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Loss of Tmem106b leads to cerebellum Purkinje cell death and

motor deficits

Dear Sir,

With great interest, we read the work of Stroobants
et al., published online October 5th 2020 in Brain
Pathology, in which the authors reported late-onset cere-
bellar Purkinje cell loss and progressive decline in motor
function and gait deficits in their CRISPR Timeml106b—/—
mouse model (1). Here, we report similar age-dependent
Purkinje cell death and motor deficits in a conventional
Tmem106b—/— mouse model. By high-power microscopy
and bulk RNA sequencing, we further identify lyso-
somal and immune dysfunction as potential underlying
mechanisms of the Purkinje cell loss.

TMEMI106B was first identified as a genetic risk fac-
tor for a specific pathological subtype of frontotemporal
lobar degeneration (FTLD) characterized by abnor-
mal inclusions of TAR DNA-binding protein 43 (TDP-
43) (FTLD-TDP) (2). Subsequent studies established
TMEMI06B as a major modifier of disease risk, with
the strongest association in FLTD patients with muta-
tions in the progranulin gene (FTLD-GRN) (3,4). Since
then, TMEM106B has been further implicated in other
neurodegenerative diseases such as Alzheimer’s disease
(AD) (5) and hypomyelinating leukodystrophy (6) as well
as in normal aging (7). However, the precise function of
TMEMI106B remains unknown.

In previous work, we showed that the loss of
Tmem106b leads to myelination deficits, likely due to
developmental deficits (8). To further characterize the
function of Tmem106b in vivo, we performed a thorough
histological analysis of the brains from wild-type (WT)
and Tmem106b-deficient (Timemi06b—/—) mice. Notably,
hematoxylin and eosin stains revealed increased gaps
between Purkinje cells in Timeml06b—/— mice as com-
pared with WT mice at 15 months of age suggesting
the loss of Purkinje cells in the 7imeml06b—/— cerebel-
lum (Figure 1A). In contrast, no obvious difference in
the thickness of the molecular and granular cell lay-
ers of the cerebellum was observed between WT and
Tmem106b—/— mice (Figure 1A). The increased gap be-
tween Purkinje cells in Timeml06b—/— mouse cerebellum
was further validated by the immunofluorescence stain-
ing of the Purkinje cell markers calbindin and inositol
1,4,5-trisphosphate receptor (IP3R) (Figure 1A). In line

with these findings, quantification in these 15 month-
old animals revealed a nearly 50% decrease of Purkinje
cell number in the Timeml06b—/— mice (p < 0.0001)
when compared to WT mice (Figure 1D). With aging
(23 months), we found that the number of surviving
Purkinje cells was even further reduced in Timem106b—/—
as compared to WT mice (p < 0.0001) (Figure 1E). We
next examined Purkinje cell numbers in younger mice;
however, no significant difference in terms of Purkinje
cell number was observed between Tmeml06b—/— and
WT mice at 3 and 8 months of age (Figure 1B, C). These
findings suggest that the loss of the Purkinje cells ob-
served at an older age is unlikely to be a consequence
of developmental deficits. Importantly, regardless of
the age of the animals, TimemlI06b+/— mice showed no
signs of Purkinje cell loss (Timem106b+/—vs WT, p > 0.05
at all ages) (Figure 1B—E). Notably, in the study from
Stroobants et al. (1), prominent loss of Purkinje cells was
demonstrated at 18 months of age whereas 9-months was
described as an age preceding prominent neuronal loss.
While it is difficult to compare the results from indepen-
dent studies, the timing of the age-dependent Purkinje
cell loss observed in our Tmeml06b—/— mice appears
potentially similar to this model. This consistency be-
tween models is interesting given that our mice were
previously shown to have limited residual expression of
Tmem106b. This residual expression was sufficient to
significantly delay motor deficits and death in double
knock-out Tmeml06b—/—; Grn—/— mice; however, does
not appear to result in an obvious rescue or delay of the
Purkinje cell loss phenotypes reported here (9). Together
these data suggest that the loss of Tmem106b leads to
age-dependent Purkinje cell death.

Previously, we also showed that the loss of Tmem106b
leads to mild microglia and astroglia activation across
different brain regions at 11-12 months of age (9). To
study the glial activation in aged Tmeml06b—/— mice,
we examined the cerebellums of 15-month-old mice
by immunohistochemistry (IHC) staining. This anal-
ysis showed that the loss of Tmeml106b results in an
approximately 2-fold increase of immunoreactivity of
Gfap (p < 0.01) and Iba-1 (p < 0.05) in the cerebellum
as compared to WT mice (Figure 1F-H). Similar to the
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Purkinje cell loss and motor deficits in 7imeml06b—/— mice. (A) Representative images of Hematoxylin and eosin (H&E) stain

and Calbindin and IP3R immunostaining in cerebellums of 15-month-old Tmem106b+/+ (WT) and Timeml06b—/— (KO) mouse brains. (B-E)
Quantification of Purkinje cells in the cerebellums of WT, Timem106b+/— (Het), and KO mouse brains at indicated ages (n = 4-17 per group).
Graphs represent the mean * SD. Data were analyzed by One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test.
NS, not significant, ****p < 0.0001. (F) Representative images of Gfap and Iba-1 immunostaining in cerebellums of 15-month-old Timem106b
WT and KO mouse brains. (G-H) Quantification of Gfap (G) and Iba-1(H) immunointensities in the cerebellums of WT and KO mouse brains
in F (n = 3-4 per group). Graphs represent the mean = SD. Data were analyzed by Student’s #-test. *p < 0.05, **p < 0.01. (I) Dowel test for
Tmeml106b WT, Het, and KO mice (n = 14-16 per group). Graphs represent the mean + SD. Data were analyzed by One-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test. NS, not significant, **p < 0.01

observation from Stroobants et al. (1), gliosis was pro-
nounced in the molecular layer and white matter tract.
We also observed that there were significantly more ly-
sosomal enlarged Purkinje neurons and microglia cells
in Timeml106b—/— as compared to WT mice as evidenced

by Lampl immunofluorescence staining (Figure S1). The
enlarged lysosomes in Purkinje cells were mainly located
in the axon hillock (Figure SIA). Instead of single en-
larged lysosomes as observed in Stroobants et al. (1), we
often observed multiple clustered enlarged lysosomes. It
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is possible that, with time, these clustered enlarged ly-
sosomes might fuse to form single enlarged lysosomes.
Regardless, these results demonstrated the involvement
of gliosis and further suggest lysosomal dysfunction con-
tributes to cerebellar Purkinje cell loss in Tmem106b-
deficient mice.

Since cerebellar Purkinje cells are known to play an im-
portant role in controlling balance, we next investigated
motor function in aged Tmeml06b—/—, Timeml06b+/—,
and WT mice (15 months of age) using a dowel test. In line
with the Purkinje cell numbers (Figure 1D), the latency
of time on the dowel rod was significantly reduced in
Tmem106b—/— mice as compared to WT mice (p < 0.01),
whereas no difference between Timeml06b+/— and WT
mice was observed (p > 0.05) (Figure 1I). These findings
were in line with impaired treadmill performance and
gait defects reported in the study from Stroobants et al.
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(I) and together, they suggest that the loss of Purkinje
cell in the cerebellum of Timeml06b—/— mice is sufficient
to induce motor deficits.

To better understand the molecular mechanism un-
derlying Tmeml106b deficiency-induced Purkinje cell
loss, we performed bulk RNA sequencing on mouse cer-
ebellar samples. We included three Timeml06b+/+ (WT)
and three TimemlI06b—/— mice, all at 15 months of age.
After gene normalization and filtering (log2 RPKM > 1),
we identified a total of 14,250 genes expressed in both
genotypes for inclusion in the differential gene expres-
sion study. We identified 1149 differentially expressed
genes (DEGs) at the nominal significance level (572
down-regulated and 577 up-regulated; p-value < 0.05)
comparing Tmeml06b—/— to WT mice (Figure 2A,
Table S1). Hierarchical cluster analysis of the top 100
most up-regulated and down-regulated DEGs showed a
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FIGURE 2 Transcriptomic analysis of cerebellar tissue of Timeml06b—/— and WT mice. (A) Volcano plots show differentially expressed

genes (DEGs) between Timem106b—/— and WT mice using nominal significant p-value < 0.05. Red and blue colors represent up-regulated and
down-regulated genes in Timeml06b—/— mice, respectively. (B) Hierarchical clustering of top 100 up-regulated and down-regulated DEGs
between Tmeml06b—/— and WT mice. Red and blue colors represent upregulated and downregulated genes in Timem106b—/— mice, respectively.
(C-J) g-PCR validation of selected down- (D—G) and up- (H-K) regulated DEGs using 15-month-old cerebellar tissue from WT, Timeml06b+/—
(Het) and Timem106b—/— (KO) mice. Graphs represent the mean * SD. Data were analyzed by One-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test (n = 6 per group). NS, no significant, **p < 0.01, ***p < 0.001, ****p < 0.0001. (K) Top 10 cellular processes
identified by the ingenuity pathway analysis from the DEGs between Tmeml06b—/— and WT mice. The top three most significant cellular

processes are highlighted in orange
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consistent gene expression pattern within each genotype
(Figure 2B). Finally, we validated several of the most
down (The, Ebf2, Alpk2, and Cck)- and up (Serpina3n,
Ferls, Lyz2, and Lpl)- regulated DEGs among top
fold changed genes by quantitative PCR (qPCR) in
15-month-old mouse cerebellums, which confirmed the
RNAseq data and further revealed that the expression
changes were specific to Timeml06b—/— mice, since no
significant difference in gene expression was observed
between Tmeml06b+/— and WT mice, with the excep-
tion of one gene (Figure 2C-J). To further understand
the functional relevance of the identified DEGs, we per-
formed a pathway analysis. Immune and inflammation-
related cellular processes including complement system,
phagosome formation, and triggering receptor expressed
on myeloid cells-1 (TREM1) signaling were identified as
significantly enriched pathways among the observed
DEGs (Figure 2K), with key genes being upregulated
in Tmeml106b—/— as compared to WT cerebellar tissues.
To validate the expression of the complement system,
we performed immunofluorescence staining for C3b, a
cleavage product of C3. The immunofluorescence stain-
ing showed increased C3b expression in microglia but
not astroglia and neurons, suggesting that up-regulated
complement pathway is mainly due to changes in mi-
croglia (Figure S2). Notably, loss of progranulin has
also been shown to cause complement system activation
(10). Next, we sought to identify highly correlated gene
clusters/modules that were either up- or down-regulated
in a genotype-specific manner through a weighted gene
co-expression network analysis (WGCNA). Through
this analysis, we identified 20 modules of which two
were significantly correlated with 7meml06b geno-
type: one up-regulated and one down-regulated mod-
ule (Figure S3A). Enrichment analyses revealed that the
significantly upregulated module (yellow module) was
enriched for immune and inflammatory-related pro-
cesses [defense response FDR = 1.73E-04; inflammatory
response FDR = 4.84E-04 (Figure S3B)] further con-
firming the consequence of Tmeml106b loss on the im-
mune response and inflammation. The downregulated
module (brown) was enriched for neuronal components
including neuron part (FDR = 3.40E-08), neuron projec-
tion (FDR = 4.2E-08), and synapse part (FDR = 1.43E-
07) (Figure S3C) likely reflecting the neuronal loss we
observed in Tmeml06b—/— cerebellums. Interestingly,
Purkinje cell-enriched components including dendritic
tree (FDR = 1.47E-06) and dendrite (FDR = 1.23E-06)
(Figure S3C) were also enriched in the downregulated
module further supporting that the neuronal loss is likely
due to Purkinje cell loss. Taken together, these results are
in line with Purkinje cell loss in Tmemi06b—/— cerebel-
lum and further implicate inflammation in Tmem106b
deficiency-induced Purkinje cell loss.

In summary, we reported here that the deficiency of
Tmem106b results in an age-dependent loss of cerebellar
Purkinje cells accompanied by motor function deficits.

We also demonstrated that Tmem106b deficiency results
in lysosomal enlargement in both Purkinje cells and mi-
croglia, and increased neuro-inflammation including
complement system activation. Together with the inde-
pendent findings from Stroobants et al. (1), these data
suggest that, in addition to myelination (8), Tmem106b
also plays important role in maintaining the health and
survival of cerebellar Purkinje cells during aging.
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TABLE S1 Differentially expressed genes (DEGs) be-
tween Tmem106b—/— and Timem106b+/+ mouse cerebel-
lums with individual animal log2RPKM
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