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Genetic variants that define two distinct haplotypes at the TMEM106B locus have been implicated in multiple neurodegenerative

diseases and in healthy brain ageing. In frontotemporal dementia (FTD), the high expressing TMEM106B risk haplotype was

shown to increase susceptibility for FTD with TDP-43 inclusions (FTD-TDP) and to modify disease penetrance in progranulin mu-

tation carriers (FTD-GRN). To elucidate the biological function of TMEM106B and determine whether lowering TMEM106B

may be a viable therapeutic strategy, we performed brain transcriptomic analyses in 8-month-old animals from our recently devel-

oped Tmem106b–/– mouse model. We included 10 Tmem106b + / + (wild-type), 10 Tmem106b + /– and 10 Tmem106–/– mice. The

most differentially expressed genes (153 downregulated and 60 upregulated) were identified between Tmem106b–/– and wild-type

animals, with an enrichment for genes implicated in myelination-related cellular processes including axon ensheathment and oligo-

dendrocyte differentiation. Co-expression analysis also revealed that the most downregulated group of correlated genes was

enriched for myelination-related processes. We further detected a significant loss of OLIG2-positive cells in the corpus callosum of

Tmem106b–/– mice, which was present already in young animals (21 days) and persisted until old age (23 months), without wor-

sening. Quantitative polymerase chain reaction revealed a reduction of differentiated but not undifferentiated oligodendrocytes cel-

lular markers. While no obvious changes in myelin were observed at the ultrastructure levels in unchallenged animals, treatment

with cuprizone revealed that Tmem106b–/– mice are more susceptible to cuprizone-induced demyelination and have a reduced cap-

acity to remyelinate, a finding which we were able to replicate in a newly generated Tmem106b CRISPR/cas9 knock-out mouse

model. Finally, using a TMEM106B HeLa knock-out cell line and primary cultured oligodendrocytes, we determined that loss of

TMEM106B leads to abnormalities in the distribution of lysosomes and PLP1. Together these findings reveal an important func-

tion for TMEM106B in myelination with possible consequences for therapeutic strategies aimed at lowering TMEM106B levels.
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Introduction
Frontotemporal dementia (FTD) is the second most frequent

early-onset dementia after Alzheimer’s disease. It accounts

for 20–25% of pre-senile dementias (Ratnavalli et al., 2002;

Neary et al., 2005). A large subset of FTD cases are patho-

logically characterized by abnormal inclusions of TAR DNA

binding protein 43 (TDP-43) (FTD-TDP) (Mackenzie et al.,

2009) and haploinsufficiency of the progranulin protein

(PGRN) due to mutations in the progranulin gene (GRN) is

one of the leading causes of FTD-TDP (Baker et al., 2006;

Cruts et al., 2006; Gass et al., 2006).

In 2010, a genome-wide association study identified trans-

membrane protein 106B (TMEM106B) as a genetic risk fac-

tor for FTD-TDP (Van Deerlin et al., 2010). Subsequent

studies established TMEM106B as a major modifier of dis-

ease risk, with the strongest association in FTD with GRN

mutations (FTD-GRN) (Finch et al., 2011). In particular,

individuals with GRN mutations who also carry a

TMEM106B ‘protective’ haplotype have �50% lower odds

of developing FTD symptoms as compared to carriers of the

‘risk’ haplotype (Finch et al., 2011; Pottier et al., 2018). The

same TMEM106B haplotypes have been associated with im-

portant gene expression changes during ageing and have

been implicated in other neurodegenerative diseases includ-

ing Alzheimer’s disease and hippocampal sclerosis (Amador-

Ortiz et al., 2007; Rutherford et al., 2012; Murray et al.,
2014; Rhinn and Abeliovich, 2017; Li et al., 2020), high-

lighting the importance of TMEM106B.

While the presence of ‘protective’ and ‘risk’ haplotypes at

the TMEM106B locus has clearly been established, it has

been challenging to pinpoint the functional variant(s) re-

sponsible for the risk modifying effect. Within the

TMEM106B locus, one coding variant [rs3173615, encod-

ing p.T185S (T185S)] and several non-coding variants in

strong linkage disequilibrium have been reported to be asso-

ciated with disease risk in FTD-TDP patients in general and

FTD-GRN carriers in particular (Van Deerlin et al., 2010;

Finch et al., 2011; Pottier et al., 2018). Whether this coding

variant has any effect on the TMEM106B protein function

remains unclear and alternative candidates, such as the non-

coding variant rs1990620, have been suggested to influence

TMEM106B expression (Gallagher et al., 2017).

Nevertheless, most studies agree that the ‘risk’ haplotype is

associated with higher protein levels of TMEM106B as com-

pared to the ‘protective’ haplotype (Van Deerlin et al., 2010;

Nicholson et al., 2013; Gallagher et al., 2017). TMEM106B

is a type II transmembrane protein with its main intracellular

localization at lysosomes (Chen-Plotkin et al., 2012; Lang

et al., 2012; Brady et al., 2013). Overexpression of

TMEM106B in vitro leads to lysosomal dysfunctions,

including enlarged lysosomal size, reduced lysosomal pH,

and deficits of endolysosomal trafficking (Chen-Plotkin

et al., 2012; Lang et al., 2012; Brady et al., 2013; Schwenk

et al., 2014; Stagi et al., 2014). Furthermore, animal experi-

ments have shown TMEM106B levels are significantly

increased in Grn–/– mouse brains, and overexpression of

TMEM106B further exacerbated FTD pathologies

(increased lipofuscin and lysosome dysfunction) in Grn–/–

brains at older ages (Zhou et al., 2017b). In line with these

findings, a recent study demonstrated that a complete loss of

TMEM106B ameliorates both the lysosomal and FTD-

related phenotypes in Grn–/– mice (Klein et al., 2017). Thus,

lowering TMEM106B levels might serve as an attractive

strategy for the therapeutic treatment of FTD-GRN; how-

ever, there is limited knowledge about the normal function

of TMEM106B in vivo. In this study, we investigated

TMEM106B function in vivo by using Tmem106b–/– mice.

Materials and methods

Mouse lines

The original C57BL/6N Tmem106b–/– mice were generated as
described (Nicholson et al., 2018). The Tmem106b CRISPR
knockout mouse model was generated by CRISPR/Cas9 tech-
nology using guide RNA: 50-TTAAACAACATAACTAACAT-30

in The Jackson Laboratory. Genotyping was performed on gen-
omic DNA using PCR primers: 50-TTCCCAGTAAATGAG
ATATAGTTCCA-30 (Forward); 50-GATTTTCAGAGGGGAAC
CAG-30 (Reverse), and sequencing using the forward primer.
The ages of the mice are described in each experiment. Male
and female mice were used and the sex of the mice in each ex-
periment was matched between conditions or genotypes. All
mice were housed in the animal facility at Mayo Clinic
Jacksonville and animal procedures were approved by the
Institutional Animal Care and Use Committee at Mayo Clinic.

RNA sequencing and bioinformatic
data analysis

Brains from 30 mice were harvested from 8-month-old
Tmem106b mice [10 Tmem106b+ / + (wild-type), 10
Tmem106b+ /– and 10 Tmem106b–/–, five males and five females
per genotype]. All animals were 8 months old at harvest; how-
ever, for each genotype, mice were derived from two cohorts:
six mice were harvested at the first time point and four mice
were harvested at a later time point. RNA extraction from the
cerebral hemispheres of all 30 brains was performed in one
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experiment using the RNeasyVR Plus Mini Kit (#74136; Qiagen)
as in our previous study (Nicholson et al., 2018). After measur-
ing RNA integrity number (RIN) with a 2100 Bioanalyzer using
the RNA Nano Chip (Agilent), mRNA samples were sequenced
at Mayo Clinic’s Genome Analysis Core using Illumina HiSeq
2000. Reads were mapped to the mouse genome mm10. Raw
exon and gene read counts, along with sequencing QC, were
generated using the in-house-developed RNA-Seq analytic pipe-
line: MAP-RSeq version 2.1.0 (Kalari et al., 2014). Conditional
quantile normalization (CQN) was applied to raw gene counts
to correct for gene length, library size, GC bias and technical
variations, and to obtain similar quantile-by-quantile distribu-
tions of gene expression levels across samples (Hansen et al.,
2012). Based on the bimodal distribution of the CQN-normal-
ized and log2-transformed reads per kilobase per million
(RPKM) gene expression values, genes with an average log2
RPKM 5 1 across all genotypes were considered not expressed
and were excluded from further analysis. After filtering, 21 209
genes remained.

Differential gene expression analyses were performed using
Partek Genomics Suite (Partek Inc.). Gene expression between
Tmem106b–/–, Tmem106b+ /– and wild-type mice were com-
pared using ANOVA models, while correcting for RIN, sex,
and cohort (time of harvest). The Benjamini–Hochberg proced-
ure (BH step-up procedure) was performed to adjust for mul-
tiple testing and control for false discovery rate. Differentially
expressed genes (DEGs) were defined by the threshold of BH
step-up P-values 50.05. DEGs with jfold changej 5 1.2 were
selected for the pathway analysis by using MetaCore pathway
analysis (Thomson Reuters; Version 6.25).

To identify groups of genes correlated with Tmem106b geno-
type, we performed weighted gene co-expression network
analysis (WGCNA) (https://labs.genetics.ucla.edu/horvath/
CoexpressionNetwork/Rpackages/WGCNA/) using residual ex-
pression values after corrections for RIN, sex, and cohort. A
signed hybrid co-expression network was built using the soft
thresholding power of 10, minimum module size of 40 and min-
imum height for merging modules at 0.4. Each module was
summarized by the first principal component of the scaled mod-
ule expression profile (module eigengene). To assess the correl-
ation of the module eigengenes and Tmem106b genotype, we
defined the wild-type genotype as 0, and Tmem106b–/– genotype
as 1. Modules that differed significantly between Tmem106b–/–

and wild-type were annotated using R function GO enrichment
analysis. Volcano plots and heat maps were generated using
MATLAB (R2015a).

Quantitative PCR

Brain RNA (500 ng) was reverse transcribed using the
SuperScriptTM III complementary DNA (cDNA) synthesis kit with
an equal ratio of random hexamers and Oligo dT primers (Thermo
Fisher Scientific). Real-time quantitative PCRs (qPCRs) were con-
ducted using either TaqManVR gene expression or SYBR green
assays (Applied Biosystems). For TaqManVR gene expression assays,
the following probes were used: Fa2h (Mm00626259_m1), Mal
(Mm01339780_m1), Opalin (Mm00463365_m1), Enapp6
(Mm00624107_m1), Plin4 (Mm00491061_m1), and Gapdh
(Mm99999915_g1). All probes were purchased from Life
Technologies. For the SYBRVR green assay, the following primers
were used: Cnp: forward 50-AGAGACCTCCAGGTGTGCTG-30,
reverse 50-TCTCTTCACCACCTCCTGCT-30; Sox10: forward 50-

AACGCCTTCATGGTGTGG-30, reverse 50-CAACCTCCAGAG
CTTGCCTA-30; Plp: forward 50-CAGAGGCCAACATCAA
GCTC-30, reverse 50-CATAGGTGATGCCCACAAACT-30; Mbp:
forward 50-TCACACACGAGAACTACCCATT-30, reverse 50-CG
AGGTGTCACAATGTTCTTG-30; Mog: forward 50-CTCCATCG
GACTTTTGATCC-30, reverse 50-CAGATGATCAAGGCAACC
AG-30; Nkx2.2: forward 50-ACCGAGGGCCTCCAATACT-30,
reverse 50-TTGTCATTGTCCGGTGACTC-30; Pdgfr: forward 50-
GAGGAACAGACACAGCTCACA-30, reverse 50-CGATGGTC
TCGTCCTCTCTC-30; Ng2/Cspg4: forward 50-AGGATGCC
TCCAGGTCAGA-30, reverse 50-AGCTGTCGGAGACAGTGAG
C-30; and Gapdh: forward 50-GTCGGTGTGAACGGATTTG-30,
reverse 50-TCAATGAAGGGGTCGTTGAT-30. Results were ana-
lysed with the QuantStudioTM Real-time PCR Software and the
comparative CT method. Data were expressed as 2–DDCT for the ex-
perimental gene of interest normalized to the housekeeping gene
(Gapdh) and presented as fold-change relative to control.

Cell culture and CRISPR-mediated
genome editing

Primary neuron-glia mixed cultures were prepared as in our previ-
ous study (Zhou et al., 2015). Briefly, brains of newborn pups
from wild-type and Tmem106b–/– mice were collected and corti-
ces were further dissected and digested in trypsin (Gibco) for 15
min at 37�C. DNase (Sigma-Aldrich) was added to a final concen-
tration of 0.05 mg/ml for 5 min or until no DNA clumps were
visible. After a gentle trituration, the single cells were collected
and seeded on poly-D-lysine-coated (Sigma-Aldrich) glass cover-
slips (12-mm diameter) in Dulbecco’s modified Eagle medium
(DMEM)/F12 medium containing 10% foetal calf serum (Gibco),
10% horse serum (Gibco) and 1% penicillin/streptomycin
(Invitrogen) at a density of 80 000 cells/coverslip. Cells were cul-
tured at 37�C in a humidified atmosphere and 5% CO2 and the
medium was refreshed every 2 days. The cells were maintained
for 7–10 days to obtain mature neuron-glia mixed cultures.

HeLa cells (ATCC) were maintained in Eagle’s minimum es-
sential medium (EMEM) (ATCC) supplemented with 10% foe-
tal bovine serum (Gibco) and 1% penicillin-streptomycin
(Invitrogen) in a humidified incubator at 37�C and 5% CO2.
To generate the TMEM106B–/– cell line, HeLa cells were trans-
fected with Cas9 and guide RNA targeted to human
TMEM106B [oligos with 50-CACCGGAGTCACATCTGAA
AACATG-30 and 50-AAACCATGTTTTCAGATGTGACTCC-30

were ligated to pX459 (#62988, Addgene)] using
LipofectamineTM 2000 Transfection Reagent (Invitrogen) as in
our previous study (Nicholson et al., 2018). Two days after
transfection, single cells were seeded in 96-well plates by flow
cytometry (Attune NxT analytical flow cytometer; Thermo
Fisher Scientific) and single clones were selected by sequencing
using the following primers: 50-CACGACGTTGTAAA
ACGACAGGACCTGTTGAGACTGTG-30 and 50-GGATAAC
AATTTCACACAGGTTGACTGAAGGTAACTGATATG-30.

Immunohistochemistry and
quantitative analysis

Mice were perfused with 4% paraformaldehyde (PFA). Brains
were dissected and fixed in 4% PFA in phosphate-buffered sa-
line (PBS) for 24 h at 4�C. After dehydration with 70% ethanol,
brain tissues were embedded in paraffin and cut into 5-lm
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sections. For staining, paraffin sections were deparaffinized with
xylene and rehydrated in a series of ethanol washes. For immu-
nohistochemistry using rabbit anti-OLIG2 (1:200, ab109186;
Abcam), antigen retrieval was performed by steaming slides for
30 min with distilled water before blocking in 0.03% hydrogen
peroxide. The immunostaining of sections was done using a
Dako Autostainer and EnVision + HRP system (Dako) per man-
ufacturer’s instructions. After dehydration with a series of alco-
hols and xylene, slides were mounted using Cytoseal XYL
(Thermo Fisher Scientific). Stained images were scanned with an
Aperio ScanScope AT2 Slide Scanner (Leica Biosystems). For
OLIG2 positive cell counting, the corpus callosum was annotated
as the region of interest with ImageScope software
(v12.1.0.5029; Leica). A custom-designed algorithm was applied
to detect the number of OLIG2-positive nuclei per area (mm2) as
in a previous study (Chew et al., 2015) by a blinded investigator.

Immunofluorescence staining and
quantitative analysis

Wild-type HeLa cells and TMEM106B CRISPR knockout HeLa
cells were plated on coverslips the day prior to transfection. Cells
were fixed with 4% PFA in PBS 24 h post-transfection with
PLP1 (OHu25924; GenScript) or GFP-tagged MOG [a gift from
Dr Markus Reindl (Addgene plasmid #126463)]. After washing
three times with PBS, coverslips were blocked with Odyssey
Blocking Buffer (LI-COR Biosciences) containing 0.1% saponin
(Sigma) for 1 h at room temperature. Cells were then incubated
with the following primary antibodies: rabbit anti-TMEM106B
(1:100) (Dr F. Hu, Cornell University, Ithaca, USA) (Brady et al.,
2013), rabbit anti-PLP1 (1:250, ab28486; Abcam), and mouse
anti-LAMP1 (1:250, #555798, BD Biosciences) in Odyssey
Blocking Buffer overnight at 4�C. Cells were washed with PBS,
followed by incubation with a 1:2000 mixture of Hoechst and
secondary antibody (donkey anti-rabbit/mouse IgG Alexa FluorVR

488 and 594) at room temperature for 2 h. Cells were washed
three times with PBS and mounted with Fluoromount GVR

(Southern Biotech) and imaged with a Zeiss LSM 700 laser scan-
ning confocal microscope. Similarly, the cells from primary neu-
ron-glia mixed cultures were fixed with 4% PFA in PBS at DIV
(day in vitro) 7 or 10 and stained with rat-PLP1 (1:100) (clone
aa3, Drs C. Linington and K. Muecklisch, University of
Glasgow, Glasgow, UK) (Yamamura et al., 1991) and goat anti-
mouse PSAP (1:250) (Dr Y. Sun, University of Cincinnati College
of Medicine, Cincinnati, USA) (Sun et al., 2005).

For quantification of lysosome distribution, images of cells
were randomly captured using a 63� objective. Images were
then analysed in ImageJ (NIH) as previously described (Li et al.,
2016) with some modification. Briefly, the whole-cell and nu-
clear areas were selected by the Freehand Selection tool and the
perinuclear regions (defined as 5 lm around the nuclear mem-
brane) were selected using the Enlarge tool. Intensities of
LAMP1 were measured for the whole cell (Itotal), nucleus
(Inuclear), and perinuclear areas (Iperinuclear). The percentage of
perinuclear distributed lysosomes (Pperinuclear) was calculated as:

Pperinuclear ¼ Iperinuclear=ðItotal � InuclearÞ (1)

To quantify lysosomal PLP1 and MOG (ILyso) levels, the
regions of interest for lysosomal areas were selected based on
LAMP1 signals, the regions of interest were then applied to
PLP1 channel or MOG and the fluorescence intensity was

measured as in our previous study (Zhou et al., 2017a). To
quantify PLP1 levels in the plasma membrane region (defined as
a region 1 lm within the outline of the whole cell), the region
of the whole cell and the region of whole cell without the
plasma membrane region were selected by Freehand Selection
and Enlarge tools. The intensities of PLP1 were measured for
the selected whole cell (Itotal), and whole-cell without plasma
membrane (Iw-pm). The percentage of lysosomal PLP1 or MOG
(PLyso) and plasma membrane region PLP1 or MOG (PPM) were
calculated, respectively as:

PLyso ¼ ILyso=Itotal (2)

PPM ¼ ðItotal � InuclearÞ=Itotal (3)

For the HeLa cell experiments, the measurements were made
on images from three independent experiments (n = 20 per ex-
periment) for all groups. For the primary neuron-glia mixed cul-
tures, the measurements were made on images from 12 primary
oligodendrocytes and results were confirmed by at least two
additional independent experiments.

For immunofluorescence staining of MBP, paraffin-embedded
mouse brain sections were deparaffinized as described above.
Antigen retrieval was performed by microwaving in citrate buf-
fer (pH 6.0) for 18 min. Slides were stained with rat anti-MBP
(1:500, MCA409S; Bio-Rad). Images were acquired on an
Aperio ScanScope FL Scanner (Leica Biosystems)

Western blotting

Brain tissues were homogenized with radioimmunoprecipitation
assay (RIPA) buffer (Boston BioProducts) supplemented with
protein inhibitors at a ratio of 1:20 (1 mg tissue : 20 ll RIPA).
The supernatant was collected after centrifugation at 14 000
rpm for 15 min. Protein concentration was measured using the
BCA assay (Thermo Fisher Scientific). Protein samples were
denatured, separated, and transferred as a previous study (Zhou
et al., 2017a). Primary antibodies included: rabbit anti-
TMEM106B [a gift from Dr F. Hu (Brady et al., 2013),
1:1000], mouse anti-CNP (1:2000, 11-5B, MAB326; Millipore),
rat anti-MBP (1:5000, MCA409S; Bio-Rad), mouse anti-
GAPDH (H86504M; Meridian Life Sciences). Bands of western
blots were quantified using ImageJ (NIH).

Electron microscopy

Mice were transcardially perfused with the electron microscopy
(EM) fixation buffer (2% glutaraldehyde, 2% PFA in 0.1 M
PBS). Brains were then dissected and further fixed in EM fix-
ation buffer for 24 h at 4�C. The corpus callosum was dissected
from the fixed brains and placed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4 overnight. After PBS washing,
tissue was post-fixed in 1% OsO4, en bloc, washed three times
in pure water, stained with 1% uranyl acetate and 50% etha-
nol, dehydrated in 70%, 80%, 95% and 100% ethanols and
propylene oxide, infiltrated and embedded in EponVR 812
(Polysciences). Ultrathin sections were cut from the EponVR 812
embedded samples using a Leica Ultramicrotome, counter-
stained with uranyl acetate and lead citrate, and imaged with a
Philips 208S electron microscope. To calculate the G-ratios of
myelinated fibres, the diameter of the axon and the diameter of
the axon with the myelin sheath were measured using ImageJ
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(NIH). The G-ratio of myelinated fibres was calculated as the
ratio of the diameter of the axon to the diameter of the axon
with the myelin sheath. Measurements were made on electron
micrographs from three pairs of mice (n = 35 axons per mouse)
in all experiments.

Luxol fast blue and toluidine blue
staining

For Luxol fast blue staining, paraffin-embedded mouse brain sec-
tions were deparaffinized and hydrated as described above. Slides
were incubated in Luxol fast blue solution (l0% Luxol fast blue
dissolved in 95% ethanol and 5% acetic acid) overnight at room
temperature. Stained slides were washed once in 95% ethanol
and distilled water. Washed slides were incubated in a saturated
lithium carbonate solution for �3 min and then washed once in
distilled water. Stained brain slides were dehydrated again in
ethanol and xylene and mounted with permanent mounting
media. Images were captured using an Aperio ScanScope AT2
Slide Scanner (Leica Biosystems). The intensities of the Luxol fast
blue staining (in blue colour) were measured with ImageJ (NIH).

For toluidine blue staining, mice were perfused with EM fix-
ation buffer. Sciatic nerves were dissected and further fixed in EM
fixation buffer overnight at 4�C. Fixed nerves were embedded
and cut into 5 lm sections. Sciatic nerve tissues were incubated in
95% ethanol for 30 s and stained in 0.5% toluidine blue solution
for 1 h at room temperature. Slides were then dehydrated and
mounted as above. Stained sciatic nerves were imaged using an
Aperio ScanScope AT2 Slide Scanner (Leica Biosystems). The G-
ratios of the myelinated fibres were measured as described above
using ImageJ. Measurements were made on images from three or
four mice per group (n = 50 axons per mouse) in all experiments.

Statistical analysis

In all experiments, data were expressed as mean ± standard eror
of the mean (SEM). One-way ANOVA followed by Bonferroni’s
multiple comparison test was used to test for statistical signifi-
cance between multiple groups. Student’s t-test was used to com-
pare two groups. All statistical analyses were performed using
the GraphPad Prism5 software (GraphPad Software, San Diego,
CA). P-values 50.05 were considered statistically significant.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and/or its
Supplementary material. The raw RNAseq data is available at
Gene expression Omnibus (GEO) repository (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi? acc=GSE145314) with the acces-
sion number: GSE145314.

Results

Transcriptomic analyses reveal
global myelination deficits in
Tmem106b–/– mouse brain

To understand the normal function of TMEM106B in vivo,

we performed a large scale RNA sequencing study in our

previously generated Tmem106b–/– mice (Nicholson et al.,
2018). We included 10 Tmem106b+ / + (wild-type, 8

months), 10 Tmem106b+ /– (8 months) and 10

Tmem106b–/– (8 months) mice with equal number of

males and females (Fig. 1A). After gene normalization and

filtering (log2 RPKM 4 1), we identified 21 209 genes

expressed across all genotypes for inclusion in the differen-

tial gene expression study. We identified 213 DEGs (153

downregulated and 60 upregulated) between Tmem106b–/–

and wild-type (Fig. 1B, E and Supplementary Table 1), and

30 DEGs (22 downregulated and eight upregulated)

between Tmem106b–/– and Tmem106b+ /– (Fig. 1C and

Supplementary Table 2) (step-up P-values 5 0.05). No

DEGs were identified when we compared Tmem106b+ /–

with wild-type animals (Fig. 1D). Notably, among the 30

DEGs identified between Tmem106b–/– and Tmem106b+ /–

mice, 25 overlapped with the DEGs identified when

comparing Tmem106b–/– and wild-type mice

(Supplementary Fig. 1A).

Given that the comparison between Tmem106b–/– and

wild-type mice showed the most DEGs, we performed GO

(gene ontology) analysis based on the 213 DEGs identified.

Interestingly, myelination-related cellular processes including

axon ensheathment, ensheathment of neurons, myelination,

and oligodendrocyte differentiation were identified as signifi-

cantly enriched pathways (Fig. 1F). Moreover, processes

involved in the biosynthesis of myelin abundant sphingoli-

pids: galacolipid, galactosylceramide, and glycosylceramide

biosynthetic processes (Chrast et al., 2011), also stood out

as the top significantly enriched cellular processes (Fig. 1F).

Further analysis revealed that almost 20% (37/213) of the

DEGs were oligodendrocyte-enriched or myelination-related

genes (Supplementary Fig. 1A) and all of these genes (except

Gfap) were downregulated in Tmem106b–/– mice

(Supplementary Fig. 1B). We subsequently carried out a

WGCNA to identify highly correlated gene clusters/modules

that were either up- or downregulated in a genotype-specific

manner (Supplementary Fig. 2A). We identified 27 modules

of which nine were significantly correlated with Tmem106b

genotype: five upregulated and four downregulated modules

(Supplementary Fig. 2A). Enrichment analyses revealed

that the most significantly downregulated module (red

module) was enriched for myelination-related processes

[axon ensheathment Bonferoni P = 3.71 � 10–5; myelination

Bonferoni P = 0.00018 (Supplementary Fig. 2B)], whereas

translation-related processes (cytosolic ribosome Bonferoni

P = 7.10 � 10–7 and ribosomal subunit Bonferoni

P = 4.33 � 10–5) were enriched in the most significantly

upregulated (turquoise) module (Supplementary Fig. 2C).

We validated several of the most down- (Fa2h, Mal,

Opalin, Enpp6) and upregulated (Plin4) DEGs by qPCR in

8-month-old mouse brains (Fig. 1G–K). Additional qPCR

analyses across different ages revealed that the transcription-

al changes in these genes were detectable at 3 months and

did not appear to change further with age (Supplementary

Fig. 3). Taken together, these results suggest that the loss of

TMEM106B affects myelination in vivo.
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Figure 1 Transcriptomics analysis reveals global changes in myelination pathways in TMEM106B deficient mice. (A) Diagram

showing experimental procedures of transcriptomic analysis with Tmem106b + / + (wild-type, WT), Tmem106b + /– and Tmem106b–/– mouse

brains. (B–D) Volcano plots show significant DEGs between Tmem106b–/– and wild-type mice (B), Tmem106b–/– and Tmem106b + /– (C), and

Tmem106b + /– and wild-type mice (D). Cut-off step-up P5 0.05. Red and blue colours represent upregulated and downregulated genes in

Tmem106b–/– mice, respectively. (E) Hierarchical clustering of 213 DEGs between Tmem106b–/– and wild-type mice, step-up P5 0.05. Red and

blue colours represent upregulated and downregulated genes in Tmem106b–/– mice, respectively. (F) Top 10 cellular processes identified by GO

enrichment analysis from the DEGs between Tmem106b–/– and wild-type mice. Myelination-related cellular processes are highlighted in orange.

(G–K) Quantitative PCR validation of selected down- (G–J) and upregulated (K) DEGs using 8-month-old brains from wild-type and

Tmem106b–/– (KO) mice. Graphs represent the mean ± SEM. Data were analysed by Student’s t-test (n = 12 per group). ***P5 0.001,

****P5 0.0001.
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Reduced number of
oligodendrocytes but no obvious
myelination deficits in Tmem106b–/–

mouse brain

To investigate myelination in TMEM106B-deficient mice, we

examined oligodendrocyte cell numbers in the corpus callosum

of 8-month-old wild-type, Tmem106b+ /–, and Tmem106b–/–

mouse brains by immunohistochemistry staining for OLIG2

(Fig. 2A). We found a significant reduction of OLIG2-positive

cells in Tmem106b–/– mice compared to wild-type mice (P 5
0.05) (Fig. 2B). While the reduction in OLIG2-positive cells

appeared to be dose-dependent, comparisons of wild-type with

Tmem106b+ /– and Tmem106b+ /– with Tmem106b–/– mice did

not reach significance (Fig. 2B). To examine whether ageing

could enhance the loss of OLIG2-positive cells in a genotype-

dependent manner, we quantified the number of OLIG2-

positive cells in both 15- and 23-month-old mice and found

that the relative loss of OLIG2-positive cells did not appear to

increase with age (Fig. 2E and F). We also examined OLIG2

counts in younger mice (Fig. 2C and D) and determined that the

reduction in OLIG2 counts in the TMEM106B-deficient mice

were present at postnatal Day 21 (Fig. 2C). These results sug-

gest that the reduction in oligodendrocytes in TMEM106B-

deficient mice is not an ageing, but rather a developmental

deficit. We also examined the OLIG2-positive cells in the

cortex, a brain region with less density of oligodendrocytes.

While OLIG2 cells also appeared to be reduced in the cortex of

Tmem106b–/– mice, there was no statistically significant reduc-

tion of OLIG2-positive cells when compared to wild-type mice

(Supplementary Fig. 4), possibly suggesting different regional

vulnerabilities to the loss of TMEM106B.

We next examined the protein levels of myelin-associated

proteins by western blot and determined that both CNP and

MBP are only mildly reduced in Tmem106b–/– (P4 0.05) as

compared to wild-type mice (Fig. 2G and H). We also inves-

tigated the fine structures of myelinated nerve fibres in both

the central and peripheral nervous systems. No obvious dif-

ference in the thickness of the myelin was detected in either

the corpus callosum or sciatic nerve between wild-type and

Tmem106b–/– mice (Fig. 2I–L).

Tmem106b–/– mice are more
susceptible to cuprizone-induced
demyelination and have a reduced
capacity to remyelinate

To investigate the role of TMEM106B in myelination, we

challenged our Tmem106b–/– mice with cuprizone, a widely

used toxin to study myelination in the corpus callosum

(Skripuletz et al., 2011). To this end, mice were fed a cupri-

zone-containing diet and harvested at different time points

(Fig. 3A). In wild-type mice, as previously reported (Kang

et al., 2012; Guo et al., 2018), we observed rapid demyelin-

ation in the corpus callosum within 6 weeks of cuprizone

treatment, which was followed by remyelination when the

mice were switched back to a normal diet for 6 weeks

(Fig. 3B). Also consistent with our western blot results

(Fig. 2G and H), untreated mice showed no significant dif-

ference on Luxol fast blue stains of myelin in the corpus cal-

losum between wild-type and Tmem106b–/– mice that were

fed with a normal diet for 12 weeks (Fig. 3B and C). On the

other hand, after 3 weeks of cuprizone treatment,

Tmem106b–/– mice showed significantly reduced myelin

(�50% of wild-type, P5 0.001) as compared to wild-type

mice (Fig. 3B and C). After 6 weeks of cuprizone treatment,

this effect was no longer obvious. There was, however, sig-

nificantly less regeneration of myelin (�40% of wild-type,

P5 0.001) in Tmem106b–/– mice compared to wild-type

mice after 6 weeks of recovery on a normal diet. (Fig. 3B

and C). MBP immunofluorescence staining (Fig. 3D) and

electronic microscopy analysis of myelin in the corpus cal-

losum (Fig. 3E) showed results comparable to the Luxol fast

blue staining. Consistent with a previous study (Vega-Riquer

et al., 2019), we also observed cuprizone treatment induced

robust microglial activation in the corpus callosum

(Supplementary Fig. 5A and B) and Tmem106b–/– mice

showed a significant increase of microglia activation com-

pared to wild-type mice (Supplementary Fig. 5A and B).

To verify these findings, we generated a second cohort of

cuprizone-treated mice in which we also included

Tmem106b+ /– mice. We again observed significantly less re-

sidual and regenerated myelin-associated proteins (CNP and

MBP) in Tmem106–/– mice compared to wild-type mice after

3 weeks of cuprizone treatment (P5 0.0001 for CNP,

P5 0.01 for MBP) (Fig. 4C and D) and after 6 weeks of

treatment followed by 6 weeks of recovery (P5 0.01 for

CNP, P5 0.001 for MBP) (Fig. 4G and H). There was no

significant difference between Tmem106b–/– and wild-type

mice when fed a normal diet for 12 weeks (Fig. 4A and B)

or after 6 weeks of cuprizone treatment (Fig. 4E and F). In

addition, we observed dose-dependent effects of

TMEM106B on both myelin loss in response to cuprizone

treatment (Fig. 4C and D) and in the ability to increase mye-

lin-associated proteins during recovery (Fig. 4G and H).

We previously identified a residual N-terminal fragment of

TMEM106B in our Tmem106b–/– mouse model (Nicholson

et al., 2018). Since it is unknown whether this residual N-

terminal fragment of TMEM106B has a biological function,

it raises the concern that the myelination deficits found in

this knockout model might be due to this undefined

TMEM106B fragment, rather than the loss of normal

TMEM106B function. To exclude this possibility, we gener-

ated a new Tmem106b–/– mouse line by using CRISPR/Cas9

technology. In this new Tmem106b CRISPR knockout (KO)

mouse, the CRISPR editing introduced a 5-bp deletion,

which causes an early stop codon (Supplementary Fig. 6A

and B). Unlike our previous line, we did not detect any re-

sidual TMEM106B fragment, nor did we detect any full-

length TMEM106B by western blot (Supplementary Fig.

6C–F). Using this newly established Tmem106b CRISPR

KO mouse line, we repeated the cuprizone experiments and
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Figure 2 Assessment of the myelin in Tmem106b–/– mice. (A) Representative images of OLIG2 immunostaining in corpus callosum of 8-

month-old Tmem106b + / + (wild-type, WT), Tmem106b + /– (Het), and Tmem106b–/– knockout (KO) mouse brains. (B–F) Quantification of

OLIG2-positive cells in the corpus callosum of the wild-type, Het, and KO mouse brains at indicated ages (n = 5–14 per group). (G) Western

blots show protein levels of CNP, MBP, and GAPDH in Tmem106b + / + (WT) and Tmem106b–/– (KO) adult mice. (H) Quantification of the blots

in g (n = 5 per group). (I) Representative EM images of myelinated fibres in corpus callosum from wild-type and KO adult mice. (J) Measurement

of the G-ratios in myelinated fibres in G (n = 3 per group). (K) Representative toluidine blue-stained sections of sciatic nerves from wild-type and

KO adult mice. (L) Measurement of the G-ratios in myelinated fibres in g (n = 3–4 per group). Graphs represent the mean ± SEM. Data were ana-

lysed by Student’s t-test. NS = not significant, *P5 0.05, **P5 0.01.
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verified the findings obtained in the initial TMEM106B defi-

cient model. Specifically, Tmem106b CRISPR KO had a

more rapid demyelination after 3 weeks of treatment and a

reduced capacity to remyelinate after 6 weeks of treatment

followed by 6 weeks of recovery based on assessment of

Luxol fast blue stained sections (Supplementary Fig. 7A).

These findings were confirmed by the quantitative analysis

of CNP and MBP protein levels by western blot

(Supplementary Fig. 7B–I). Taken together, these data sug-

gest that loss of TMEM106B not only increases the suscepti-

bility to the cuprizone-induced demyelination but also

results in deficits in remyelination during recovery.

Loss of TMEM106B leads to a
reduction in differentiated
oligodendrocytes and PLP1
localization deficits

OLIG2 is a general oligodendrocyte marker expressed in

both undifferentiated (oligodendrocyte progenitor cells

and pre-oligodendrocytes) and differentiated (immature

and mature oligodendrocytes) oligodendrocytes (Trapp

et al., 1997). To determine whether the reduction in

OLIG2-positive cells observed in the TMEM106B-defi-

cient mice (Fig. 2A–F) was the result of a loss of

Figure 3 Increased demyelination and reduced remyelination in Tmem106b–/– mice in a cuprizone-induced de- and remyelina-

tion mouse model. (A) Diagram shows experimental groups and procedures in the cuprizone-induced demyelination mouse model. (B)

Representative images of Luxol fast blue (LFB) staining of corpus callosum from wild-type (WT) and Tmem106b–/– (KO) mice treated with indi-

cated diets: Cup 3W = 3 weeks of cuprizone diet; Cup 6W = 6 weeks of cuprizone diet; ND = normal diet; Rec 6W = 6 weeks of cuprizone

diet plus 6 weeks of normal diet. (C) Quantification of Luxol fast blue stained in B. (D) Representative images of MBP immunofluorescence stain-

ing of corpus callosum from the mice in B. (E) Representative EM images of corpus callosum from wild-type and KO mice treated as described in

B. Graph represents the mean ± SEM. Data were analysed by Student’s t-test (n = 4–7 per group). NS = not significant, ***P5 0.001.
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undifferentiated oligodendrocytes, differentiated oligo-

dendrocytes or both, we measured the mRNA levels of

different oligodendrocyte cell markers by qPCR in 3-

month-old wild-type and Tmem106b–/– mice (Fig. 5A

and B). Expression levels of molecular markers present in

both undifferentiated and differentiated oligodendrocytes

including Olig2, Cnp, and Sox10, were reduced in

Tmem106b–/– mice compared to wild-type mice (Fig. 5B),

consistent with the results from OLIG2 counting.

Interestingly, only the cell markers specific for differenti-

ated oligodendrocytes (Plp1, Mbp, Mog), but not those

unique to undifferentiated oligodendrocytes (Nkx2.2,

Pdgfa, Ng2), were reduced to a significant extent in

Tmem106b–/– as compared to wild-type mice (Fig. 5B).

This suggests that the loss of oligodendrocytes in

Tmem106b–/– mice is likely due to a reduction in differ-

entiated oligodendrocytes.

During oligodendrocyte maturation, the fate (either sur-

vival or degeneration) of an oligodendrocyte is largely deter-

mined by myelin formation, which in turn relies on proper

trafficking of myelin protein to the plasma membrane

(Trapp et al., 1997; Gow et al., 1998). PLP1 and MOG are

two main myelin proteins in mature oligodendrocytes

(Trajkovic et al., 2006) with distinct trafficking pathways.

The plasma membrane targeting of PLP1 is mainly depend-

ent on the lysosomal trafficking whereas MOG is mainly de-

pendent on the trafficking of recycling endosomes

(Winterstein et al., 2008; Baron and Hoekstra, 2010). To

Figure 4 Myelination-related protein levels in cuprizone diet-treated wild-type and TMEM106B-deficient mice. (A, C, E and G)

Western blots show protein levels of CNP, MBP, and GAPDH in Tmem106b + / + (wild-type, WT), Tmem106b +/– (heterozygous, Het), and

Tmem106b–/– (KO) mice treated with normal diet (ND, A), 3 weeks of cuprizone diet (Cup 3W, C), 6 weeks of cuprizone diet (Cup 6W, E), and

6 weeks of cuprizone diet plus 6 weeks of normal diet (Rec 6W, G), respectively. (B, D, F and H) Quantification of the blots in A, C, E and G,

respectively. Graphs represent the mean ± SEM. Data were analysed by Student’s t-test (n = 4). NS = not significant, *P5 0.05, **P5 0.01,

***P5 0.001, ****P5 0.0001.
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investigate the role of TMEM106B on PLP1 and MOG traf-

ficking, we generated a TMEM106B–/– HeLa cell line by

using CRISPR/Cas9 technology (Supplementary Fig. 8).

Consistent with a previous study (Schwenk et al., 2014), im-

munofluorescence staining in these cells revealed that a com-

plete loss of TMEM106B leads to significant accumulation/

clustering of lysosomes, as visualized by LAMP1 staining, in

the perinuclear region of the cells (Supplementary Fig. 9A

and B). Moreover, when we transiently overexpressed PLP1

in these cells, we found PLP1 accumulated in lysosomes in

TMEM106B–/– cells as evidenced by a significant increase of

PLP1 in LAMP1 + compartments, and a significant decrease

Figure 5 Reduction in differentiated oligodendrocytes and impaired PLP distribution in TMEM106B-deficient cells. (A)

Diagram shows cellular markers of undifferentiated and differentiated oligodendrocytes. (B) Quantitative PCR shows the relative mRNA levels

of immature and mature oligodendrocyte cellular markers in 3-month-old Tmem106b–/– (KO) mice compared to Tmem106b + / + (wild-type, WT)

(n = 6 per group). (C) Representative immunofluorescent images of LAMP1 and PLP1 from wild-type (WT) HeLa and TMEM106B CRISPR KO

(KO) HeLa cells 24 h after PLP1 transfection. (D and E) Quantification of lysosomal (D) and plasma membrane (E) localized PLP1 in C (n = 3).

(F) Representative immunofluorescent images of PSAP, PLP1, and DAPI from wild-type and Tmem106b–/– (KO) mouse primary neuron-glial

mixed cultures. (G and H) Quantification of perinuclear-distributed PSAP + vesicles (G) and lysosomal localized PLP1 (H) in F (n = 12). Graphs

in B, D, E, G and H represent the mean ± SEM. Data were analysed by Student’s t-test. NS = not significant, *P5 0.05, **P5 0.01,

***P5 0.001.
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of PLP1 at the plasma membrane region in the

TMEM106B–/– cells as compared to wild-type HeLa cells

(Fig. 5C–E). In contrast, loss of TMEM106B failed to

change the distribution of MOG (Supplementary Fig. 9C–E).

By using primary neuron-glia mixed cultures, we further

confirmed that loss of TMEM106B also results in significant

clustering of lysosomes, as visualized by prosaposin (PSAP,

another lysosomal resident protein) staining, in the peri-

nuclear region of primary oligodendrocytes (Fig. 5F and G).

Moreover, similar to the finding in TMEM106B–/– Hela

cells, accumulated PLP1 was also found in the Tmem106b–/–

primary oligodendrocytes (Fig. 5F and H). Taken together,

these results suggest that loss of TMEM106B mainly leads

to distribution deficits of the lysosomal-dependent myelin

protein PLP1, but not to lysosomal-independent proteins

such as MOG.

Discussion
While initially reported in relation to FTD, recent studies

have revealed a broader impact of TMEM106B variants on

brain ageing, including a profound effect on gene expression

in aged human brain (Rhinn and Abeliovich, 2017; Ren

et al., 2018; Li et al., 2020), and an association with neuron-

al proportion in brain tissue derived from neurodegenerative

disease patients and elderly, cognitively healthy, controls (Li

et al., 2020). Accumulating evidence suggests that the

TMEM106B haplotype that confers disease risk (and

reduced neuronal number) is associated with increased levels

of TMEM106B (Van Deerlin et al., 2010; Busch et al.,
2013). Reducing TMEM106B levels, therefore, seems to be

an attractive therapeutic or disease-modifying approach, es-

pecially in patients with FTD-GRN, where the strongest gen-

etic association is observed (Pottier et al., 2018). In this

study, we characterized our previously generated

TMEM106B-deficient mouse model to determine the poten-

tial risks of such a treatment strategy and to further charac-

terize the normal function of TMEM106B.

Using brain transcriptomics, we found enrichment for dif-

ferently expressed genes implicated in myelination-related

processes, with a significant reduction in the expression of

these genes in Tmem106b–/– as compared to wild-type or

Tmem106b+ /– mice. Genes involved in the biosynthesis of

galactolipids, such as galactosylceramide, which are import-

ant components of the myelin sheath (Hoshi et al., 1973),

were also reduced in Tmem106b–/– mouse brain. Co-expres-

sion analysis confirmed these findings and revealed a module

enriched for genes implicated in exon ensheathment and

myelination as the most correlated with the Tmem106b

genotype. The observed gene expression changes appeared

to result from a significant loss of oligodendrocytes in

Tmem106b–/– compared to wild-type mice, which we quan-

tified using immunohistochemistry in the corpus callosum.

The cell loss was already present in animals at 21 days of

age and did not appear to worsen with age (studied until 23

months). Interestingly, the effect of TMEM106B levels on

the number of oligodendrocytes appeared dose-dependent at

most time-points. The significant effect on myelination-related

gene expression and oligodendrocyte cell loss in

Tmem106b–/– suggested an important role for TMEM106B

in myelination; however, at the ultrastructural levels, we

did not detect obvious changes in myelin and only a mild

and non-significant reduction of myelin-associated proteins

was detected. This prompted us to challenge our model

with cuprizone, a commonly used toxin which leads to the

selective loss of oligodendrocytes and microglia accumula-

tion and extensive areas of demyelination and gliosis in the

corpus callosum (Vega-Riquer et al., 2019). Cuprizone

treatment clearly showed that loss of TMEM106B

increased the susceptibility towards myelin loss and

decreased the capability to regenerate myelin, a finding

which we validated using a newly generated Tmem106b
CRISPR KO mouse. The addition of this new model

excludes the involvement of the small, residual

TMEM106B N-terminal fragment detected in the original

knockout model (Nicholson et al., 2018) in these mecha-

nisms, and reaffirms loss TMEM106B function as the pri-

mary driver of the myelination deficit.

The proper function of lysosomes including their traffick-

ing is essential for normal myelination as demonstrated by

the frequent occurrence of myelination deficits in lysosomal

storage diseases, including Niemann-Pick disease, Gaucher

disease and metachromatic leukodystrophy (Folkerth, 1999;

Faust et al., 2010; Boustany, 2013). PLP1, which is the most

abundant myelin-specific protein in oligodendrocytes, is

largely localized at lysosomes (Shen et al., 2016) and its

function is dependent on intact lysosomal function.

Specifically, following its biosynthesis in the rough endoplas-

mic reticulum (ER), PLP1 is transported to the Golgi and

plasma membrane, from where it is internalized through

endocytosis and stored in late endosomes and lysosomes in

the absence of neuronal signals. During myelination, PLP1 is

targeted to the plasma membrane through lysosomal exocyt-

osis (Trajkovic et al., 2006; Feldmann et al., 2011). Since

the loss of TMEM106B has previously been reported to

cause impairments in lysosomal acidification (Klein et al.,
2017) and lysosomal trafficking (Schwenk et al., 2014), we

hypothesized a possible effect on PLP1 upon TMEM106B

loss. Indeed, using a TMEM106B CRISPR KO HeLa cell

line and primary cultured oligodendrocytes, we confirmed

that the loss of TMEM106B leads to an accumulation of

lysosomes in the perinuclear region (Schwenk et al., 2014)

and we observed that this apparent defect in lysosomal traf-

ficking resulted in the accumulation of lysosomal PLP1 and

a reduction in PLP1 at the plasma membrane area. In line

with our expectations, the localization of MOG, an import-

ant myelin protein which traffics independent of lysosomes,

was not altered. Given the limitation that we only used fixed

cells in this study, which only reflect the condition at a single

point in time, dynamic studies of PLP1 trafficking using

sophisticated live imaging techniques will be needed to con-

firm these findings. Notably, increased TMEM106B has

been recently associated with increased lysosomal exocytosis
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(Kundu et al., 2018) and impaired lysosomal exocytosis has

been shown to directly lead to plasma membrane trafficking

deficits of PLP1 (Shen et al., 2016). Thus, it is possible that

loss of TMEM106B might reduce lysosomal exocytosis

thereby further impairing the PLP1 trafficking from lyso-

somes to the plasma membrane. Whether this is the case in

Tmem106b–/– model also needs further investigation.

Importantly, the trafficking of PLP1 from lysosomes to the

plasma membrane is a key process during myelination and

controls oligodendrocyte cell death (Trapp et al., 1997). We

observed significant oligodendrocyte loss as early as postna-

tal Day 21 in our Tmem106b–/– mouse brain (Fig. 2C). The

transcriptional analysis of the oligodendrocyte differentiation

markers (Fig. 5B) showed a specific loss of differentiated oli-

godendrocytes, suggesting that cell loss may happen during

myelination. In sum, these findings suggest that

TMEM106B may influence myelination through control of

lysosomal trafficking. When disrupted, it may induce PLP1

trafficking deficits and associated oligodendrocyte cell loss.

Our identification of an important role for TMEM106B

in myelination is also relevant in relation to a recently

reported recurrent de novo mutation in TMEM106B
(p.D252N) in patients with hypomyelinating leukodystrophy

(Simons et al., 2017). In fibroblasts derived from one

p.D252N-patient carrier, normal levels of TMEM106B were

reported; however, lysosomal acidification was impaired and

the activity of specific lysosomal enzymes was reduced (Ito

et al., 2018). The effect of this mutation on PLP1 trafficking

remains to be studied but our findings suggest that loss of

normal TMEM106 function could contribute to the pheno-

type in these patients.

Within the CNS, TMEM106B is expressed in many cell

types including neurons, astrocytes, oligodendrocytes, and

microglia (Zhang et al., 2014). Our transcriptomic analysis

found a significant increase in Gfap expression in

Tmem106b–/– when compared with wild-type mice

(Supplementary Table 1 and Supplementary Fig. 1B), which

we confirmed by GFAP immunohistochemical analysis (data

not shown), suggesting that the loss of TMEM106B could

activate astrocytes. In Tmem106b–/– mouse brains, we fur-

ther observed a significant increase in the expression of

Trem2, Tyrobp, Lyz2, Plek, C1qb and C4b which are part

of the TYROBP network of genes associated with microglial

neuroinflammation (Supplementary Fig. 10A and B) (Klein

et al., 2017; Takahashi et al., 2017). The fact that most of

these genes were also increased in progranulin-deficient mice

(Lui et al., 2016; Klein et al., 2017; Takahashi et al., 2017)

may suggest that the loss of Tmem106b might exacerbate

Grn–/– pathologies through the inflammatory response. As

such, TMEM106B might also play an important role in the

regulation of astrocyte and microglia activation, in addition

to myelination.

While it is known that TMEM106B plays an important

role in lysosomes (Nicholson and Rademakers, 2016), we

did not find general transcriptional changes in terms of lyso-

somal-related genes. Loss of TMEM106B has been reported

to ameliorate the phenotypes of progranulin-deficient mice

partially by correcting lysosomal deficits of Grn–/– mice

(Klein et al., 2017). However, we did not observe any sup-

pression of the top upregulated lysosomal genes reported in

Grn–/– mice in our Tmem106b–/– mice (Supplementary Fig.

11). In contrast, several important lysosomal enzymes such

cathpesin B (Ctsb), cathpesin S (Ctss), and cathpesin D

(Ctsd) (P5 0.05) were found to be increased in

Tmem106b–/– as compared to wild-type mice

(Supplementary Fig. 11) suggesting loss of TMEM106B does

not normalize the lysosomal changes in Grn–/– mice, at least

at the transcriptional level.

Together our analyses of Tmem106b–/– mice raise import-

ant concerns in relation to the lowering of TMEM106B lev-

els as a therapeutic strategy in FTD-GRN, or age-associated

neurodegenerative diseases in general. While a partial reduc-

tion of TMEM106B could be considered, we note that a

non-significant trend towards reduced oligodendrocytes

number and altered myelination and remyelination was

observed in our cuprizone-induced toxicity model in

Tmem106b+ /– animals (Figs 2A–F and 4). Furthermore, a

partial loss of TMEM106B did not correct lysosomal abnor-

malities and FTD related phenotypes due to progranulin

haploinsufficiency (Arrant et al., 2018), although a complete

loss of TMEM106B has been shown to rescue lysosomal

and FTD-related phenotypes in progranulin-deficient mice

(Klein et al., 2017). As the field continues to focus on

TMEM106B as a possible therapeutic target, it will be im-

portant to take these findings into consideration; however,

until we fully understand the biological consequence of the

TMEM106B haplotypes discussions on therapies remain

hypothetical. It also remains possible that the myelination

phenotype we observed is mainly developmental in origin

which would leave antisense oligonucleotide-like treatments

in adults as a viable strategy (Clayton et al., 2018). Finally,

one should also consider that it remains possible that the

coding variant p.T185S induces a functional difference be-

tween the TMEM106B risk and protective haplotype on top

of the change in protein levels and that this functional

change is responsible for the protective effects observed in

people (Pottier et al., 2018). Future studies should interro-

gate this.
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