows indicate steps evidenced by the current study,
grey arrows indicate steps reported in the literature, and yellow arrows indicate hypothetical
steps.

Chen-Plotkin et al. Page 33

J Neurosci. Author manuscript; available in PMC 2013 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chen-Plotkin et al. Page 34

Table 1
Human brain samples

Characteristics of postmortem brain samples used for this study. All GRN genetic variants used in this study
are believed to be pathogenic (http://www.molgen.ua.ac.be/admutations/).

Group N Gender Age at death
Median (IQR)

FTLD-TDP with GRN mutations
      c.26C>A (A9D)
      c.911G>A (W304X)
      c.1252C>T (R418X) – 2 cases
      c.1477C>T (R493X)

5 2M/3F 68 (65–76)

FTLD-TDP without GRN mutations 7 3M/4F 68 (56–73)

Neurologically normal controls 6 4M/2F 71 (60–75)

M=Male, F=Female
Nomenclature follows cDNA sequence NM_002087.2.
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Table 2
Top ten mRNA targets of miR-132/212, as predicted by Targetscan

The total context score reflects the likelihood of true targeting and is related to the number of predicted
binding sites, the quality of each binding site, and the genomic context. A more negative value suggests a
stronger probability of true targeting. Of note, miR-132 and miR-212 have the same target binding sequence,
thus accounting for the shared mRNA targets.

Rank Target
Gene

Gene Name Total context
score

1 TMEM106B Transmembrane protein 106B −0.96

2 ZNF516 Zinc finger protein 516 −0.89

3 LEMD3 LEM domain containing 3 −0.81

4 CDC2L6 Cell division cycle 2-like 6 −0.81

5 GMFB Glia maturation factor, beta −0.79

6 ETNK1 Ethanolamine kinase 1 −0.79

7 TIMM9 Translocase of inner mitochondrial membrane 9 homolog −0.75

8 SLC26A7 Solute carrier family 26, member 7 −0.71

9 CCDC88A Coiled-coil domain containing 88a −0.69

10 MIA3 Melanoma inhibitory activity family, member 3 −0.68
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