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TMEM106Bdeficiency leads toalterations
in lipid metabolism and obesity in the
TDP-43Q331K knock-in mouse model
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The TMEM106B gene, encoding a lysosomal membrane protein, is closely linkedwith brain aging and
neurodegeneration. TMEM106B has been identified as a risk factor for several neurodegenerative
diseases characterized by aggregation of the RNA-binding protein TDP-43, including frontotemporal
lobar degeneration (FTLD) and limbic-predominant age-related TDP-43 encephalopathy (LATE). To
investigate the roleof TMEM106B inTDP-43proteinopathy,weablatedTMEM106B in theTDP-43Q331K

knock-in mouse line, which expresses an ALS-linked TDP-43 mutation at endogenous levels. We
found that TMEM106B deficiency leads to glial activation, Purkinje cell loss, and behavioral deficits in
TDP-43Q331K mice without inducing typical TDP-43 pathology. Interestingly, ablation of TMEM106B
results in significant body weight gain, increased fat deposition, and hepatic triglyceride (TG)
accumulation in TDP-43Q331Kmice. In addition, lipidomic and transcriptomeanalysis shows aprofound
alteration in lipid metabolism in the liver of TDP-43Q331KTmem106b−/− mice. Our studies reveal a novel
function of TMEM106B and TDP-43 in lipid metabolism and provide new insights into their roles in
neurodegeneration.

TAR DNA-binding protein 43 (TDP-43) proteinopathy, typically char-
acterized by the presence of aberrant cytoplasmic aggregation and nuclear
loss of TDP-43, is a prominent pathological feature of many neurodegen-
erative diseases1–4, including amyotrophic lateral sclerosis (ALS)1,5, fronto-
temporal lobar degeneration (FTLD)1,6,7, Alzheimer’s disease (AD)8–10,
Huntington’s diseases (HD)11, and a recently recognized disease entity,
limbic-predominant age-related TDP-43 encephalopathy (LATE)12,13.
However, molecular pathways leading to TDP-43 proteinopathy are still
poorly understood.

Recent studies have found TMEM106B, a gene encoding a lysosomal
membrane protein, as a genetic risk factor for several diseases with TDP-43
proteinopathy, including FTLD with GRN mutations7,14–16 and LATE12.
Additionally, TMEM106B is associated with FTLD with C9ORF72
mutations17–20, chronic traumatic encephalopathy (CTE)21,22, hippocampal
sclerosis in aging (HS-Aging)23,24, and brain aging25. Moreover, a dominant
D252N mutation in TMEM106B causes hypomyelinating leukodystrophy
(HLD)26,27. Intriguingly, TMEM106B C-terminal fragments (CTFs) have
been recently discovered to form amyloidfibrils in aged brains and brains of
patients suffering from neurodegenerative disorders28–34. As a lysosomal
transmembrane protein, TMEM106B regulates several aspects of lysosomal
function, including lysosomalmorphology35–38, lysosome pH38–40, lysosomal
enzyme activity39,41, lysosome exocytosis40, lysosomal positioning42, and

lysosomal trafficking in dendrites43 and axons41,44,45.Moreover, TMEM106B
hasbeenpredicted tobe a lipid transferprotein46, indicating apossible role of
TMEM106B in lipid metabolism.

In FTLDwithGRNmutations7,14–16 and LATE12, the TMEM106B risk
allele is associated with more TDP-43 pathology. A recent study further
showed that the rs3173615 risk allele of TMEM106B exhibits lower levels
of TMEM106B dimer, higher levels of TMEM106B CTF fibrils, and exa-
cerbated TDP-43 dysfunction47. However, in ALS patients the minor
protective allele of TMEM106B, correlated with lower TMEM106B levels,
was found to correlate with more TDP-43 pathology48. In addition, partial
loss of TMEM106Bwas found to cause cytoplasmic aggregation of TDP-43
in cell culture48. Thus, how TMEM106B regulates TDP-43 aggregation, in
particular, whether TMEM106B loss of function or gain of toxicity from
TMEM106B CTF fibrils facilitates TDP-43 aggregation remains to be
elucidated. In this study, we utilize a TDP-43 mouse model expressing an
ALS-associated TDP-43 mutation at endogenous levels (TDP-43Q331K) to
investigate the role of TMEM106B in TDP-43 proteinopathy. We found
that TMEM106B deficiency leads to exacerbated behavioral deficits and
pathological changes in the brain in TDP-43Q331K mice without disturbing
TDP-43 homeostasis. Surprisingly, we found that TDP-43Q331K

Tmem106b−/− mice develop obesity with a drastic alteration in lipid
composition and lipidmetabolism.Our study reveals anunexpected role of
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TMEM106B in lipid metabolism and provides new insights into the
functions of TMEM106B and TDP-43 in neurodegeneration.

Results
TMEM106B deficiency does not induce TDP-43 pathology in
TDP-43Q331K mice
Mutations in TDP-43 have been genetically linked to ALS and FTLD49–51.
Mice expressing the ALS-linked TDP-43 mutant Q331K (TDP-43Q331K) at
the endogenousTDP-43 loci donot display typical TDP-43pathology, such
as cytoplasmic aggregation and nuclear loss of TDP-43, but show increased
TDP-43 levels as a result of the perturbed autoregulation caused by the
Q331K mutation52. To investigate the role of TMEM106B in TDP-43
pathology, we crossed TDP-43Q331K mice with Tmem106b−/− mice to
determine how TMEM106B loss affects TDP-43 proteinopathy in the
sensitized background. We first determined the effect of TMEM106B
deficiency on TDP-43 homeostasis in the TDP-43Q331K mice. We failed to
detect cytoplasmic TDP-43 accumulation in neurons in the cortex region of
Tmem106b−/−, TDP-43Q331K/Q331K, or TDP-43Q331K/Q331K Tmem106b−/− mice
even when they were aged to 16-month-old (Supplementary Fig. 1a), sug-
gesting TMEM106B loss does not lead to the cytoplasmicmislocalization of
TDP-43 inTDP-43Q331K/Q331Kmice. Since TDP-43 turnover can bemediated
by the autophagy-lysosome pathways53, TMEM106B might regulate TDP-
43 turnover via lysosome. To test this, wemeasured the total TDP-43 levels
in the 16.0-month-old mouse brain cortex. TDP-43 total levels and solu-
bility are similar in TDP-43Q331K/Q331K mice with or without TMEM106B
expression (Supplementary Fig. 1b, c). TDP-43Q331K has been shown to
cause alterations in RNA splicing52. To determine whether TDP-43 func-
tion is affected by TMEM106B loss, we performed RNA-seq analysis.
However, we failed to detect any significant changes in gene expression in
the cortex samples fromTDP-43Q331K/Q331Kmice (Supplementary Fig. 2a and
SupplementaryData1).Additionally, previous studyhas demonstrated that
TDP-43 Q331K mutation leads to decreased inclusion of Sort1 exon 17b
and increased inclusion ofMapt exons 2 and 3, as well as the generation of a
mutant-specific Sqstm1 variant that contains a truncated 7th exon and a
2 bp frameshift in exon 852. However, no significant alterations were
observed in any of these splicing events in TDP-43Q331K/Q331K, Tmem106b−/−

or TDP-43Q331K/Q331KTmem106b−/− mouse cortex samples (Supplementary
Fig. 3). TMEM106B loss leads to significant changes in gene expression
related to myelination process and lipid metabolism as previously
reported54 (SupplementaryFig. 2). TDP-43Q331K/Q331KTmem106b−/−micedo
not show any further alterations in gene expression compared to
Tmem106b−/− mice (Supplementary Fig. 2a). Collectively, these results
suggest that TMEM106B loss does not trigger any obvious TDP-43
pathology or alterations in TDP-43 function in the brain of TDP-
43Q331K mice.

TMEM106B deficiency causes glial activation and Purkinje cell
loss in TDP-43Q331K mice
Next, we examined glia activation in TDP-43Q331K/Q331K Tmem106b−/−

mice and found increased levels of microglia maker IBA1, activated
microglia marker CD68, and astrocyte marker GFAP in the visual
cortex in 10.0-month-old and 16.0-month-old TDP-43Q331K/Q331K

Tmem106b−/− mice compared to aged-matched TDP-43Q331K/Q331K and
Tmem106b−/− mice (Fig. 1a, b). However, no neuronal loss was found
in the cortex of TDP-43Q331K/Q331K Tmem106b−/− mice (Fig. 1c, d).
Previous studies have shown that TMEM106B deficiency causes
Purkinje cell death specifically in the anterior lobe of the
cerebellum41,44,45. This phenotype is exacerbated in TDP-43Q331K/Q331K

Tmem106b−/− mice, demonstrated by the increased loss of calbindin-
positive cells in the anterior lobe of the cerebellum (Fig. 1e, f). In
addition, elevated glial activation was found in the cerebellum
(Fig. 1e, f). Taken together, our data support that TMEM106B defi-
ciency enhances glial activation and brain pathologies in TDP-
43Q331K/Q331K mice without any obvious TDP-43 pathology.

Loss of TMEM106B leads to impaired motor function in TDP-
43Q331K mice
TDP-43Q331K mice display FTLD-like cognitive dysfunction, including
executive and memory impairment, but do not develop significant motor
impairments52. To determine the effect of TMEM106B on the motor
function in TDP-43Q331K mice, open field tests were performed to assess the
locomotor activity of 10.0-month-old TDP-43Q331K/Q331K Tmem106b−/− and
TDP-43Q331K/+ Tmem106b−/− mice. We failed to observe significant differ-
ences in total distance traveled between all tested groups ofmice (Fig. 2a, b),
suggesting the locomotor activity is not affected by TMEM106B ablation in
TDP-43Q331K mice. However, TDP-43Q331K/Q331K Tmem106b−/− and TDP-
43Q331K/+Tmem106b−/−mice spendmore time crossing the beam compared
withWTmice in the balance beam tests, indicating an impairment inmotor
coordination, which has been reported in TMEM106B-deficient mice
previously41,44,45 (Fig. 2c). This is consistent with increased loss of Purkinje
neurons in these mice (Fig. 1e, f). In addition, these mice display an
abnormal hindlimb clasping behavior (Fig. 2d, e). In parallel with motor
function studies, the cognitive defects were assessed by novel object
recognition tests and Y-maze tests. TDP-43Q331K/Q331K Tmem106b−/− and
TDP-43Q331K/+Tmem106b−/−mice exhibit a reduction in novelty preference
similar to TDP-43Q331K/Q331K, TDP-43Q331K/+ and Tmem106b−/− mice when
compared toWTmice (Fig. 2f). However, TDP-43Q331K/Q331K Tmem106b−/−

and TDP-43Q331K/+Tmem106b−/−mice do not show any significant changes
in alternation in theY-maze tests, suggesting that spatialworkingmemory is
not influenced in these mice (Fig. 2g, h).

TMEM106B ablation leads to increased levels of cholesterol
estersandproteins involved in lipidmetabolism in thecerebellum
of TDP-43Q331K mice
Dysregulated lipid metabolism has been associated with cerebellar
degeneration55,56. We have found that loss of TMEM106B leads to Pur-
kinje cell loss and elevated glial activation in TDP-43Q331K/Q331K mice
(Fig. 1e). Given the previously reported role of TMEM106B in lipid
metabolism in brain57,58, we asked whether the cerebellar pathologies in
TMEM106B-deficient TDP-43Q331K mice is related to the dysregulated
lipid metabolism. The untargeted lipidomic analysis of 10-month-old
mouse cerebellum identified 725 species within 44 lipid classes (Fig. 3a
and Supplementary Data. 2). The levels of cholesterol esters (CEs) were
found to be significantly upregulated in Tmem106b−/− mice and further
increased in TDP-43Q331K/Q331K Tmem106b−/− mice without statistical
significance (Fig. 3b, c). The levels of several species of diglycerides (DGs)
and phosphatidylcholine PC (42:8) were significantly decreased in TDP-
43Q331K/Q331KTmem106b−/−micewhile the total levels ofDGs andPCswere
unchanged (Fig. 3b, c). Other identified lipids are not obviously affected
by TMEM106B deficiency or TDP-43 Q331K mutation (Supplemen-
tary Data. 2).

To better understand molecular mechanisms underlying the
cerebellum pathologies in the TDP-43Q331K/Q331K Tmem106b−/− mice,
we performed proteomics analysis of cerebellar lysates from WT, TDP-
43Q331K/Q331K, Tmem106b−/− and TDP-43Q331K/Q331K Tmem106b−/− mice.
There are only 13 proteins showing level changes (4 upregulated and 9
downregulated) in TDP-43Q331K/Q331K mice compared to 29 upregulated and
20 downregulated proteins in Tmem106b−/− mice (absolute log2FC > 0.5,
FDR < 0.05) (Fig. 3d, e and Supplementary Data. 3). Among the down-
regulated proteins in the TDP-43Q331K/Q331K mice, the extracellular matrix
protein tenascin C (TNC), playing an important role in neuronal plasticity
in cerebellum59,60, is also significantly decreased in Tmem106b−/− and TDP-
43Q331K/Q331K Tmem106b−/− mice (Fig. 3e, f), whichmight be associated with
the Purkinje cell loss in cerebellum. TDP-43Q331K/Q331K Tmem106b−/− mice
showmore alterations in protein levels with 46 proteins upregulated and 20
downregulated compared to WT (Fig. 3d–f and Supplementary Data. 3).
Many of these proteins function in the lysosomal and inflammatory path-
ways and were also significantly affected by TMEM106B deficiency alone
(Fig. 3d–f), reflecting the changes in lysosomal activity and inflammation
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caused by TMEM106B loss in the cerebellum. In addition, several proteins
involved in the metabolism of glycosphingolipids, phospholipids, choles-
terol, and triglycerides, such as ARSG, STARD5, HEXA, HEXB, APOE,
PLD3, and BDH2 were significantly upregulated by TMEM106B ablation
(Fig. 3f), suggesting that lipid metabolism in cerebellum is altered by

TMEM106B loss. Moreover, consistent with the Purkinje cell degeneration
in cerebellum, TMEM106B loss leads to increased levels of the apoptotic
marker CASP3 (caspase-3) and decreased levels of several proteins critical
for Purkinje cell health and cerebellar functions (Fig. 3f), such as CA8
(carbonic anhydrase 8), PRKCγ (protein kinase C gamma) and CALB1
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Fig. 1 | TDP-43Q331K/Q331K Tmem106b−/− mice show elevated gliosis and Purkinje
cell loss. a, b TMEM106B deficiency leads to glia activation in TDP-43Q331K mice.
Immunostaining of GFAP, CD68, and IBA1 in brain sections from 10 to 16-month-
old mice. Representative images from the cortex were shown. Scale bar, 100 µm.
Quantification of GFAP, CD68, and IBA1 levels from 10.0-month-oldmice sections
was shown in (b). Data are presented as mean ± SEM from five mice per group
(n = 5). P values were determined using one-way ANOVA with Bonferroni’s mul-
tiple comparisons andwere shown on the top of the graphs. c,dNoneuronal losswas
observed in the cortex of TDP-43Q331K/Q331K Tmem106b−/− mice. Immunostaining of
NeuN in brain sections from 16-month-old mice. Representative images from the

cortex were shown. Scale bar, 100 µm. The numbers of the NeuN-positive cells/mm2

in the cortex region were quantified (d). Data are presented as mean ± SEM from 4
mice per group (n = 4). e, fExacerbated Purkinje cell loss and glial activation in TDP-
43Q331K/Q331K Tmem106b−/− mice. Immunostaining of calbindin, GFAP, CD68, and
IBA1 in brain sections from 10-month-old mice. Representative images from the
cerebellum were shown. Scale bar, 100 µm. The numbers of the calbindin-positive
cells/mm in the cerebellum anterior lobe and GFAP, CD68, and IBA1 levels in deep
cerebellar nuclei in 10.0-month-old mice were quantified (f). Data are presented as
mean ± SEM from 5 to 8 mice per group (n = 5–8). One-way ANOVA tests with
Bonferroni’s multiple comparisons.

Fig. 2 | Behavioral deficits in TMEM106B-deficient TDP-43Q331K mice. a, b The
open field test was performed on 10-month-old male mice. The total distance the
mice traveledwas quantified. Data are presented asmeans of ± SEM (n = 10–17mice
per genotype). One-way ANOVA tests. c Ten-month-old male mice were subjected
to balance beam tests. The average time across the beam was shown. Data are
presented as means of ± SEM (n = 10–16 mice per genotype). P values were deter-
mined using one-way ANOVA tests with Bonferroni’s multiple comparisons and
were shown on the top of the graphs. d, eHindlimb clasping behavior in 10-month-

oldmalemice. The severity score of hindlimb clasping (HC) was shown (d). Data are
presented asmeans of ± SEM (n = 8–15mice per genotype). One-wayANOVA tests.
f Novel object recognition tests. Novelty preference (exploration time of the novel
object/exploration time of both objects) × 100%) was shown. Data are presented as
means of ± SEM (n = 9–17 mice per genotype). One-way ANOVA tests with Bon-
ferroni’s multiple comparisons. Y-maze tests total arm entries (g) and alternation
(%) (h) were shown. Data are presented as means of ± SEM (n = 10–20 mice per
genotype). One-way ANOVA tests with Bonferroni’s multiple comparisons.
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(calbindin 1)61,62. In fact, loss of CA8 and PRKCγ has been shown to cause
cerebellar ataxia63–66. Taken together, our lipidomic and proteomic analysis
support the important role of TMEM106B in lipid metabolism and cere-
bellar homeostasis.

TMEM106B-deficient TDP-43Q331K mice develop obesity
It has been reported that TDP-43Q331K mice gain body weight due to
hyperphagia52. Consistently, we found that the bodyweight of TDP-43Q331K/+

and TDP-43Q331K/Q331K mice were significantly increased compared to
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age-matched WT mice (Fig. 4a, b). Unexpectedly and interestingly,
TMEM106B deficiency leads to a much more significant weight gain in the
TDP-43Q331K/+ and TDP-43Q331K/Q331K mice (Fig. 4a, b). To determine
whether thesemice gained body weight due to increased food consumption,
the daily food intake was monitored but we failed to see a significant dif-
ference between mice of different genotypes (Fig. 4c). Additionally, TDP-
43Q331K/Q331K Tmem106b−/− mice show a significant enlargement of the liver,
gonadal white adipose tissue (gWAT), subcutaneous white adipose tissue
(sWAT), and interscapular brown fat tissue (iBAT) compared to amoderate
increase of the liver and gWAT in TDP-43Q331K/Q331K mice (Fig. 4d, e).
Hematoxylin and eosin (H&E) staining and immunostaining of the lipid
droplet (LD) marker perilipin2 showed a significant accumulation of lipid
droplets in the liver and adipose tissues in TDP-43Q331K/Q331KTmem106b−/−

mice as well as increased infiltration of inflammatory cells (Fig. 4f, g). These
results suggest that ablation of TMEM106B exacerbates obesity phenotypes
in TDP-43Q331K mice. TDP-43 is known to regulate the expression of the
genes involved in lipid metabolism67. We asked whether TMEM106B could
affect TDP-43 protein homeostasis in the liver and adipose tissue, thereby
leading to the dysregulation of lipid metabolism and thus the obesity phe-
notype.Western blot analysis showed that TDP-43 levels are barely changed
by TMEM106B loss in the peripheral tissues in TDP-43Q331K/Q331K mice
(Fig. 5a–d) and immunostaining showed TDP-43 remains localized in the
nucleus in the liver of TDP-43Q331K/Q331KTmem106b−/− mice (Fig. 5e), sug-
gesting that TMEM106B deficiency likely causes obesity without affecting
TDP-43 protein levels or localization.

Hepatic lipid metabolism is altered by TDP-43 Q331K and
TMEM106B ablation
Next, we performed lipidomic analysis to identify alterations in
hepatic lipids caused by the TDP-43 Q331K mutation and
TMEM106B deficiency. The untargeted lipidomic analysis identified
743 lipid species within 21 classes (Fig. 6a and Supplementary
Data 4) and a dramatic change in triglycerides (TGs) levels. The
levels of total triglycerides (TGs) and many TG species are sig-
nificantly increased in TDP-43Q331K/Q331K mouse liver samples and
only 4 TG species are significantly increased in Tmem106b−/− mouse
liver (Fig. 6b, c and Supplementary Data 4). Changes in the hepatic
triglyceride (TG) profile have been associated with several metabolic
diseases, such as insulin resistance and metabolic-associated fatty
liver diseases68. Further analysis of the acyl chain length and
saturation profile illustrated that the majority of the upregulated TGs
in TDP-43Q331K/Q331K mice are long-chain or very long-chain unsatu-
rated TGs, and all 4 upregulated TGs in Tmem106b−/− mice are long-
chain unsaturated TGs (Fig. 6e). A further significant increase in TG
levels is observed in TDP-43Q331K/Q331K Tmem106b−/− mouse liver
(Fig. 6b), with many more long-chain and very long-chain poly-
unsaturated TGs involved (Fig. 6c–e). In addition, a few DGs are
upregulated in TDP-43Q331K/Q331K or Tmem106b−/− mouse liver, and
more DG species get significantly upregulated in TDP-43Q331K/Q331K

Tmem106b−/− mice (Fig. 6b–d). Furthermore, while the total levels of
phospholipids, including phosphatidylethanolamine (PE), PC, methyl
phosphatidylcholine (MePC), phosphatidylglycerol (PG), phosphati-
dylinositol (PI) and phosphatidylserine (PS), are minimally affected

by TDP-43Q331K mutation or TMEM106B deficiency, the levels of
some specific PE, PC or MePC species are significantly changed in
Tmem106b−/− mice, which is further enhanced in TDP-43Q331K/Q331K

Tmem106b−/− mice (Fig. 6f–h). Additionally, the levels of several
species of PG, PI, or PS are either increased or decreased in
Tmem106b−/− mice or TDP-43Q331K/Q331K Tmem106b−/− mice
(Fig. 6f, g). Interestingly, the levels of cardiolipin, the phospholipid
component of the inner mitochondrial membrane, are significantly
decreased in the liver of TDP-43Q331K/Q331K Tmem106b−/− mice
(Fig. 6f, g), indicating that the mitochondrial function might be
impaired in these obese mice. Moreover, there is a trend of decrease
in the overall abundance of sphingomyelin in TDP-43Q331K/Q331K

Tmem106b−/− mice (Fig. 6f, g), while ceramides (Cer) and hex-
osylceramides (Hex-Cer) are increased in the TDP-43Q331K/Q331K

Tmem106b−/− mice compared to the WT (Fig. 6f, g). The
level of coenzyme Q10 [Co(Q10)] is significantly increased in TDP-
43Q331K/Q331K Tmem106b−/− mice (Fig. 6f, g). TMEM106B deficiency
and/or TDP-43Q331K/Q331K do not cause any significant changes in the
total levels or specific species of other detected lipid classes (Sup-
plementary Fig. 4). Collectively, the alterations in the lipid compo-
sition and content in the liver suggest that hepatic lipid homeostasis
is disrupted by TMEM106B deficiency in the TDP-43Q331K/Q331K

background.
To better understand the role of TDP-43 and TMEM106B in lipid

metabolism, we performed RNA-seq analysis. Transcriptome analysis
identified 99 upregulated and 71 downregulated genes in TDP-43Q331K/Q331K

mouse liver compared with WT as well as 183 upregulated and 121
downregulated genes in Tmem106b−/− compared with WT (Fig. 7a and
Supplementary Data 5). The gene expression alterations are further exa-
cerbated in TDP-43Q331K/Q331K Tmem106b−/− mouse liver with 517 upregu-
lated and 310 downregulated genes compared with WT (Fig. 7a and
Supplementary Data 5). Comparison of the differential expressed genes
(DEGs) (absolute log2FC ≥ 0.5) revealed that genes affected by TDP-43
Q331K mutation and TMEM106B deficiency are largely non-overlapping
(Fig. 7a). In total, 31 upregulated and 12 downregulated genes are shared
among the three groups compared with WT (Fig. 7a, b). Additionally, we
found that 83 genes are significantly upregulated and 46 genes are down-
regulated (absolute log2FC ≥ 0.5) in TDP-43Q331K/Q331K Tmem106b−/− group
compared to all other threegroups (Fig. 7a).The expression changesof these
DEGs with absolute log2FC ≥ 1.0 were shown in the heatmap (Fig. 7c).
Pathway enrichment analysis using the hallmark gene sets showed upre-
gulation of multiple critical pathways related to lipidmetabolism, including
fatty acid metabolism, adipogenesis, peroxisome, and bile acid metabolism,
in TDP-43Q331K/Q331K, Tmem106b−/−, or TDP-43Q331K/Q331K Tmem106b−/−

mice compared with WT (Fig. 8a). Additionally, cholesterol homeostasis,
mTORC1 signaling, and oxidative phosphorylation are significantly upre-
gulated in Tmem106b−/− and TDP-43Q331K/Q331K Tmem106b−/− mice com-
pared with WT (Fig. 8a). In the most upregulated pathway “fatty acid
metabolism,” gene expression alteration is much more significant in TDP-
43Q331K/Q331K Tmem106b−/− mice compared to that in TDP-43Q331K/Q331K or
Tmem106b−/− mice (Fig. 8b). We further performed a gene ontology (GO)
enrichment analysis and found that numerous biological processes asso-
ciated with fatty acid, lipid, or TGmetabolism are significantly upregulated

Fig. 3 | Lipid and protein changes in the cerebellum in TDP-43Q331K/Q331KTmem
106b−/− mice.Total lipids were extracted from cerebellums of 10.0-month-old WT,
TDP-43Q331K/Q331K, Tmem106b−/−, TDP-43Q331K/Q331KTmem106b−/− male mice, and
lipids were analyzed bymass spectrometry (n = 6mice per genotype). a Lipid classes
identified in the cerebellum and the number of species identified in each lipid class.
b Total levels (sum of all species) of the cholesterol esters (CE), diglycerides (DG),
and phosphatidylcholines (PC) in the cerebellum. Data are presented as mean ±
SEM (n = 6 mice per genotype). P values were determined using one-way ANOVA
tests with Bonferroni’s multiple comparisons and were shown on the top of the
graphs. c Heatmap was shown for the significantly changed lipid species with
FDR < 0.05 and absolute log2(FC) > 0.5 in the TDP-43Q331K/Q331KTmem106b−/−mice

compared to the WT. Red highlighted species were also significantly altered in
Tmem106b−/− mice compared to WT. d Venn diagram showing the overlap of the
upregulated and downregulated proteins between the indicated comparisons.
e Volcano plots were shown for the significant changed proteins with FDR < 0.05
and absolute log2(FC) > 0.5 in the indicated comparisons. The names of the top 10
upregulated and downregulated proteins were displayed. fHeatmap illustrating the
changes of the proteins that significantly affected the TDP-43Q331K/Q331K

Tmem106b−/− cerebellum compared to theWT (FDR < 0.05 and absolute log2(FC)
> 0.5). Only proteins with an intensity above 1000 are plotted in the heatmap. Red
highlights the lysosomal proteins. Underlined text indicates the proteins involved
in inflammation. Asterisks mark the proteins associated with lipid metabolism.
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in TDP-43Q331K/Q331K Tmem106b−/− mice compared with WT (Fig. 8c).
Among them, the processes of fatty acid beta-oxidation, fatty acid meta-
bolism, fatty acid transmembrane transport and long-chain fatty acid
metabolism are also upregulated in TDP-43Q331K/Q331K and Tmem106b−/−

mice compared to WT (Fig. 8c). Taken together, our lipidomic and

transcriptome analysis demonstrated that the lipid metabolism is mis-
regulated by TDP-43 Q331K mutation and TMEM106B loss in the mice,
suggesting a potential role of both TMEM106B and TDP-43 in lipid
metabolism and reflecting the fatty liver phenotype in the TDP-43Q331K/Q331K

Tmem106b−/− mice.
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Discussion
Both TDP-43 and TMEM106B have emerged as key players in neu-
rodegeneration and brain aging69. In this study, we show that
TMEM106B deficiency leads to obesity in the TDP-43Q331K knock-in
mice and reveal novel functions of TMEM106B and TDP-43 in lipid
metabolism.

Role of TMEM106B in TDP-43 proteinopathy
TMEM106B risk alleles correlated with increased TMEM106B levels have
been associated with enhanced TDP-43 proteinopathy7,12,14–16. However, in
ALS patients the minor allele of TMEM106B, correlated with lower
TMEM106B levels, was found to have more TDP-43 pathology48. In addi-
tion, partial loss of TMEM106Bwas found to cause cytoplasmic aggregation
of TDP-43 in cell culture48. Thus, it remains unclear how TMEM106B
affects TDP-43 pathology. TDP-43 aggregates can be cleared by macro-
autophagy and chaperone-mediated autophagy, both of which depend on
lysosomal degradation53,70. We hypothesized that lysosomal defects caused
by TMEM106B dysfunction could be one of the mechanisms leading to
TDP-43 aggregation. In this study, we investigate the effect of TMEM106B
loss in the TDP-43Q331K mice, which do not develop typical TDP-43
pathologybut showperturbedTDP-43homeostasis and function.However,
TMEM106B loss does not seem to affect TDP-43 levels and distribution in
the brain of TDP-43Q331K/Q331K mice (Supplementary Fig. 1). We previously
detected an increase in pTDP-43 levels in insoluble fractions of 16-month-
old TMEM106B knockout mouse brain using an anti-pTDP-43 S403/S404
antibody (COSMO BIO, CAC-TIP-PTD-P05) compared to age-matched
WT45. However, this antibody is no longer avaialble and we failed to detect
pTDP-43 in 16-month-old TMEM106B knockout mouse brain using a
different anti-pTDP-43 antibody (rabbit anti-pTDP-43 Ser409/410, Pro-
teintech group, 80007-1-RR), whichmight be due to the lower sensitivity of
this antibody or the absence of phosphorylation ofTDP-43 at S409/410 sites
in TMEM106B knockout mice. In addition, although alterations in gene
splicing have been previously detected in TDP-43Q331K mouse brain52, our
RNA-seq and qRT-PCR analysis of 10.0-month-old mouse brain revealed
no significant changes in gene expression and splicing in TDP-43Q331K/Q331K

mice and TDP-43Q331K/Q331K Tmem106b−/− mice compared with WT (Sup-
plementary Fig. 2, Fig. 3 and Supplementary Data 1), indicating
TMEM106B loss is unlikely to alter TDP-43 function. Recently,
TMEM106B C-terminal fragments (CTFs) have been shown to form
amyloid fibrils in neurodegenerative diseases with TDP-43 pathology30,34

and TMEM106B CTF fibrils are correlated with increased TDP-43
dysfunction47. Thus, TMEM106B CTF fibril formation rather than
TMEM106B loss of function may enhance TDP-43 aggregation. Addi-
tionally, since TMEM106B overexpression causes lysosomal
abnormalities69, it is also conceivable that an elevation in TMEM106B levels
associated with TMEM106B risk alleles could enhance TDP-43 proteino-
pathy by impairing lysosomal degradation of TDP-43.

Behavioral deficits and brain pathological changes in
TMEM106B-deficient TDP-43Q331K mice
Asdemonstrated previously, TDP-43Q331Kmice display FTLD-like cognitive
dysfunction but no significant motor impairment52. However, TDP-43Q331K

Tmem106b−/− mice develop significant motor deficits with reduced motor
activities in the balance beam test and altered hindlimb clasping behavior

(Fig. 2c–e). Cerebellar dysfunction has been linked to FTLD and ALS71–74.
We observed severe Purkinje cell degeneration accompanied by glial acti-
vation in the cerebellumofTDP-43Q331K/Q331KTmem106b−/−mice (Fig. 1e, f),
which is consistent with increased motor dysfunction in these mice
(Fig. 2c–e) and a critical role of Purkinje cell in motor function75. Previous
studies have demonstrated that TMEM106B is critical for maintaining the
Purkinje cells health and survival during aging44,76,77. However, the
mechanism underlying is unclear. Our proteomic analysis revealed
increased levels of apoptotic protein CASP3 and decreased levels of several
proteins important for maintaining proper cerebellar functios in TDP-
43Q331K/Q331K Tmem106b−/− mice (Fig. 3f). Notably, tenascin C (TNC), a
ECM molecule involved in neurogenesis and regeneration59,78,79, was
downregulated by both TDP-43 Q331K mutation and TMEM106B defi-
ciency (Fig. 3e, f), which might be associated with the increased Purkinje
cells loss in TDP-43Q331K/Q331K Tmem106b−/− mice. In addition, previous
studies76 and our studies have identified that the lysosomal and inflam-
mation pathways are the most affected in the TMEM106B-deficient cere-
bellum (Fig. 3f), indicating the lysosomal defects and inflammation may be
the key mechanisms underlying Purkinje cell loss in cerebellum.Moreover,
TMEM106B deficiency leads to alterations in lipids (Fig. 3b, c), specifically
the cholesterol ester accumulation, and the changes in proteins regulating
lipid metabolism (Fig. 3f), suggesting a potential correlation between dys-
regulated lipid metabolism and the cerebellar pathologies caused by
TMEM106B loss.

TDP-43 Q331K mutation and TMEM106B deficiency affect
hepatic lipid metabolism via independent pathways
TDP-43 is known to be involved in fat metabolism, likely through its
function in regulating the expression of genes related to lipid meta-
bolism in periphery tissues. One of the TDP-43 targets is Tbc1d1, a
key regulator of glucose 4 transporter (GLUT4) translocation in
skeletal muscle and an obesity risk factor in humans80. Deletion of
TDP-43 reduces the mRNA expression of Tbc1d1, leading to fat loss
in mice80. In contrast, overexpression of TDP-43 in a TDP-43
transgenic mouse line led to elevated levels of Tbc1d1 in skeletal
muscle and increased body fat81. We found mice with TDP-43 Q331K
mutation develop a mild obese phenotype (Figs. 4–6), further sup-
porting the role of TDP-43 in fat metabolism. TDP-43 Q331K has
been demonstrated to interfere with the function of TDP-43 in
splicing82. In line with the role of TDP-43 in gene expression, our
RNA-seq analysis of liver samples revealed that the expression of
genes associated with lipid metabolism is significantly altered in
TDP-43Q331K mouse liver (Fig. 7a). However, it remains unknown
whether these genes are directly targeted by TDP-43. Nonetheless,
given the primary role of TDP-43 in RNA metabolism, we propose
that TDP-43 Q331K-triggered gene expression changes in lipid
metabolism may contribute to the obese phenotype in mice.

As a lysosomal membrane protein, how TMEM106B regulates lipid
metabolism is still unclear. Our lipidomics analysis of liver samples showed
that TMEM106B loss has a bigger effect on phospholipidmetabolism, while
TDP-43Q331K leads tomore alterations in TGs (Fig. 6). In addition, RNA-
seq analysis showed that the gene expression changes caused by
TMEM106B deficiency and TDP-43 Q331K mutations are largely non-
overlapping (Fig. 7). Furthermore, since TDP-43 levels and cellular

Fig. 4 | TDP-43Q331KTmem106b−/−mice develop obesity. aRepresentative images of
10-month-oldWT, TDP-43Q331K/Q331K, Tmem106b−/−, TDP-43Q331K/Q331KTmem106b−/−

malemice. Scale bar, 1 cm. b Bodyweight of 10-month-oldmalemice of the indicated
genotypes wasmeasured and analyzed. Data are presented asmean ± SEM (n = 11-22
mice per genotype). P values were determined using two-way ANOVA tests with
repeatedmeasures. cDaily food consumption of 9-month-oldmalemice over 2weeks.
Data are presented as mean ± SEM (n = 3 cages per genotype). One-way ANOVA
tests. d Representative images of the liver, gonadal white adipose tissues (gWAT),
subcutaneous white adipose tissues (sWAT), and interscapular brown adipose tissue
(iBAT) of 10-month-old male mice of the indicated genotypes. Scale bar, 1 cm. e The

weight of the indicated peripheral tissues of 10-month-old male mice of the indicated
genotypes. Data are presented as mean ± SEM (n = 7–9 mice per genotype). One-way
ANOVA tests with Bonferroni’s multiple comparisons. f H&E staining and immu-
nostaining of lipid droplet marker perilipin2 in the liver, gonadal white adipose tissue
(gWAT), and interscapular brown adipose tissue (iBAT) of 10-month-old male mice.
Representative images were shown. The arrow indicates the inflammatory cell infil-
tration in the liver and the crown-like structures in gWAT. Scale bar, 100 µm. g The
area of the lipid droplet in the liver and iBAT and the adipocyte size of gWAT were
quantified. Data are presented as mean ± SEM (n = 4 mice per genotype). One-way
ANOVA tests with Bonferroni’s multiple comparisons.
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Fig. 5 | TDP-43 levels and distribution in liver and adipose tissue.Western blot
analysis of TDP-43 and TMEM106B levels in the liver (a), gWAT (b), and iBAT (c) of
10-month-oldWT, TDP-43Q331K/Q331K, Tmem106b−/−, TDP-43Q331K/Q331KTmem106b−/−

male mice. d TDP-43 levels were quantified and normalized to GAPDH. Data are

presented asmean ± SEM (n = 3–6mice per genotype). e Immunostaining of TDP-43
and β-actin in liver sections from 10-month-old mice. Representative images were
shown. Scale bar, 50 µm.
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localization are not affected by TMEM106B loss (Fig. 5), the enhanced
obesity phenotype caused by TMEM106B loss in TDP-43Q331K mice is
unlikely mediated by TDP-43. Taken together, these results indicate that
TDP-43 and TMEM106B are likely to affect hepatic lipid metabolism via
independent pathways.

Lipid metabolism and neurodegeneration
Both TMEM106B and TDP-43 are associated with a wide range of brain
disorders4,69, but their roles in neurodegeneration remain to be fully dis-
sected. In this study,weprovide evidence supporting the role ofTMEM106B
and TDP-43 in lipid metabolism. Lipids play a critical role in brain health
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and dysregulated lipid metabolism has been implicated in multiple neuro-
degenerative diseases, including AD83,84, FTLD85,86, and ALS85,87,88.

Several studies have suggested the role of TMEM106B in myelin lipid
metabolism. A point mutation in TMEM106B causes a rare form of hypo-
myelinating leukodystrophy (HLD)26. The myelin lipids are found to be
altered in postmortem brain samples from human patients carrying the
TMEM106B rs1990622-A dementia risk allele58 and TMEM106B-deficient
mouse brain57. Furthermore, TMEM106B-deficient mice show myelination
defects and alterations in gene expression in the myelination
pathway42,54(Supplementary Fig. 2). A recent study demonstrated that
TMEM106B regulates the metabolism of galactosylceramide (GalCer) and
sulfatide (ST), twomajor classes ofmyelin lipids, by influencing the activity of
galactosylceramidase that hydrolyzes GalCer57. However, changes in galac-
tosylceramidase activity were observed in the cerebrum but not in the cere-
bellum under TMEM106B deficiency57. In this study, we did not detect
significant changes in these myelin lipids in TMEM106B-deficient cere-
bellum possibly due to technical limitations, but we did see significant
changes in the levels of proteins involved inmyelin lipidmetabolism (Fig. 3),
including the beta-hexosaminidase subunits HEXA and HEXB that mediate
the GM2 ganglioside degradation89 and arylsulfatase G (ARSG) that can
catalyze the hydrolysis of sulfate esters from sulfolipids90. In addition, we
found TMEM106B deficiency causes cholesterol esters (CEs) accumulation
in the cerebellum (Fig. 3b). Consistently, the levels of APOE, amajorAD risk
factor that participates in cholesterolmetabolismand lipid transport91, aswell
as STARD5, a protein involved in cholesterol transport92, were found to be
upregulated in TMEM106B-deficient cerebellum (Fig. 3b). Elevated CEs in
the brain have been found in neurodegenerative diseases and might play a
pathologic role under these conditions93. Abnormal CE levels might be
associated with Purkinje cell death in the TMEM106B-deficient cerebellum.
Moreover, the levels of phospholipasePLD3, a recently identified lysosomal S,
S-BMP synthase94, was found to be increased upon TMEM106B loss. Our
findings suggest that lipid metabolism is dysregulated in TMEM106B-
deficient cerebellum, which might be a potential mechanism contributing to
cerebellar degeneration associated with TMEM106B loss.

Previous studies have found significant alterations in lipid
compositions in human patients and mouse models associated with
TDP-43 misregulation. Ninety-seven percent of ALS patients develop
TDP-43 pathology, and significant changes in lipid profiles have been
found in patient biofluids67,95–97. Lipid alterations in the human
frontal cortex of ALS-FTLD patients with TDP-43 proteinopathy
have also been reported98. Whether TDP-43 dysfunction contributes
to lipid metabolism abnormalities in human patients remains to be
determined, however, studies using the TDP-43 deletion mice80 and
TDP-43 mouse models expressing ALS-associated mutations81,99,100,
including the TDP-43Q331K knock-in mouse model used here, have
demonstrated an important role of TDP-43 in lipid metabolism.
Further studies are warranted to determine the contributions of lipid
alterations caused by TMEM106B and TDP-43 dysfunction to
neurodegeneration.

Methods
Antibodies and reagents
The following antibodies were used in this study: rabbit anti-IBA-1 (Wako,
01919741, 1:500 for immunostaining), rat anti-CD68 (Bio-Rad, MCA1957,
1:300 for immunostaining), mouse anti-NeuN (Millipore, MAB377, 1:500
for immunostaining), mouse anti-GFAP (Cell signaling, 3670S, 1:500 for
immunostaining), rabbit anti-Perilipin2 (Proteintech group,15294-1-AP,
1:300 for immunostaining), rabbit anti-calbindin (Proteintech Group,
60004-1-Ig, 1:300 for immunostaining), rabbit anti-TDP43 (Proteintech
Group, 12892-1-AP, 1:500 for immunostaining and 1:5000 for western
blot), rabbit anti-phospho-TDP-43 (Ser409/410) (Proteintech group,
80007-1-RR, 1:5000 for western blot), mouse anti-GAPDH (Proteintech
Group, 60004-1-Ig, 1:5000 for western blot), anti-β actin (Proteintech
Group, 66009-1-Ig, 1:500 for immunostaining) and rabbit anti-TMEM106B
antibodies (1:1000 for western blot) were characterized previously36.

The following reagents were also used in the study: Autofluorescence
Quencher (Biotium, 23007), Odyssey blocking buffer (LI-COR Biosciences,
927-40000), O.C.T compound (Electron Microscopy Sciences, 62550-01).

Mouse strains
Tmem106b−/− mice in C57BL/6 background were generated by our
laboratory as previously described45. TDP-43Q331K mice52 in C57BL/6 back-
ground were obtained from the Jackson laboratory. TDP-43Q331K/+ or TDP-
43Q331K/Q331KTmem106b−/−miceweregeneratedby crossingTDP-43Q331K/Q331K

and Tmem106b−/− mice. The male mice were used in this study due to male
TDP-43Q331Kmice havingmore severe phenotypes than the femalemice52. All
the mice were housed in theWeill Hall animal facility at Cornell. Mice were
euthanized by using the CO2 or PBS perfusion according to the guidelines of
animal facility.All animalprocedureshavebeenapprovedby the Institutional
Animal Care and Use Committee (IACUC) at Cornell. We have complied
with all relevant ethical regulations for animal use.

Mouse food consumption and body weight measurement
Daily food consumption was monitored for consecutive 14 days for 9-
month-old WT, TDP-43Q331K/Q331K, Tmem106b−/−, TDP-43Q331K/Q331K

Tmem106b−/− mice. Cages containing 2 mice of the same genotype were
topped up with 200 g of food in the morning. The food left in the hopper
together with any obvious food pellet in the cage was weighed the next
morning. The weight of consumed food was calculated and recorded as the
daily food consumed.

The body weight of WT, TDP-43Q331K/+, TDP-43Q331K/Q331K,
Tmem106b−/−, TDP-43Q331K/+ Tmem106b−/− and TDP-43Q331K/Q331K

Tmem106b−/− mice were measured monthly. Mouse body weight was
monitored for consecutive 7 months starting from 3 months old.

Behavioral test
Ten-month-old WT, TDP-43Q331K/+, TDP-43Q331K/Q331K, Tmem106b−/−,
TDP-43Q331K/+Tmem106b−/− TDP-43Q331K/Q331KTmem106b−/− male mice
(8–20mice/group) were subject to the following behavioral tests: (1) Open-

Fig. 6 | Alterations in lipids in the liver of TDP-43Q331K/Q331KTmem106b−/− mice.
Total lipids were extracted from 10.0-month-old male mouse liver and lipids were
analyzed by mass spectrometry (n = 5 mice per genotype). a Lipid classes identified
in the liver and the number of species identified in each lipid class. b Relative
abundance of the TG and DG species in the mouse liver samples of indicated
genotypes. Data are presented as mean ± SEM (n = 5 mice per genotype). P values
were determined using one-way ANOVA tests with Bonferroni’s multiple com-
parisons and were shown on the top of the graphs. c Venn diagrams showing the
overlap of the upregulated TGs identified in the indicated comparisons. dHeatmaps
showing the significantly upregulated TG and DG species with FDR < 0.05 and
log2(FC) > 0.5 in the TDP-43Q331K/Q331K Tmem106b−/− mouse liver compared to the
WT. e Pie charts on top panel showing the number of long-chain and very long-
chain TGs upregulated in the indicated comparisons. The TGs were divided into
long-chain TGs (acyl chains ranging between 14 and 20 carbons in length), very
long-chain TGs (at least one acyl chain contains carbons > 20), and the TGs with

undetermined carbons within each acyl chain. Pie charts on bottom panel showing
the number of saturated (double bond = 0), monounsaturated (double bond = 1),
and polyunsaturated TGs (double bond ≥ 2) upregulated in the indicated compar-
isons (f) Relative abundance of PE, PC,MePC, PG, PI, PS, CL, SM, Cer, HexCer, and
CoQ in the liver samples of indicated genotypes. Data are presented as mean ± SEM
(n = 5 mice per genotype). P values were determined using one-way ANOVA tests
with Bonferroni’s multiple comparisons and were shown on the top of the graphs.
g Heatmaps were shown for the significantly changed PE, PC, MePC, PI, PG, CL,
HexCer, Cer, and CoQ10 species with FDR < 0.05 and log2(FC) > 0.5 in TDP-
43Q331K/Q331K Tmem106b−/− mice compared with WT. Blue and red highlighted
species are significantly changed in TDP-43Q331K/Q331K and Tmem106b−/− mice,
respectively. Orange highlighted are significantly changed in both TDP-43Q331K/Q331K

and Tmem106b−/− mice. h Venn diagrams showing the overlap of the significantly
changed PE, PC, and MePC species identified in the indicated comparisons.

https://doi.org/10.1038/s42003-025-07752-2 Article

Communications Biology |           (2025) 8:315 11

www.nature.com/commsbio


Fig. 7 | Gene expression changes in the liver ofTDP-43Q331K/Q331KTmem106b−/−mice.
Total RNAswere extracted from the liver of 10-month-oldmalemice and theRNA-seq
was performed to analyze gene expression changes (n = 4 mice per genotype). a Venn
diagrams showing the overlap of the differentially expressed genes (DEGs) identified in
the indicated comparisons. DEGs with FDR ≤ 0.05 and absolute log2(FC) ≥ 0.5 were

selected and analyzed. bHeatmap illustrating the expression changes of overlapping
DEGs identified in the top Venn diagram in (a). DEGs with FDR ≤ 0.05 and abosolute
log2(FC) ≥ 0.5 were plotted. cHeatmap illustrating the expression changes of the
overlappingDEGs identified in thebottomVenndiagram in (a).DEGswithFDR ≤ 0.05
and abosolute log2(FC) ≥ 1.0 were plotted.
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Fig. 8 | Pathways affected by TMEM106B deficiency or TDP-43Q331K mutation
in liver. a Pathway enrichment analysis was performed by GSEA using hallmark
gene sets. The significantly upregulated and downregulated gene sets (FDR q-
value < 0.1) in the indicated groups compared to WT are listed. The gene sets with
normalized enrichment score (NES) > 1.0 are upregulated and those with NES <−1
are downregulated in the indicated groups. Green highlights the upregulated
pathways shared by the indicated three comparisons. FDR q-values are listed in the
bar chart. b Heatmap illustrating the expression changes of DEGs that contribute
most to the enrichment of fatty acid metabolism pathway in TDP-43Q331K/Q331K

Tmem106b−/− liver samples based onGSEA results. Green and red highlighted genes
were also significantly upregulated in TDP-43Q331K/Q331K mice and Tmem106b−/−,
respectively, and blue highlighted were significantly upregulated in both groups. (c)
Pathway enrichment analysis was performed by GSEA using gene sets of ontology
biological process (GOBP). The pathways involved in fatty acid, lipid, and TG
metabolism were significantly upregulated (FDR q value < 0.1, NES > 1.0) in TDP-
43Q331K/Q331K Tmem106b−/− liver. Green highlighted pathways were also upregulated
in both TDP-43Q331K/Q331K and Tmem106b−/− mice. FDR q-values are listed in
bar chart.
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field test: Mice were placed in a clean plastic chamber (45 × 45 × 45 cm) for
10min. The total distance traveled was tracked by the Viewer III software
(Biobserve, Bonn, Germany). The apparatus was thoroughly cleaned with
70% ethanol between trials. (2) Balance beam test: Beams thatwere 80 cm in
length were used in the balance beam test for motor coordination. A bright
lightwas used as an aversive stimulus at the start platformand an escape box
(20 x 20 x 20 cm) was placed at the end of the beam. The animals were
trained for 3 consecutive trials on eachbeam for 3 consecutive days and then
were tested on the fourth day. The time taken to traverse the beam was
recorded for each trial. The average time to cross the beamof the three trials
was calculated. The maximum time cutoff was 60 s. (3) Hindlimb clasping
test: Mice were suspended by the base of the tail and their behaviors were
recorded for 30 s. Hindlimb clasping was rated from 0 to 3 based on
severity101. (4) Y-Maze test: Spatial working memory performance was
assessed by recording spontaneous alternation behavior in a Y-maze.
Y-maze wasmade of light gray plastic and consisted of 3 arms at 120°. Each
armwas 6 cmwide and 36 cm long and had 12.5 cmhighwalls. Eachmouse
was placed in the Y maze and allowed to move freely during an 8-minute
session. The series of arm entries was recorded visually, and arm entry was
considered to be completed when the hind paws of the mouse were com-
pletely placed in the arm. Themazewas cleanedwith 70% ethanol after each
mouse. Alternation was defined as successive entries into the 3 arms on
overlapping triplet sets (e.g., ABC, BCA). The percentage of alternation was
calculated as the ratio of actual to possible alternations (defined as the total
number of arm entries minus two). (5) Novel object recognition test: Mice
were first exposed to two identical objects for 10min, followed by a 2 h
retention interval, and then put back into the same chamber where a novel
object was introduced andmonitored for 3min. Exploration, defined as any
type of physical contact with an object (whisking, sniffing, rearing on, or
touching the object), was recorded and analyzed using the tracing software
Viewer III. The preference score (%) for the novel object was calculated as
(exploration time of the novel object/exploration time of both objects) ×
100%. For all behavioral analyses, experimenters were blind to the geno-
types of the mice.

Tissue lysate preparation
Mice were anaesthetized using isoflurane. Mice were then perfused with
cold PBS and tissues were dissected and snap-frozen with liquid nitrogen
and kept at −80 °C. On the day of the experiment, frozen tissues were
thawed and homogenized on ice with bead homogenizer (Moni Interna-
tional) in ice-cold RIPA buffer (150mM NaCl, 50mM Tris-HCl [pH 8.0],
1%TritonX-100, 0.5% sodiumdeoxycholate, 0.1% SDS) with 1mMPMSF,
and 1× protease inhibitors (Roche). After centrifugation at 14,000 × g for
15minat 4 °C, supernatantswere collected for analysis. The insolublepellets
were washed with RIPA buffer and extracted in 2× v/w of Urea buffer (7M
Urea, 2M Thiourea, 4% CHAPS, 30mM Tris, pH 8.5). After sonication,
samples were centrifuged at 200,000 × g at 24 °C for 1 h and the supernatant
was collected as the urea-soluble fraction.

Immunofluorescence staining, H&E staining, image acquisition,
and analysis
For mouse brain section staining, mice were perfused with cold PBS, and
tissueswerepost-fixedwith 4%paraformaldehyde (PFA).After dehydration
in 30% sucrose buffer, tissues were embedded in the O.C.T compound.
Brain sections with 18-µm-thickness were cut with cryotome. Antigen
retrieval was performed by microwaving in citrate buffer (pH 6.0) for
15min. Tissue sections were blocked and permeabilized with 0.1% saponin
in Odyssey blocking buffer before incubating with primary antibodies
overnight at 4 °C. The next day, sections were washed 4 times with PBS
followed by incubation with secondary fluorescent antibodies and Hoechst
at room temperature for 2 h. The sections were treated with the Auto-
fluorescence Quencher (TRUE Black) to quench the autofluorescence. The
slides were thenmounted using amountingmedium (Vector Laboratories).
Images were acquired on a CSU-X spinning disc confocal microscope
(Intelligent Imaging Innovations) with an HQ2 CCD camera

(Photometrics) using 40× or 63× objectives. Lower magnification images
were captured by 10× or 20× objectives on a Leica DMi8 inverted
microscope.

For the quantitative analysis of GFAP, CD68, and IBA1 levels in the
brain sections, the fluorescence intensity wasmeasured using ImageJ after a
threshold application. To quantify the CD68 levels in microglia, IBA1
positive cells were selected and CD68 signals within microglia were mea-
sured using the region of interest (ROI) tool in ImageJ. To count the Pur-
kinje cell number, lines were drawn along the Purkinje cell layer tomeasure
the distance (mm) using ImageJ, and the number of Purkinje cells along the
linewas countedby a researcher blindedby thegenotypes.Thedensity of the
Purkinje cell was calculated as the total cell number/distance. Three brain
sections per mouse, separated by 100 µm were used for quantification. The
mean from the three sections was used to be representative of each mouse.
Data from ≥ 5 brains in each genotype were used for quantification.

For H&E staining, peripheral tissues were collected and perfused with
cold PBS. Tissues were post-fixed with 4% PFA, washed with PBS, and
stored in 70% ethanol at 4 °C until dehydration for paraffin-embedding.
Sectioning and H&E staining were performed on a fee-for-service basis by
the Cornell Histology Core Facilities. The white adipocyte size was quan-
tified using the Adiposoft plugins in ImageJ. The percentage of the lipid
droplet area in the liver and brown adipose tissue was quantified using
ImageJ after thresholding andmaking binary. Sections from 4mice in each
genotype were quantified.

RNA-seq analysis
Total RNA was extracted from the liver or brain cortex of 10-month-old
mice using Trizol (Thermo Scientific). RNA quality was checked using
nanodrop, gel electrophoresis, and Agilent Fragment Analyzer. RNAseq
libraries were generated by the Cornell TREx Facility using the NEBNext
Ultra II Directional RNA Library Prep Kit (New England Biolabs) using
700 ng input total RNAper sample.At least 40Mreads (2 × 150 nt PE)were
generated on a NovaSeq (Illumina). Reads were trimmed to remove low-
qualityandadaptor sequenceswithTrimGalore (awrapper for cutadapt and
fastQC), requiring a minimum trimmed length of 50 nt. Reads that passed
quality control were aligned to reference genome (mouse GRCm38/
mm10)102 using STAR103, using ‘--quantMode GeneCounts’ to output
counts per gene. SARTools104 and DESeq2105 were used to generate nor-
malized counts and perform differential gene expression analysis. Differ-
entially expressed genes (DEGs) were identified by false discovery rates
(FDR) or adjusted p value ≤ 0.05 using multiple testing with Benjamini-
Hochberg correction. All the genes detected in the brain and liver samples
were listed in Supplementary Data.1 and 5, respectively.

Heatmap of the DEGs was generated by using Heatmapper106.
Enrichment analysis using the hallmark gene sets or gene ontology biology
process (GOBP) was performed using Gene Set Enrichment Analysis
(GSEA)107. The normalized counts of all the expressed genes were uploaded
in GSEA and a standard GSEAwas run with recommended default settings
(1000 gene set permutations). The FDR was estimated to control the false-
positive finding of a given normalized enrichment score (NES) by com-
paring the tails of the observed and null distributions derived from 1000
gene set permutations. The gene sets with absolute normalized enrichment
score (NES) > 1.0, nominal p value (NOM p value) < 0.05, and false dis-
covery rate q-value (FDR q-value) < 0.1 were considered as significantly
enriched. The subset of genes that contributesmost to the enrichment result
was defined as the core enrichment genes.

Brain lipidomic analysis
To analyze the lipids in the cerebellum, lipids were extracted from 10.0-
month-old mouse cerebellum. Total lipids were extracted using a Folch
method108. Briefly, 200 µLof cold solventmixture (5:2,MeOH:H2O, v:v)was
added to frozen cerebellum tissues and homogenized. Samples were soni-
cated on ice for 10min. After sonication, the extra solvent mixture was
added based on the tissue weight to make all samples have the same con-
centrationas 0.03mg/mL.A150 µLofhomogenized samplewas transferred
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into new tubes and 1000 µL of ice-cold CHCl3 was added to each sample.
The sampleswere then vortex for 1 h followedby centrifugation at 4 °Cwith
12,700 rpm for 15min. The organic solvent layer was transferred into new
tubes. Based on the calculated total protein amount, the fraction of organic
solvents asmuch as 200 µg of total proteinwere dried for lipidomic analysis.
EquiSplash® (Avanti Polar Lipids) were used as internal standards (I.S.) and
spiked into each tube before drying organic solvents. The I.S. usedwas listed
in Supplementary Table 1. The dried lipids were reconstituted in 150 µL of
MeOH:CHCl3:H2O mixture (18:1:1, v:v:v).

Lipidomic analysis was conducted using a Vanquish UHPLC system
coupled with a Thermo Scientific Q-Exactive HF-X mass spectrometer.
ACQUITY UPLC® BEH Shield RP18 column (1.7 µm, 2.1 × 150mm) was
used for separation with a 30min gradient, 0.18mL/min pump flow rate,
and 40 °C column oven temperature. Mobile phase A (H2O:ACN, 9:1, v:v)
andmobile phase B (IPA:MeOH:ACN:H2O, 7:1.5:1:0.5, v/v/v/v) were used,
and 0.5 mM NH4HCO2 and 5mM NH4OH were used as ionization
modifier in bothmobile phases. Data-dependent acquisition (DDA) in both
positive and negative ion modes was used for lipid identification. Full MS
scans with positive and negative ion modes were performed for lipid
quantification. Them/z range ofMS1 scanwas from 380 to 1200 and 380 to
2000 in positive and negative ion modes, respectively. The resolving power
was 60 K, automatic gain control (AGC) target was 1E6, normalized colli-
sion energy (NCE) was 22.5% (ESI+) or 27.5% (ESI−) with a 10 s and 20 s
dynamic exclusion time.

Lipid identificationwas conducted using Lipidmatch software109 (v4.0)
with 5 ppmmass tolerance for precursor ions and 10 ppm for product ions.
All lipid peak areas were normalized using I.S. and total protein amount to
calculate their concentration (nmol lipid per mg of total protein). The lipid
species identified are listed in Supplementary Data.2. One-way ANOVA
with Bonferroni’s multiple comparisons was used to determine the sig-
nificantly changed lipids. Lipids with adjusted p value (FDR) < 0.05 and
absolute log2(FC) > 0.5 were identified as significantly changed lipids.

Brain proteomic analysis
Mouse cerebellum tissues were first lyophilized briefly to remove the resi-
dual buffer, weighted, and homogenized in MeOH:H2O solvent mixture
(5:2, v:v) to precipitate proteins. Proteomics sample preparation was con-
ducted based onour previously described procedures110. Protein pelletswere
redissolved in lysis buffer (8M urea, 50mM ammonium bicarbonate
(AmBC), 150mM NaCl), sonicated on ice for 10min, and centrifuged
(12,700 rpm, 4 °C for 15min) after drying the protein pellet. Protein con-
centrationwasmeasured using theDC (detergent compatible) protein assay
(Bio-Rad) and 40 µg of total proteins was used for the subsequent protein
digestion. The Tris(2-carboxyethyl)phosphine (TCEP) (5mM, for
40minutes at 37 °C in a Thermomixer (600 rpm)), iodoacetamide (IAA)
(15mM, for 30min at 37 °C in dark) were used for protein reducing and
alkylation, and dithiothreitol (DTT) (5mM, for 10min at 37°C). After
dilution of urea concentration below 1Murea by AmBC (50mM), trypsin/
Lys-C mix (Promega) was used for digestion (1:25, w:w) for 16 h at 37 °C.
The trypsin/Lys-C was quenched by trifluoroacetic acid (pH < 2). Peptide
samples were washed using a Waters HLB 96-well plate following the
manufacturer’s protocol. The washed peptide samples were dried, recon-
stituted in 25 µL 2% acetonitrile with 0.1% formic acid (FA), and clarified by
centrifugation. A Dionex Ultimate 3000 RSLCnano system coupled with a
Thermo Scientific Q-Exactive HF-X Orbitrap Mass Spectrometer was
conducted for proteomics analysis. An Easy-Spray PepMap RSLC C18
column (2 µm, 100 Å, 75 µm × 50 cm)with 210min gradient at 55 °C and a
flow rate of 0.25 µL/min was used for peptide separation. The proteomics
data analysis was conducted by the Spectronaut software (v19.2, Biognosys)
under default settings with DirectDIA mode. The UniProt Mus musculus
reviewed database and our custom contaminant protein library111 was
included for protein identification allowing up to twomissed cleavages and
three variable modifications. Carbamidomethyl C was used as the fixed
modification, andmethionine oxidation andproteinN-terminal acetylation
were used as variable modifications. FDR for precursor peptides and

proteins was set as 0.01 and precursor intensities below 1000 were deleted
for better confident identification. All the proteins identified were listed in
the Supplementary Data.3. One-way ANOVA with Bonferroni’s multiple
comparisonswas used to determine the significant changed proteins in each
comparison. Proteins with FDR < 0.05 and absolute log2(FC) > 0.5 were
identified as significantly changed proteins.

Liver lipidomic analysis
To analyze the lipids in the liver, lipids were extracted from 20mg of frozen
liver tissues. Total lipids were extracted using a two-step dichloromethane
(DCM)/methanol procedure. Briefly, 320 µL cold 50% methanol (v/v) was
added to frozen liver tissues and homogenized. Samples were spiked with
30 µL of an internal lipid standard mixture and were sonicated on ice for
10min. The internal standards used are listed in SupplementaryTable 2. Six
hundred microliter of DCM was then added to the homogenates and vor-
texed for 10 s. Three hundredmicroliter HPLC grade water was then added
and vortexed for 10 s, followed by centrifugation at 18,000 rpm for 15mins
at 4 °C. The lower organic layers were collected as lipid extracts. The lipid
extracts were evaporated to dryness in a speed vacuum and dissolved in
120 µL acetonitrile (ACN)/isopropanol (IPA)/H2O (65:30:5, v/v).

The samples were then analyzed by Vanquish UHPLC coupled with
Q-Exactive Hybrid Quadrupole-Orbitrap system (Thermo Fisher Scientific)
usinga2.6 μmAccucoreC30column(2.1mmid × 150mm)(ThermoFisher
Scientific) that was held at 55 °C. Solventflow ratewas 260 µL/min112–114. The
autosampler traywas held at 4 °C and sample injection volumewas 2 μL. The
following solvents and elution gradients were used. Solvent A: 60% acet-
onitrile, 40% water, 10mM ammonium formate with 0.1% formic acid.
Solvent B: 90% isopropanol, 10% acetonitrile, 10mM ammonium formate
with 0.1% formic acid. Elution gradient: 0.0–1.5min (32% B), 1.5–4.0min
(32–45% B), 4.0–5.0min (45–52% B), 5.0–8.0min (52–58% B), 8.0–11min
(58–66% B), 11–14min (66–70% B), 14–18min (70–75% B), 18–21min
(75–97% B), 21–25min (97% B), 25–30min (97–32% B). The QE-HF was
operated under data-dependent acquisition with top 15 ions for one survey
MS scan formass rangeofm/z 250–1200 followedbyMS/MSscans on top15
most intensity peaks. MS survey scans and MS/MS scans were acquired at a
resolution of 120,000 and 15,000 (fwhm at m/z 200), respectively. The ESI
voltage was 4 kV, the sheath gas flow rate was 50AU, the auxiliary gas flow
rate was 5 AU, and the sweep gas flow rate was 1 AU. The capillary tem-
peraturewas 320 °Cand the auxiliary gas heater temperaturewas 350 °C.The
S-Lens RF level was 60% and all analyses were run in both positive and
negative modes.

Data were analyzed using Lipidsearch4.2 software (Thermo Fisher
Scientific) to perform normalization, peak alignment and compound iden-
tification. Briefly, the data files were searched for product ionMS/MS spectra
of lipid precursor ions.MS/MS fragment ionswere predicted for all precursor
adduct ions measured within ± 5 ppm. The product ions that matched the
predicted fragment ions within a ± 5 ppm mass tolerance were used to cal-
culate a match score, and those candidates providing the highest quality
match were determined. The search results from the individual positive or
negative ion files from each sample group were aligned within a retention
time window (±0.1min) and the data were merged for each annotated lipid.
Finally, the annotated lipids were then filtered to reduce false positives and
were normalized using the standards for the different lipid classes. The lipid
species identified are listed in SupplementaryData.4.One-wayANOVAwith
Bonferroni’s multiple comparisons was used to determine the significantly
changed lipids in each comparison. Lipids with FDR < 0.05 and absolute
log(FC) > 0.5 were identified as significantly changed lipids.

Splicing analysis of the TDP-43 targets using RT-qPCR
Total RNAswere extracted from10-month-oldmouse cortex samples using
TRIzol (Invitrogen). Onemicrogram of total RNAs was reverse transcribed
to cDNA using SuperScript III Reverse Transcriptase (Invitrogen). Quan-
titative PCR was performed on a LightCyler 480 (Roch Applied Science),
and themRNA levels weremeasured using efficiency-adjustedΔΔ-CT. The
transcripts analyzed were normalized to β-actin. The primers used to detect
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the inclusion of Sort1 exon 17b,Mapt exon 2 and 3, and the specific variant
of Sqstm1 identified in TDP-43Q331K mouse brain were from the previous
study52 and were listed in the Supplementary Table. 3.

Statistics and reproducibility
Statistical analyses were performed usingGraphPad Prism 10 except for the
omics data. The details about statistics used in different data analyses per-
formed in this study are given in the respective sections of methods and
figure legends. Data are presented as mean ± SEM. Statistical significance
was assessed by unpaired two-tailed Student’s t-test (for two-group com-
parison), one-way ANOVA tests (for multiple comparisons) or two-way
ANOVA tests with repeated measures (for the body weight analysis) fol-
lowed by Bonferroni’s multiple comparisons post hoc tests. P values less
than or equal to 0.05 were considered statistically significant. All lipidomic,
RNA-seq, and proteomic analyses were performed by investigators who
were blind to the genotypes. The details about the sample sizes and number
of replicates in each experiment are given in the respective sections of
methods and figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are included in the supple-
mental material. Omics source data are provided in Supplementary
Data 1–5. RawLC-MS/MSdata frombrain lipidomics andproteomicsparts
of thismanuscript are available through theMassIVE repository (Identifier:
MSV000096663). Raw LC-MS/MS data for liver lipidomics are available
through the MassIVE repository (Identifier: MSV000096905). Raw RNA-
seq data have been deposited at NCBI’s Gene Expression Omnibus under
the accession number GSE287573. Source data for other graphs are pro-
vided in the Supplementary Data 6. Uncropped western blot images are
provided in Supplementary Fig. 5. Additional data are available from the
corresponding author on request.
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