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A B S T R A C T

Phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] is a lysosomal signaling lipid whose deficiency, caused by 
mutations in the PIKfyve complex subunits FIG4 or VAC14, underlies a spectrum of fatal neurologic diseases 
including Charcot-Marie-Tooth type 4J (CMT4J) and amyotrophic lateral sclerosis (ALS). To map the molecular 
consequences of PI(3,5)P2 insufficiency in the brain, we performed quantitative proteomic and transcriptomic 
analyses of three mouse lines bearing distinct loss-of-function mutations in Fig4 or Vac14, examining the brain at 
the presymptomatic and end stages. Strikingly, profound neuroinflammation was already present at postnatal 
day 5 (before significant neurodegeneration), characterized by complement activation, interferon signaling, and 
parenchymal infiltration of peripheral myeloid cells and T-cells. Isolated mutant microglia exhibited a markedly 
pro-oxidative transcriptional state with elevated reactive oxygen species, a partly non-cell-autonomous pheno
type, being present in microglia from mice with conditional Fig4 inactivation in just neurons and astrocytes. 
Comparison of early (P5) and late (P25) proteomics data revealed that PI(3,5)P2 insufficiency impairs devel
opmental remodeling of the brain proteome: proteins typically upregulated during postnatal maturation failed to 
accumulate, implicating lysosomal function in neurodevelopment. We identify coordinated elevation of p53, Fas 
receptor, inflammatory caspases, Gasdermin D, RIPK1, and ZBP1, consistent with multifactorial inflammatory 
cell death with features of apoptosis, pyroptosis, and necroptosis. Many of the dysregulated proteins are encoded 
by genes mutated in lysosomal storage disorders, ALS, CMT, Alzheimer's and Parkinson diseases, extending the 
pathogenic relevance of PI(3,5)P2 insufficiency. Together, these findings establish that early neuroinflammation 
is a defining — and likely initiating — feature of neurodegeneration caused by disruption of lysosomal PI(3,5)P2.

1. Introduction

Although known predominantly for their role in degrading and 
recycling proteins and organelles, lysosomes participate in a wide range 
of activities that enable cells to adapt to nutrient availability and 
metabolic demands, ranging from plasma membrane repair to cell 

signaling and immune recognition (Jain and Zoncu, 2026; Scott et al., 
2025). It is therefore not surprising that perturbation of lysosome 
function is involved in the pathogenesis of many forms of neuro
degeneration (Udayar et al., 2022), and that genes encoding lysosomal 
proteins have been implicated in a variety of inherited neurological 
disease beyond lysosomal storage disorders (Root et al., 2021). Indeed, 
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even sporadic forms of neurodegeneration such as Alzheimer's disease, 
Parkinson's disease, and amyotrophic lateral sclerosis (ALS) share the 
feature of lysosomal dysfunction (Wallings et al., 2019). In such adult- 
onset proteinopathies, the cell's protein clearance system may be 
impaired by loss-of-function mutations in lysosome-autophagy pathway 
(Root et al., 2021) or by the lysosome becoming overwhelmed by 
aggregate-prone proteins (Nixon and Rubinsztein, 2024); in either case, 
evidence suggests that the neuron eventually succumbs to the accumu
lation of toxic proteins. Yet the pathogenesis of these diseases also in
volves neuroinflammation, which often occurs in the setting of lysosome 
dysfunction within glia (Quick et al., 2023) and is a common contributor 
to neurodegeneration. It is highly likely that non-degradative lysosomal 
activities become deranged in these diseases, but the number and variety 
of molecular pathways that could be involved makes distinguishing 
causal relationships a daunting challenge.

Given that damage to the lysosome itself can provoke inflammation 
(Scott et al., 2025), we wanted to explore how lysosome dysfunction 
contributes to neuroinflammation and begin to map the molecular 
changes that follow. To do so, we took advantage of mice bearing 
spontaneous mutations in the PIKfyve complex, which is the sole source 
of the signaling lipid phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] 
that resides on the surface of lysosomal membranes. The PIKfyve com
plex, which is conserved from yeast to mammals, consists of a scaf
folding protein, VAC14, to which the 5-kinase PIKfyve and 5- 
phosphatase FIG4 bind (Lees et al., 2020). Mutation in any of these 
three subunits impairs the synthesis of PI(3,5)P2 as well as the down
stream product PI5P (Rivero-Ríos and Weisman, 2022), hampering the 
lysosome's ability to recruit effectors, activate lysosomal ion channels, 
and carry out its digestive functions (Chen et al., 2017; Dong et al., 2010; 
Hasegawa et al., 2017; Ho et al., 2012; Wang et al., 2012). The brains of 
mice with loss-of-function mutations in Fig4, Pikfyve or Vac14 display 
early-onset spongiform neurodegeneration (Chow et al., 2007; Ferguson 
et al., 2009, 2012; Jin et al., 2008; Lenk et al., 2011; Zhang et al., 2007; 
Zolov et al., 2012) accompanied by severe reactive astrogliosis 
(Ferguson et al., 2012; Ferguson et al., 2009). At the sub-cellular level, 
there is marked accumulation of macroautophagy intermediates and 
lysosome-related organelles within astrocytes and, to a lesser extent, 
neurons (Ferguson et al., 2010; Ferguson et al., 2009; Lenk et al., 2011). 
In humans, mutations of FIG4or VAC14 result in severe neurological 
disease: dominantly inherited forms of amyotrophic lateral sclerosis 
(ALS) (Chow et al., 2009; Liu et al., 2022), a severe recessively inherited 
form of Charcot-Marie-Tooth disease (type 4 J) (Chow et al., 2007; Lenk 
et al., 2011; Nicholson et al., 2011), and several rare disorders that are 
fatal in infancy or childhood (Baulac et al., 2014; Campeau et al., 2013; 
Cuinat et al., 2025; Karaoğlu and Köse, 2021; Lenk et al., 2016). Since no 
PIKfyve variants have been identified in patients with neurologic dis
ease, it is possible that consequential mutations are incompatible with 
survival.

In this study, we sought to gain insight into how PI(3,5)P2 insuffi
ciency and lysosomal dysfunction impacts the interactions between 
different cell types in the brain of mutant mice, and to establish the 
temporal relationship between neuroinflammation and the onset of 
neurodegeneration. We performed proteomic and transcriptomic ana
lyses of the brain of Fig4and Vac14 mutant mice, examining the prote
ome during both the first postnatal week and at a later stage (P25) prior 
to when mice die of severe neurodegeneration. We identified signatures 
of early-onset neuroinflammation involving peripheral immune cells 
and the adaptive immune system, and go on to demonstrate that im
mune dysregulation plays a more prominent role in the pathogenesis of 
neurodegeneration than previously appreciated, contributing to the 
failure of the early proteome in these mice to undergo normal devel
opmental maturation. In addition to changes predicted from broad 
dysregulation of lysosome function, these analyses identified significant 
dysregulation of many proteins associated with the pathogenesis of 
common forms of neurodegeneration such as Alzheimer's disease (e.g. 
Apoe, Progranulin) and Parkinson's disease (e.g., Lrp10). These findings 

impact our understanding of the pathogenesis and therapeutic window 
for not just the diseases resulting from perturbation of PI(3,5)P2, but also 
common forms of neurodegeneration in which lysosome dysfunction is 
increasingly implicated.

2. Results

2.1. Loss of Fig4 or Vac14 function causes accumulation of lysosome- 
related organelles in neurons and astrocytes

Global mutants homozygous for mutant Fig4or Vac14 alleles exhibit 
impaired synthesis of PI(3,5)P2, resulting in juvenile lethality from se
vere neurodegeneration (Chow et al., 2007; Jin et al., 2008). Fig4 global 
mutant mice (Fig4 plt/plt) result from a spontaneous retrotransposon 
insertion in intron 18 that disrupts splicing of the pale tremor (plt) allele 
(Chow et al., 2007), leading to depletion of the Fig4 mRNA (Chow et al., 
2007) and likely destabilizing the truncated protein. Inadequate Fig4 
cannot activate the phosphoinositide 5-kinase PIKfyve via dephos
phorylation (Lees et al., 2020; Strunk et al., 2020). Structural modeling 
demonstrated that the neurodegeneration-associated Vac14 L156R mu
tation introduces a charged, bulky residue within a hydrophobic patch 
that interferes with binding of both PIKfyve and Fig4 to Vac14, 
impairing the 5-kinase activity of PIKfyve (Extended Data Fig. 1). Thus, 
both the Fig4 plt and Vac14 L156R mutations impair PI(3,5)P2 synthesis 
and turnover. Although they may do so via distinct molecular mecha
nisms, the close similarity of the phenotypes of Fig4 plt/plt and Vac14 
L156R/L156R mice indicates that PI(3,5)P2 depletion drives pathogenesis 
in each case. We also generated a previously unpublished conditional 
Fig4 f/f,Nes-cre mutant that completely eliminates Fig4 in neurons and 
astrocytes but not in myelin-producing oligodendrocytes and microglia 
(resident innate immune cells in the brain) (Tronche et al., 1999). This 
mutant allows us to distinguish cell-autonomous effects of Fig4 loss in 
astrocytes and neurons from non-cell autonomous effects of Fig4 mu
tation in microglia and oligodendrocytes. The combination and timing 
of experimental approaches to studying these three models is laid out in 
Fig. 1a.

To ascertain the cellular manifestations of PI(3,5)P2 deficiency in the 
brain, we performed transmission electron microscopy (TEM) in the 
cortex of mutant mice. Compared to the control cortex at postnatal day 
21 (P21), in which cells contained just a few small lysosomes (Fig. 1b), 
the cortex of Fig4 plt/plt mice contained many cells whose cytoplasm was 
almost totally occupied by lysosome-derived organelles, which are 
recognizable by their electron-dense, osmophilic lumens containing 
partially degraded cellular material (Fig. 1c). (Electron-lucent organ
elles with multilayered membranes containing encapsulated cytoplasm 
represent autophagosomes that have not yet fused with lysosomes to 
acquire their signature electron density.) Cells with marked accumula
tion of electron-dense lysosome-derived organelles were also present in 
the cortex of P21 Vac14 mutant mice (Fig. 1d). Eccentrically located 
nuclei identify these cells as reactive astrocytes, an observation that 
agrees with previous fluorescence microscopy studies demonstrating 
that astrocytes accumulate the most lysosome-related organelles in the 
brain of both Fig4 and Vac14 mutants (Ferguson et al., 2012, 2009; Lenk 
et al., 2011).

Fig4 f/f,Nes-cre mutant mice were severely affected from an early age 
and died around P12 (Fig. 1e), indicating that dysregulation of PI(3,5)P2 
just in neurons and astrocytes is sufficient for lethality. By age P10, the 
cortex of these mice exhibited spongiform neurodegeneration, a histo
pathologic pattern found in Fig4 plt/plt, Vac14 L156R/L156 and Vac14 -/- 

mutant mice (Chow et al., 2007; Jin et al., 2008; Zhang et al., 2007) 
(Fig. 1f). TEM showed that the cytoplasm of reactive astrocytes was 
filled with lysosome-related organelles (Fig. 1g); neurons, identified by 
their abundant rough endoplasmic reticulum, also showed marked 
accumulation of electron-dense lysosome-related organelles (Fig. 1h). 
This finding is compatible with previous observations showing that 
autophagy intermediates accumulate in neurons of Fig4 plt/plt global 
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mutants, albeit to a lesser degree than astrocytes (Ferguson et al., 2009).
In the brain of both Fig4 plt/plt and Fig4 f/f,Nes-cre mice, we also 

observed cells with expanded cytoplasmic vacuoles that appeared 
largely empty, containing only a few membrane remnants (Fig. 1i,j). 
These vesicles are another cellular hallmark of impaired PI(3,5)P2 syn
thesis (Chow et al., 2007; Jin et al., 2008; Zhang et al., 2007; Zolov et al., 
2012) that likely results from inadequate activation of monovalent PI 
(3,5)P2-dependent ion channels required for shrinking endolysosomal 
vesicles (Freeman et al., 2020). In global Fig4 mutants, these enlarged 
vacuoles in neurons from dorsal root ganglia (where there are no as
trocytes) were positive for Lamp1 (lysosome-associated membrane 
protein 1), supporting their endolysosomal identity (Fig. 1k,l).

These findings demonstrate that neurons and astrocytes exhibit 
multiple forms of lysosomal pathology when PI(3,5)P2 synthesis is 
impaired.

2.2. Loss of Fig4 function impairs neurodevelopmental remodeling of the 
proteome

To capture changes in the brains of mutant mice at the protein level 
and determine how they evolve over time, we employed mass spec
trometry (MS)-based proteomics with tandem mass tags (TMT) to 
simultaneously analyze the proteome of 16 samples (Fig. 2a): the 4 × 4 
design allowed us to examine Fig4 plt/plt during both the early (P5) and 
late stages (P25) of neurodegeneration. We included the entire brain as 
input to prioritize the identification of universally Fig4-dependent 
processes.

In volcano plots of the 10,509 quantified proteins (expressed as the 
ratio of their abundance in the mutant divided by control) versus sig
nificance, we see a rightward skew, indicating that protein excess pre
vailed at P5 (Fig. 2b and Supplementary Table 1). By P25, this surplus 
was more dramatic (Fig. 2c)—yet, strikingly, by this late timepoint there 
were nearly as many proteins in deficit as there were in excess. A tic-tac- 
toe plot of genotype differences in protein abundance at both timepoints 
confirmed that many proteins were in surplus at both timepoints, 
whereas undersupplied proteins appeared almost exclusively at P25 
(Extended Data Fig. 2a). In PCA of proteomic data clustering samples by 
age and then genotype (control vs. Fig4 plt/plt; Fig. 2d), principal 
component 1 (PC1) reflected developmental stage and accounted for 
81% of the variation between samples, demonstrating the remarkable 
degree to which the proteome is remodeled in the brain between the two 
timepoints. PC2, which accounted for 12% of the variation between 
samples, reflected genotype difference and showed enhanced separation 
at P25. Importantly, we observed reductions of Fig4 by 65% at the early 
timepoint and 60% at the late timepoint, validating the mass 
spectrometry-based quantitation (Fig. 2e). PIKfyve was also in deficit, 
confirming that loss of Fig4 destabilizes the PI(3,5)P2 biosynthetic 
complex (Lees et al., 2020; Zhang et al., 2025).

To understand how the trajectories of protein excess and shortage 
differed, we set a threshold of <0.05 for the adjusted p-value and then 

depicted significantly altered proteins in heatmaps. The 2426 proteins 
that were overabundant at P25 tended to show a slight excess already by 
P5 (Fig. 2f). In contrast, the 2015 proteins that were in deficit had failed 
to undergo the typical process of developmental upregulation from P5 to 
P25 that occurred in the control brain (Fig. 2g). Mutation of Fig4 
therefore disrupts neurodevelopment in addition to inciting 
neurodegeneration.

2.3. Lysosome, immune, and metabolic functions become deranged by 
Fig. 4 or Vac14 mutation in the brain

To identify the molecular pathways dysregulated by Fig4 mutation, 
we performed gene ontology (GO) analysis using ShinyGO (Ge et al., 
2020). Similar GO terms came up for the significantly elevated pro
teins at both P5 and P25, so we opted to display GO analysis for just the 
early timepoint. As expected, cellular component GO terms reflected 
lysosomal dysfunction (Fig. 2h). But there was also strong enrichment 
for GO terms related to the immune response, indicating that neuro
inflammation contributes early on potentially initiating the pathogenic 
cascade.

Proteins that were in short supply in the mutant brain at P25 were 
related to synaptic function, axons and dendrites, likely because 
neuronal loss has become so severe near the end stage in these animals 
(Fig. 2i, Extended Data Fig. 2b). Several components of myelin were also 
reduced, in agreement with previous reports that Fig4 mutant mice 
largely fail to undergo myelination during development (Winters et al., 
2011) (Extended Data Fig. 2c).

Metabolic pathways were among the few featuring both over- and 
under-abundant proteins, underscoring the complex relationship be
tween lysosomal catabolism and the regulation of cellular energetics 
(Lawrence and Zoncu, 2019). Arginase 1 (Arg1), the single most highly 
elevated protein in the proteomics dataset from the Fig. 4 mutant brain 
(Extended Data Fig. 2d), is localized in lysosomes as well as mitochon
dria and is involved in metabolic activities such as ammonia detoxifi
cation. Arg1 was recently found to be expressed in a subset of microglia 
that have increased phagocytic activity and shape neural circuits during 
brain development (Stratoulias et al., 2023); Arg1-expressing microglia 
also reduce beta-amyloid plaque formation in the context of neuro
inflammation (Cherry, 2015; Stratoulias et al., 2023) (Extended Data 
Fig. 2e). Recently, it was found that Arg1 overexpression in the context 
of ischemic vascular injury can stimulate the release of mitochondrial 
DNA into the cell, triggering inflammation via the cGAS-STING (cyclic 
GMP-AMP synthase-Stimulator of Interferon Genes) pathway (She et al., 
2025).

We also carried out proteomic analysis of the brain of Vac14 L156R/ 

L156R mice. In this case, we employed an 18-plex TMT-MS design, 
inputting 4 replicates of whole brain at an early (P8) and 5 replicates at 
the late (P25) stage (Extended Data Fig. 3a and Supplementary Table 2). 
As was the case with Fig4 global mutants, the proteomic perturbances in 
Vac14 intensified with age (Extended Data Fig. 3b,c), as did the 

Fig. 1. Accumulation of lysosome-related organelles in the brain of mice with global or cell-specific dysregulation of PI(3,5)P2. 

a) Experimental timeline for studying the brain of each mutant mouse line.
b) Transmission electron microscopy (TEM) of the cortex of control mice at age P21. A few small lysosomes are labeled by arrowheads.
c) TEM of the cortex of Fig4 global mutant mice. Reactive astrocytes contain many electron-dense lysosome-derived cytoplasmic organelles. Autophagosomes are 

labeled by arrowheads.
d) Vac14 mutant cortex, showing accumulation of lysosome-related organelles within astrocytes.
e) Lifespan of Fig4 f/f Nes-cre mice.
f) Hematoxylin and eosin staining of Fig4 f/f,Nes-cre cortex at age P10 showing cellular vacuolation and spongiform change.
g) Cortical astrocytes containing pathologic accumulation of lysosomes in Fig4 f/f,Nes-cre cortex at age P10.
h) Cortical neurons with pathologic accumulation of lysosomes in Fig4 f/f,Nes-cre cortex.
i) Empty-appearing vacuoles in cells from Fig4 plt/plt cortex.
j) Vacuolated cells in Fig4 f/f,Nes-cre cortex.
k) Vacuoles in a neuron from Fig4 plt/plt dorsal root ganglion (DRG).
l) Confocal immunofluorescence detection of lysosome-associated membrane protein 1 (LAMP1) in DRG neurons. Enlarged lysosomes indicated by the arrowheads.
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Fig. 2. Proteomic evaluation of the Fig4 plt/plt brain reveals neurodegenerative and neurodevelopmental phenotypes. 

a) Schematic of 16-plex tandem mass tag (() quantitative mass spectrometry (MS)-based proteomic evaluation of mouse brain at the indicated timepoints. n = 4 mice 
per group, including equal numbers of males and females.

b) Volcano plot depicting protein abundance versus significance at age P5. Significance thresholds (dotted lines) and adjusted p-values were determined using the 
Significance Analysis of Microarrays method (Tusher et al., 2001).

c) Volcano plot of data from the P25 timepoint.
d) PCA of proteomic data.
e) Abundance of components of the PIKfyve complex that regulates PI(3,5)P2.
f) Heatmap of TMT-MS replicate data for all proteins that were significantly elevated (adjusted p-value <0.05) in the mutant brain at age P25. Replicate data for both 

genotypes at both timepoints are displayed.
g) Heatmap of TMT-MS data for all proteins that were significantly reduced in the mutant brain at age P25.
h) ShinyGO (Ge et al., 2020) gene ontology analysis of cellular components and biological process related to significantly elevated proteins in the Fig4 mutant at age 

P5.
i) GO analysis of cellular components and biological process related to significantly reduced proteins at age P25.
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separation between controls and mutants by PCA (Extended Data Fig. 
3d). Homozygosity for the L156R point mutation led to a slight reduc
tion in the abundance of Vac14 but did not affect PIKfyve (Fig4 was not 
detected in this dataset) (Extended Data Fig. 3e). Among significantly 
dysregulated proteins at P25, the patterns of protein elevation and 
depletion were the same as those observed in the Fig4 mutant mice: 
proteins in the Vac14 mutant brain that were modestly elevated at P8 
became superabundant at P25, while proteins that were in deficit at P25 
had failed to undergo developmental upregulation (Extended Data Fig. 
3f-h). GO analysis yielded parallel results, with the most abundant 
proteins enriched in terms related to lysosome function and neuro
inflammation, while there were deficits in proteins involved in neuronal 
components, neurodevelopment and myelination (Extended Data Fig. 
4a-d).

2.4. Lysosome, immune, and neuronal functions are transcriptionally 
dysregulated in the brains of Fig4 and Vac14 mutants

As a complement to proteomic evaluation, we also performed 
RNAseq in the cortex of Fig4 plt/plt and Vac14 L156R/L156R mice at age P21. 
We detected 2041 elevated and 887 depleted mRNAs (out of 17,377 
protein-coding transcripts) in the Fig4 plt/plt cortex (Fig. 3a and Sup
plementary Table 3). In the Vac14 mutant cortex, 1991 mRNAs were 
elevated and 1003 were depleted (out of 17,064 protein-coding tran
scripts) (Fig. 3b and Supplementary Table 4). Principal component 
analysis (PCA) segregated both mutants from their corresponding con
trols along the first principal component (Fig. 3c,d). The two mutant 
lines shared the vast majority of significantly elevated transcripts 
(Fig. 3e). This collection of upregulated transcripts is similar to those 
identified in prior studies of the astrocytic transcriptional response to 
neuroinflammation or ischemia (Zamanian et al., 2012), suggesting that 
astrocytes contribute to these elevated transcripts. A smaller fraction 
(but still the majority) of the significantly reduced transcripts also 
overlapped in the Fig4 and Vac14 mutants.

GO analysis of significantly elevated transcripts in both mutants 
identified biological processes related to immune response (Fig. 3f). 
Cellular components involved lysosomes and the major histocompati
bility complex (MHC), while molecular functions reflected immune 
stimulation via the implication of cytokines and their receptors (Fig. 3g, 
h). In contrast, transcripts whose abundance was depleted in both mu
tants retrieved biological process GO terms related to neurogenesis and 
oligodendrocyte function (Fig. 3i), while cellular component GO terms 
relayed parts of neurons and myelin sheaths (Fig. 3j).

GO analysis of transcriptomic changes in the cortex of Fig4 f/f,Nes-cre 
mice at age P10—they do not survive long enough to be analyzed much 
later—revealed similar terms as in Fig4 and Vac14 global mutants 
(Extended Data Fig. 5a and Supplementary Table 5). The most signifi
cantly elevated transcripts among biological processes were again 
related to the immune response. Among cellular components, terms 
involved the extracellular space, MHCs, and lysosomes. Transcripts 
related to myelination were again significantly downregulated 
(Extended Data Fig. 5b-e). The main transcriptomic difference between 
the mutants is that the Fig4 f/f,Nes-cre mice lacked the downregulation of 
synapse-related GO pathways that showed up in the P21 Fig4 and Vac14 

global mutants. This suggests either that neurodegeneration requires 
more time to unfold (P10 vs. P21 for the global mutants) or that intact 
Fig4 expression in oligodendrocytes and/or microglia stabilizes synap
ses in the face of neuronal Fig4 loss. Regardless, these observations show 
that deletion of Fig4 only in astrocytes and neurons is sufficient to 
initiate neuroinflammation and impede myelination.

2.5. Many of the dysregulated proteins in the mutant brain are associated 
with well-known neurodegenerative disorders and autoimmune diseases

A number of the proteins whose abundance was significantly altered 
in the brains of the mutant mice are associated with one or more of 
several classes of neurological disease: lysosomal storage disorders 
(LSDs); Charcot-Marie-Tooth neuropathies; Alzheimer's disease; Par
kinson's disease and/or Lewy Body Dementia; ALS with or without 
frontotemporal dementia (FTD); and interferonopathies (see Table 1). 
Here we highlight a few of the most interesting findings, focusing on 
proteins in our mutant mice that were significantly dysregulated and 
whose genes are known to be mutated in human diseases.

Among the LSD-associated proteins was Progranulin, whose encod
ing gene Grn is mutated in neuronal ceroid lipofuscinosis (Kao et al., 
2017) as well as in frontotemporal dementia (FTD) (Pottier et al., 
2018; Yu et al., 2010) and Parkison disease (Reho et al., 2022). 

Fig. 3. Loss-of-function mutations in Fig4 and Vac14 perturb the brain transcriptome similarly. 

a) Volcano plot from Fig4 mutant cortex at age P21. Following extraction of total RNA from the cortex of P21 mice, depletion of ribosomal RNA, library preparation 
and cDNA sequencing, reads were aligned reads and DESeq2 (Love et al., 2014) was used for differential analysis and computation of adjusted p-values. The false 
discovery rate (FDR) threshold was <0.05.

b) RNAseq analysis of Vac14 mutant cortex at age P21.
c) Principal component analysis (PCA) of biological replicates of RNAseq data from Fig4 mutant cortex.
d) PCA of RNAseq data from Vac14 mutant cortex.
e) Fraction of significantly dysregulated transcripts that overlap in RNAseq datasets for the two mutants.
f) f-h) GO analysis of biological processes for upregulated transcripts.
g) i-j) GO cellular component for downregulated transcripts.

Table 1 
Proteins whose abundance is significantly altered in the brain of Fig4 plt/plt 

and/or Vac14 L156R/L156R mice at age P25 and whose encoding genes are 
mutated in the indicated neurodegenerative diseases. Bolded entries appear in 
more than one disease category. Underlined entries were significantly different 
(adjusted p-value <0.05) in proteomics data from both mutants; other proteins 
were significantly elevated or depleted just in the Fig4 mutant.

Human Disease Category Disease-associated proteins significantly altered in the 
P25 mutant brain

LSDs Increased: Arsa, Arsb, Asah1, Ctsa, Ctsc, Ctsd, Ctsk, 
Fuca1, Gaa, Galc, Galns, Gba1, Gla, Glb1, Gm2a, Gns, 
Grn, Gusb, Hexa, Hexb, Hgsnat, Idua, Lamp2, Lipa, 
Man2b1, Manba, Mcoln1, Mfsd8, Naga, Naglu, Npc1, 
Npc2, Ppt1, Psap, Sgsh, Slc17a5, Sumf1, Tpp1 
Decreased: Dnajc5, Fig4, Smpd1

Charcot-Marie Tooth Increased: Aars1, Atp7a, Bag3, Hint1, Litaf, Lmna, Sbf2, 
Rab7a, Sord, Sptlc1 
Decreased: Atp1a1, Bscl2, Fig4, Gdap1, Inf2, Mfn2, 
Mtmr2, Nefl, Sbf1

Alzheimer Increased: Abi3, Apoe, Casp7, Cd2ap, Clu, Cnn2, Gab2, 
Grn, Inpp5d, Lrp6, Lrp10, Ms4a4a, Plcg2, Psen2, Rin3, 
Sorl1, Sqstm1, Tmem106b, Trem2 
Decreased: Bin1, Doc2a, Mef2c, Vps13c

Parkinson, Lewy Body 
Dementia

Increased: Atp13a2, Dzip1, Gba1, Grn, Lrp10, Rab32, 
Syt11 
Decreased: Fbxo7, Nsf, Snca, Stk39, Unc13b, Vps13c

ALS, Frontotemporal 
Dementia

Increased: Ang, Ctsc, Hnrnpa2b1, Gle1, Glt8d1, Grn, 
Lrp10, Optn, Pon2, Pon3, Prph, Spg11, Sptlc1, Sqstm1 
Decreased: Atxn1, Atxn2, Chchd10, Dao, Erbb4, Fig4, 
Hnrnpa1, Mobp, Nefh, Nipa1, Sarm1, Sod1, Tuba4a, 
Vapb, Wdr7

Interferonopathy Increased: Adar, Ddx58, Ifih1, Isg15, Pola1, Psmb8, 
Rnaseh2c, Samhd1, Trex1 
Decreased: Lsm11
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Fig. 4. Multiple disease-relevant lysosomal proteins are elevated in the Fig4 and Vac14 mutant brain. 

a) Significantly elevated lysosomal proteins (adjusted p-value <0.05) detected using TMT-MS. Many of these are associated with the microglial lineage, others are 
membrane proteins, substrates or luminal enzymes.

b) Immunohistochemistry (IHC) of Apoe in formalin-fixed paraffin embedded cortex of Fig4 mice at age P25.
c) Apoe IHC in the P25 cerebellum.
d) Bar graph depicting the scaled abundance of significantly elevated lysosomal proteins detected using TMT-MS in the Vac14 mutant brain.
e) Abundance of galectins as detected by TMT-MS. Asterisks signify proteins which are significantly elevated at P25 (adjusted p-value <0.05).
f) Abundance of galectins 1 and 3 in the Vac14 mutant, both of which are significantly increased at the late timepoint.
g) Abundance of cathepsin proteins in the Fig4 mutant. Asterisks signify proteins which are significantly elevated at P25.
h) Abundance of cathepsins in the Vac14 mutant.
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Similarly, mutations in glucosylceramidase beta 1 (encoded by Gba1 in 
mice and GBA in humans) cause the LSD Gaucher disease and represent 
a major risk factor for Parkinson's disease (Sidransky et al., 2009). 
Dozens of other lysosomal proteins were significantly elevated in pro
teomic analyses of the Fig4 mutant brain, several of which are associated 
with the microglial lineage (including myeloperoxidase/Mpo, Cd63, 
Cd68), while others are membrane proteins (Lamp1, Glmp, Tcirg1, 
Vamp8, Scarb2/Limp2) or macroautophagy substrates (Sqstm1/p62) 
(Fig. 4a). Apoe, whose APOE e4 allele in humans predisposes carriers to 
develop Alzheimer's disease (Chen et al., 2025), was elevated in prote
omics and verified by immunohistochemistry (IHC) in the cortex and 
cerebellum of Fig4 mutant mice (Fig. 4b,c). Several of the same lyso
somal proteins were elevated in the brain of Vac14 L156R/L156R mice 
(Fig. 4d, Table 1). To confirm that lysosome-derived organelles are 
overabundant, we tested activity toward nitrophenol-labeled β-galac
tose, β-glucuronide or β-hexose (substrates broken down by the lyso
somal hydrolases β-galactosidase, β-glucuronidase and 
β-hexosaminidase, respectively) and found it increased in lysates from 
the mutant brain (Extended Data Fig. 6a). Multiple members of the Li
poprotein receptor-related protein family, which transport extracellular 
ligands to lysosomes for degradation, were also elevated in the Fig4 
mutant brain. Among these, Lrp4 and Lrp6 are known to regulate syn
apse function and maintenance (Buechler and Salinas, 2018; Chen et al., 
2024) (Extended Data Fig. 6b). Mutations in Lrp10, the most signifi
cantly elevated member of this class, underlie genetic forms of ALS, 
Parkinson's disease, and dementia with Lewy bodies (LBD) (Quadri 
et al., 2018) (Table 1). Lrp10 also regulates trafficking of Amyloid 
Precursor protein, whose cleavage products produce the amyloid-beta 
peptides that accumulate in the hallmark plaques of Alzheimer's dis
ease (Brodeur et al., 2012).

Five members of the galectin protein family, which are involved in 
cell-cell interactions, suppressing immune activation, and apoptosis, 
among other functions (Liu and Stowell, 2023), were significantly 
elevated in the Fig4 mutant brain (Fig. 4e). Lgals1 and Lgals3 were also 
elevated in the Vac14 mutant (Fig. 4f). Lgals3 senses lysosomal integrity 
and is recruited to damaged lysosomal membranes (Jia et al., 2020), 
indicating that perturbation of PI(3,5)P2 activates galectin-mediated 
surveillance pathways. This observation accords with a recent study 
showing that the PIKfyve complex promotes lysosomal repair 
(Kutchukian et al., 2025). The highly elevated Gpnmb is also a 
biomarker of lysosome dysfunction (Van Der Lienden et al., 2018) 
(Fig. 4a,d). Eight out of eleven detected Cathepsins were elevated in the 
Fig4 mutant brain (Fig. 4g), seven of which were also overabundant in 
the Vac14 mutant (Fig. 4h). Cathepsins are lysosomal proteases that 
promote clearance of aggregated proteins and influence microglial- 
mediated neuroinflammation (Lewandowski et al., 2025). Transcripts 
encoding multiple Cathepsins were elevated in RNAseq data from the 
Fig4 and the Vac14 mutant cortices (Extended Data Fig. 6c). Induction of 
galectins, lysosome-associated membrane protein 2 (Lamp2) as well as 
several cathepsins was also observed RNAseq analysis of the brain of 
Fig4 f/f,Nes-cre mice, indicating that Fig4 loss in just neurons and as
trocytes is sufficient to upregulate expression of essential lysosomal 
genes (Extended Data Fig. 6d,e).

2.6. Neuroinflammation takes place early in the context of PI(3,5)P2 
insufficiency

An unexpected finding from proteomic and transcriptomic profiling 
was the early appearance of a heightened immune response in the brain 
of Fig4 and Vac14 mutant mice (Fig. 5a,b). Even at the early timepoint, 
several components of the innate immune response were already highly 
elevated—Oasl1a and Oasl2 (members of the 2–5-Oligoadenylate 
synthetase-like family, proteins required for the antiviral activity of 
interferons (Chebath et al., 1987)) and Bst2/Tetherin (Fig. 5a), as were 
components of the Major Histocompatibility Complex (MHC) class 1 
(H2-K1 and H2-D1) and MHC class 2 (H2-Eb1) (Fig. 5c). MHC proteins 

play multiple roles in neurophysiology (Cebrian et al., 2014; Elmer and 
McAllister, 2012; Nardo et al., 2016), but their abundance here may 
reflect the cell's attempt to compensate for impaired lysosome function: 
a specific version of the proteasome organelle known as the immuno
proteasome facilitates proteolysis and antigen presentation via MHC 
class I, and the three proteasome subunits that were overly 
abundant—Psmb8 (Lmp7, β5i catalytic subunit, also elevated in Vac14), 
Psmb9 (Lmp2, β1i catalytic subunit) and Psmb10 (Mecl1, β2i catalytic 
subunit) (Fig. 5d, e) — are present specifically in the immunoprotea
some (Murata et al., 2018). As is often the case, however, compensatory 
mechanisms can lead to further pathogenesis: neuronal expression of 
immunoproteasome-specific subunits promotes neurotoxicity during 
neuroinflammation by causing overexpression of the central metabolic 
regulator Pfkfb3 (Woo et al., 2025), which was elevated in the Fig4 
mutant brain at P25 (Extended Data Fig. 6d). The Fig4 mutant brain also 
showed elevation of the Sting1 and Ddx58 components of the afore- 
mentioned cGAS-STING pathway, innate immune regulators that 
detect the presence of cytosolic DNA from mitochondria or nuclei un
dergoing lysis (Huang et al., 2023; Paul et al., 2021) (Fig. 5f). These 
proteomic signatures of immune activation are consistent with our 
transcriptomic data from the brains of both global Fig4 and Vac14 mu
tants showing upregulated expression of the complement cascade, 
which amplifies the response to pathogens and damaged cells. Of its 
constituent ~40 proteins, 16 components of the classical pathway were 
highly induced, including C1qa, C1qb, C1qc and C3, which mediate 
synapse loss in Alzheimer models (Hong et al., 2016) (Extended Data 
Fig. 7). Loss of Fig4 specifically in neurons and astrocytes of Fig4 f/f,Nes- 
cre mutant mice stimulated components of MHC classes 1 and 2, the 
immunoproteasome (Psmb8 and Psmb9), the classical complement 
cascade (Extended Data Fig. 8a-c), and interferon-response pathways 
(Extended Data Fig. 8d). These findings indicate that innate immune 
activation and interferon signaling contribute to the pathogenesis of 
neurodegeneration in the context of insufficient PI(3,5)P2.

We also found massively induced expression of the chemokines 
Cxcl9, Cxcl10 and Cxcl11, which promote T-cell trafficking into the 
brain during neuroinflammation (Müller et al., 2010) (Fig. 5g). T-cells, 
and the adaptive immune system more broadly, have recently garnered 
attention as pathogenic drivers in Alzheimer's disease based upon the 
observation that they congregate in regions of tau accumulation and T- 
cell depletion ameliorates neurodegeneration in mouse models (Chen 
et al., 2023). To determine whether T-cells also infiltrate parenchyma 
of the PI(3,5)P2 deficient mutant brain, we performed immunohisto
chemical staining with the T-cell marker CD3, which revealed many 
positive cells in multiple regions of the brain of Fig4 mutant mice at age 
P21 (Fig. 5h). Aggregated CD3-positive cells surrounded zones of 
spongiform neurodegeneration in the Vac14 mutant (Fig. 5i), and T-cells 
could be seen transmigrating through vessel walls (Fig. 5j). Thus, our 
results provide an additional neurodegenerative context in which the 
adaptive immune system contributes to neuroinflammation.

In such a profoundly inflammatory environment, it is perhaps not 
surprising that metallothioneins were among the most highly elevated 
proteins in the Fig4 mutant brain (Fig. 5k). Apart from binding heavy 
metals to facilitate their clearance via lysosomes, metallothioneins have 
roles in antioxidant defense, neuroprotection, and glial reactivity, so 
their upregulation in the Fig4 mutant model likely represents a 
compensatory response under conditions of chronic cellular stress 
(Bolognin et al., 2014; Nakamura et al., 2018; Pedersen et al., 2009).

2.7. Microglia and peripheral myeloid cells promote a neuroinflammatory 
oxidative state

The prominence of early neuroinflammation prompted us to directly 
examine the function of microglia, resident innate immune cells in the 
central nervous system. Transcriptomic data from the brain of global 
Fig4 and Vac14 mutant mice showed a striking elevation of mRNAs 
encoding the chemokines Ccl2, Ccl3, Ccl4 and Ccl5, which are expressed 
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by microglia to recruit leukocytes during neuronal injury (Babcock 
et al., 2003) (Fig. 6a). Proteomics data showed elevation of multiple 
microglia markers, including Ptprc (CD45, leukocyte common antigen), 
Aif1 (Iba1), Itgam (CD11b) and Trem2, in the Fig4 mutant brain 
(Fig. 6b). CD45 and Cd11b were also elevated in the Vac14 mutant brain 
(Fig. 6c). Toll-like receptors 2, 3 and 7, which are abundant microglial 
cell-surface receptors (Kumar, 2019), were overabundant at the P25 
timepoint in the mutant brain (Fig. 6d). Antibody staining of Iba1 
showed severe microgliosis in the cortex of the Fig4 global mutant 
(Fig. 6e). Iba1 staining was also increased in the hippocampal formation 
and cortex of mice with mutation of Vac14, while CD11b staining 
revealed microgliosis in the periaqueductal gray matter (Fig. 6f,g). 
Staining of Trem2, mutation of which is a risk factor for Alzheimer's 
disease and whose expression is linked to disease-associated microglia 
(Andersson-Rolf et al., 2017), in Fig4 and Vac14 mutant brains high
lights the activation and proliferation of microglia (Fig. 6h).

Next we used fluorescence-activated cell sorting (FACS) to analyze 
immune cells in the brain. A gating strategy based upon the abundance 
of CD45 and CD11b separated microglia from peripheral myeloid cells, 
which infiltrate the parenchyma of the brain in conditions of severe 
inflammation (Kodosaki et al., 2024) (Fig. 6i, Extended Data 9a). 
Myeloid cells were rare in the control brain but much more populous in 
the Fig4 mutant brain, such that by age P18 there was an inversion in the 
microglia/myeloid ratio, with microglia constituting just 24.1% of 
CD45-positive cells and myeloid cells nearly 50% (Fig. 6j,k).

Neuroinflammation is often accompanied by elevation of reactive 
oxygen species (ROS), which exacerbates neurotoxicity by damaging 
organelles and macromolecules. We measured ROS in microglia using 
DCFDA (2′,7′-dichlorodihydrofluorescein diacetate), a cell-permeable 
fluorogenic probe. Counting microglia that exceeded our fluorescence 
intensity threshold, we observed many more ROSHI microglia in the Fig4 
mutant brain at age P18, when around half of microglia exceeded the 
threshold (Fig. 6l-n). The intensity of DCFDA fluorescence was also 
shifted higher on average at the population level in mutant microglia 
(Fig. 6o).

To determine if similar phenotypes in microglia could arise following 
conditional Fig4 loss in neurons and astrocytes, we also examined 
microglia and myeloid cells from the brain of Fig4 f/f,Nes-cre mice at age 
P10. Infiltrating myeloid cells were more abundant in the mutant brain, 
but the effect was modest (Extended Data Fig. 9b). Microglia (which do 
not utilize the Nestin promoter and therefore should maintain Fig4 
expression) also exhibited an increase in DCFDA fluorescence and the 
fraction of cells with high ROS, suggesting this phenotype is at least 
partly non-cell autonomous (Extended Data Fig. 9c-e).

To gain insight into microglial dysfunction in the Fig4 mutant brain, 
we isolated these cells to profile their transcriptome. PCA performed on 
RNAseq data at age P18 clustered samples according to genotype along 
principal component 1, which accounted for 73% of the variation be
tween samples (Fig. 6p and Supplementary Table 6). Among the 13,268 
detected transcripts, 1681 were significantly elevated and 1521 

significantly depleted, indicating pervasive derangement of the tran
scriptional state of microglia (Fig. 6q). Interferon-response genes were 
much more highly expressed in mutant microglia. Interestingly, Irf7 
expression was highly elevated, whereas expression of Irf3 was not 
(Fig. 6r,s). Both Irf7 and Irf3 encode transcription factors involved in the 
innate immune response, particularly the production of type I in
terferons and interferon-stimulated genes (Jefferies, 2019). Therefore, 
loss of Fig4 provokes a specific pattern of transcriptional changes driven 
at least in part by Irf7 but not Irf3. Microglial expression of the Cxcl10 
receptor was also upregulated, a phenomenon that occurs in response to 
brain injury or infection (Müller et al., 2010) (Fig. 6t).

Examination of the transcriptome of microglia isolated from the 
brain of Fig4 f/f,Nes-cre mice at by PCA separated the two genotypes 
along the first principal component (Extended Data Fig. 9f and Sup
plementary Table 7). Among the 11,815 transcripts detected, 343 were 
significantly upregulated with 137 downregulated—far fewer than in 
the Fig4 global mutant (Extended Data Fig. 9g). These findings indicate 
that changes in the transcriptional state of microglia originate from both 
cell-intrinsic and cell-extrinsic effects of Fig4 mutation.

Finally, we examined the transcriptome of Fig4 mutant microglia 
within previously defined gene sets that are upregulated in response to 
severe neuroinflammation in the experimental autoimmune encepha
lomyelitis (EAE) model (Mendiola et al., 2020). These genes fall into 
three pathways—oxidative stress, lysosome & lipid, and type I inter
feron. Most of these transcripts were elevated in the transcriptome of 
microglia isolated from the brain of Fig4 plt/plt at ages P12 and P26, with 
greater elevations at the later timepoint, particularly for genes related to 
interferon signaling (Extended Data Fig. 10a-c and Supplementary Ta
bles 8 and 9). The fact that the same pathways were also induced in Fig4- 
expressing microglia isolated from the brain of Fig4 f/f,Nes-cre mice 
confirms that loss of Fig4 solely in neurons and astrocytes has non-cell- 
autonomous effects on microglia (Extended Data Fig. 10d-f).

2.8. Mutation of Fig4 or Vac14 causes inflammatory cell death in the 
brain

After transcriptomic and proteomic analyses revealed multiple con
nections between lysosome dysfunction and immune activation during 
neurodegeneration, we wondered whether these datasets could also 
shed light on whether inflammation played a role in cell death. Prote
omic data identified several molecules related to the tumor suppressor 
p53 that were elevated at the late stage in the Fig4 mutant brain 
(Fig. 7a). The p53 transcript itself (encoded by the Trp53 gene in mice) 
was overexpressed in the cortex of both the Fig4 and Vac14 global mu
tants (Fig. 7b). Although p53 was not detected in our proteomics data, 
we could detect p53 in brain lysates by immunoblot, where p53 
degradation products accumulated in the brain of Fig4 mutants at P25 
(Fig. 7c and Extended Data Fig. 11a). Fractionation of brain lysates into 
detergent-soluble (supernatant) and insoluble (pellet) fractions 
demonstrated that p53 degradation products accumulated over time, 

Fig. 5. Inflammatory proteins are highly elevated early on in the Fig4 and Vac14 mutant brains. 

a) Bar graph showing significantly elevated immune-related proteins in the Fig4 mutant at age P25, as measured by TMT-MS. Multiple members of the Ifit class 
(Interferon Induced proteins with Tetratricopeptide repeats), including Ifit1, Ifit2, Ifit3 and Ifitm3 were highly elevated in the Fig4 mutant brain at the late 
timepoint

b) Significantly elevated immune-related proteins in the Vac14 mutant brain at age P25.
c) Major histocompatibility complex (MHC) proteins that are significantly elevated in the Fig4 mutant brain at age P25.
d) Abundance of components of the 20S proteasome. Asterisks mark significantly elevated proteins in the Fig4 mutant brain at age P25. Immunoproteasome com

ponents appear in bold font.
e) Abundance of the immunoproteasome component Psmb8 in the Vac14 mutant.
f) Abundance of cGAS-STING components, which control innate immune activation in the brain, which are significantly elevated in the Fig4 mutant brain at age P25.
g) Significantly elevated metal-binding metallothionein proteins in the Fig4 mutant brain.
h) Abundance of transcripts encoding inflammatory chemokines, as determined by RNAseq.
i) IHC detection of the pan-T-cell marker CD3 in the Fig4 mutant. T-cells are exceptionally rare in the brain of unaffected mice.
j) CD3 IHC in the Vac14 mutant.
k) T-cells entering by transmigrating through a blood vessel.
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becoming much more abundant in the Fig4 mutant brain at the late stage 
of neurodegeneration (Fig. 7d and Extended Data Fig. 11b-e). p53 
immunoreactivity was enriched in the insoluble fraction that was also 
enriched for the astrocyte marker GFAP and the autophagy substrate 
Sqstm1/p62. p53 IHC in the hippocampal formation of Fig4 mutants 
highlighted nuclei of cells whose location and cytomorphology indi
cated reactive astrocyte identity (Fig. 7e). p53-positive cells were also 
observed in the cortex of Vac14 mutant mice at age p25 and Fig4 f/f,Nes- 
cre mice at age P10 (Fig. 7f,g). The number of p53-positive nuclei was 
elevated in the cortex of Fig4 plt/plt global and Fig4 f/f,Nes-cre conditional 
mutants at ages P25 and P10, respectively (Fig. 7h,i). p53 positivity was 
exceedingly rare in the control brain, as these timepoints are well past 
the window when p53 participates in normal neurodevelopmental 
apoptosis (Miller et al., 2000).

The presence of Fas Receptor (Fas) on the surface of a cell can initiate 
cell-extrinsic apoptosis when it binds to its ligand FasL, which is typi
cally expressed by activated astrocytes and microglia (Choi and 
Benveniste, 2004). The abundance of the Fas protein was elevated in 
the Fig4 global mutant (Fig. 7a), and RNAseq demonstrated greater 
abundance of Fas transcript in both the Fig4 and Vac14 global mutants 
than in controls (Fig. 7j). IHC detection of Fas in the hippocampus of the 
Fig4 global mutant highlighted many positive cells (Fig. 7k). We also 
observed striking increases in Fas staining in the corpus callosum, cortex 
and hippocampal formation of Fig4 f/f,Nes-cre mice, with many cells 
exhibiting cytomorphologic features characteristic of astrocytes 
(Fig. 7l). These findings implicate p53 and Fas in cell death due to 
lysosome dysfunction in the setting of Fig4 mutation.

Proteomics analysis of the Fig4 plt/plt global mutant brain demon
strated elevation of Caspases 1 and 8 (Casp1 and Casp8), which are 
associated with inflammatory cell death (Ai et al., 2024) (Fig. 7m). Fas 
recruits FADD (Fas-associated via death domain) to activate Casp8, 
which initiates the extrinsic apoptosis cascade. Casp8 promotes the as
sembly and stabilization of inflammasome complexes, which contribute 
to Casp1 activation. Inflammatory caspases 4 and 12 were also elevated 
in transcriptomic analyses of the Fig4 and the Vac14 mutant brain 
(Fig. 7n). Activation of Casp1 and Casp8 causes cleavage of Gasdermin D 
(Gsdmd), which was also elevated in proteomic and transcriptomic an
alyses (Fig. 7o,p). Cleaved Gsdmd promotes pore formation, membrane 
permeabilization and lytic cell death, typically in response to inflam
mation (Broz et al., 2020). Ripk1 (Receptor-Interacting serine/ 
threonine-protein Kinase 1) and, to a lesser degree, Ripk2 and Ripk4 
were all elevated in the Fig4 mutant brain (Fig. 7q). Ripk1 is a central 
molecular hub that regulates the decision to undergo cell death via 
apoptosis or necroptosis (Mitroshina et al., 2023), in addition to inciting 

microglial activation in models of Alzheimer's disease (Ofengeim et al., 
2017). Finally Zbp1, the innate immune sensor and upstream trigger of 
RIPK-dependent necroptosis was also highly elevated in the Fig4 mutant 
brain (Fig. 7r). Coordinated elevation of these molecular mediators of 
cell death reveal that PI(3,5)P2 insufficiency leads to a pattern of neu
roinflammation and neurodegeneration that is similar to, but more se
vere and earlier acting, than observed in other types of 
neurodegenerative diseases.

3. Discussion

In this study, we identify multiple pathways that are dysregulated by 
perturbation of the PIKfyve complex in the brain. Although dysfunction 
of the PIKfyve complex reduces both PI(3,5)P2 and PI5P (Rivero-Ríos 
and Weisman, 2022), we focus our discussion on PI(3,5)P2 because its 
molecular functions, and therefore its pathogenic contributions, are 
better established (Hasegawa et al., 2017; Ho et al., 2012). However, the 
roles of PI5P in nuclear signaling, autophagy induction, and regulation 
of growth factor receptor trafficking (Hasegawa et al., 2017) indicate 
that PI5P reduction very likely contributes to several of the phenotypes 
we document.

A major mechanism by which PI(3,5)P2 controls lysosome function is 
by directly modulating the activity of lysosomal ion channels and 
transporters. For instance, PI(3,5)P2 binding to TRPML1 (transient re
ceptor potential mucolipin-1 channel encoded by Mcoln1) gates calcium 
release from lysosomes to coordinate membrane fusion, 
autophagosome-lysosome docking, and lysosomal exocytosis (Chen 
et al., 2017; Dong et al., 2010; Gan et al., 2022). PI(3,5)P2 also con
trols flux through the two-pore sodium channels TPC1 and TPC2, whose 
activity helps regulates vesicle shrinkage to control lysosome volume 
(Freeman et al., 2020; She et al., 2018; Wang et al., 2012), which is 
perturbed by PI(3,5)P2 dysregulation. More recently, PI(3,5)P2 was 
shown to inhibit the lysosomal Cl− /H+ antiporter ClC-7, thus PI(3,5)P2 
regulates lysosomal acidification (Cao et al., 2023; Leray et al., 2022). 
Remarkably, loss-of-function mutations in Clcn7 (encoding ClC-7) cause 
a multisystem disorder featuring lysosomal neurodegeneration and 
albinism (Bose et al., 2023; Leray et al., 2022; Nicoli et al., 2019), 
recapitulating key aspects of Fig4 loss in mice. PI(3,5)P2 also activates 
the lysosomal ion transporter ATP13A2, which is implicated in Parkin
son's disease (Holemans et al., 2015). Therefore, the lysosomal chan
nelopathy resulting from PI(3,5)P2 insufficiency is likely to be 
multifactorial, simultaneously compromising flux of multiple essential 
cations and anions.

The most striking and unexpected discovery in this study was the 

Fig. 6. Mutant microglia adopt a pro-oxidative inflammatory state. 

a) Abundance of transcripts encoding inflammatory chemoattractant chemokines, as determined by RNAseq.
b) Significantly elevated microglial proteins in the Fig4 mutant, as detected using TMT-MS.
c) Elevated microglial proteins in the Vac14 mutant.
d) Toll-like receptor proteins in the Fig4 mutant.
e) IHC detection of the microglial marker Iba1 in the cortex at age P25.
f) Iba1 IHC in the Vac14 mutant hippocampal formation and cortex at P25.
g) CD11b IHC in the periaqueductal gray matter of Vac14 mutant at P25.
h) Trem2 IHC highlighting activated microglia in the thalamus of Fig4 and Vac14 mutants at age P25.
i) Flow cytometry analysis of microglia and infiltrating myeloid cells in the Fig4 mutant brain at age P18.
j) Fraction of microglia over time in the Fig4 mutant brain. p-value by Welch's t-test.
k) Fraction of infiltrating myeloid cells over time in the Fig4 mutant brain. p-value by Welch's t-test.
l) Stratification of microglia from the P18 brain into ROSHi and ROSLo populations based upon the intensity of the ROS reporter DCFDA.

m) Fraction of ROSHi microglia at the indicated ages. p-value by Welch's t-test.
n) Mean DCFDA fluorescence intensity within microglia isolated at the indicated ages. p-value by Welch's t-test.
o) Histograms depicting DCFDA fluorescence at the population level.
p) Principal component analysis of RNAseq data from isolated microglia.
q) Volcano plot of RNAseq data from microglia isolated at age P18.
r) Genome browser view of Irf7 RNA-seq data from microglia isolated at P18.
s) Irf3 gene.
t) Cxcl10 gene.
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severity of early neuroinflammation in these models. Neuro
inflammation has complex, context-dependent and incompletely un
derstood roles in neurodegeneration. During neuronal injury, regulated 
inflammation initially protects neurons from further damage. Chronic 
stimulation, however, as occurs in the most common forms of neuro
degeneration (e.g., Alzheimer, Parkinson, and ALS), eventually deranges 
injury-responding glia (Shi and Yong, 2025), causing further neuro
inflammation and perpetuating a vicious cycle that exacerbates and 
spreads injury (Dokalis and Prinz, 2019). In the case of diseases resulting 
from mutations in FIG4 or VAC14, our data indicate that early neuro
inflammation, coinciding with (or possibly contributing to) the failure of 
normal developmental maturation, initiates the conditions that lead to 
chronic inflammation and eventual cell death. The intensity of early 
neuroinflammation in Fig4 and Vac14 mutant mouse models connects 
lysosome dysfunction with pathologic immune activation in the brain. 
We previously demonstrated massive astrogliosis in these mutants 
(Ferguson et al., 2009); here we show that mutation of Fig4 or Vac14 also 
causes profound microgliosis, and microglia in the Fig4 mutant brain 
adopt a markedly pro-inflammatory, pro-oxidative state. Lysosome 
dysfunction increases ROS generation (Nakanishi and Wu, 2009), which 
is increasingly recognized as pathologic driver in diverse forms of neu
rodegeneration (Angelova and Abramov, 2018). The observation that 
microglia from Fig4 f/f,Nes-cre mice also adopt a pro-inflammatory 
transcriptome accompanied by increased ROS indicates that this 
phenotype has a non-cell autonomous component resulting from Fig4 
loss in neurons and/or astrocytes. In the global mutants, secretion of 
chemokines (likely originating from astrocytes and microglia) triggered 
parenchymal infiltration of not only peripheral myeloid cells but also T- 
cells, implicating the adaptive as well as innate immune system in 
pathogenesis and providing an additional setting in which T-cells 
contribute to neurodegeneration.

The observation that p53 accumulates in the brain of both Fig4- and 
Vac14-mutants provides the first evidence that mutations in the PIKfyve 
complex alter the abundance of any nuclear protein, although this effect 
could be indirect rather than a consequence of impaired lysosomal p53 
degradation. Increased p53 occurs in conjunction with upregulation of 
several mediators of inflammatory cell death, including Fas receptor, 
inflammatory caspases 1 and 8, Ripk1, Zbp1 and Gasdermin D, which 
collectively reflect the consequences of unrestrained immune activation. 
Both Zbp1 and the highly upregulated cGAS-STING component Ddx58/ 
RIG-I normally bind to cytoplasmic nucleic acids, as occurs during viral 
infection, but in the context of our mutants these factors are likely 
responding to cytoplasmic nucleic acids released by nuclei undergoing 
lysis.

The relationship between lysosomal dysfunction and cGAS-STING 
activation in the PI(3,5)P2-deficient brain is likely to be multifaceted 
and self-amplifying. First, lysosomal membrane damage and leakage of 
lysosomal contents (probably including nucleic acids from partially 
degraded mitochondria) into the cytoplasm is expected to engage the 
cGAS sensor and initiate STING-dependent interferon signaling (Huang 
et al., 2023; Paul et al., 2021). Our observation that lysosomal integrity 
surveillance proteins such as galectin-3 are highly elevated in the 
mutant brain, couple with the PIKfyve complex's role in promoting 
lysosomal repair (Kutchukian et al., 2025), indicates that lysosomal 
membrane damage follows PI(3,5)P2 insufficiency. Second, severe 
mitochondrial oxidative stress in mutant microglia would also promote 
mitochondrial DNA release into the cytoplasm, providing an additional 
cGAS-activating stimulus that is distinct from lysosomal damage per se 
(Huang et al., 2023). Third, and most directly relevant to the present 
study, PI(3,5)P2 is an endogenous ligand of STING that promotes its 
oligomerization and activation (Tan et al., 2026). Perturbation of PI(3,5) 
P2 could therefore dysregulate STING activation independently from 
nucleic acid sensing. Fourth, arginase 1 (Arg1), which ranks among the 
most highly elevated proteins proteome of the Fig4 mutant brain, was 
recently shown to drive remodeling of mitochondrial cristae and release 
of mitochondrial DNA via a cGAS-STING-dependent mechanism 
following vascular dysfunction (She et al., 2025). Elevation of Arg1 in 
the PI(3,5)P2-deficient brain could therefore amplify the interferon 
response. These convergent mechanisms suggest that cGAS-STING 
overactivation is an organizing central hub of the pathological inflam
matory state in the PI(3,5)P2-deficient brain. This mechanistic insight 
raises the possibility that cGAS-STING inhibitors, currently under 
investigation for common neurodegenerative diseases, may be particu
larly warranted to evaluate as therapeutic candidates in human diseases 
resulting from mutations in FIG4 or VAC14.

Based upon the above combination of accumulated mediators of cell 
death, we infer that cell death occurs via a multifactorial inflammatory 
process with features of apoptosis, pyroptosis and necroptosis (Ai et al., 
2024). Astrocytes, the primary cells in which lysosomes, p53 and Fas 
accumulate in the Fig4 and Vac14 mutant brain, are central regulators of 
necroptosis during inflammatory, ischemic or degenerative conditions 
in the brain (Mitroshina et al., 2023). The observation that iron-binding 
metallothionein proteins are elevated in the setting of a highly oxidative 
environment, combined with previous studies showing that PI(3,5)P2 
controls iron release from the endolysosomal channel TRPML1 (Chen 
et al., 2017; Dong et al., 2008), suggests that ferroptosis (Fei and 
Ding, 2024) could also occur in the brain of Fig4 and Vac14 mutants. 
Sorting out whether all these forms of cell death occur across the mutant 

Fig. 7. Mutation of Fig4 and Vac14 causes multifactorial cell death of inflammatory etiology. 

a) Abundance of significantly elevated p53-related proteins as detected by TMT-MS.
b) Normalized abundance of the Trp53 transcript, as detected by RNAseq, in Fig4 or Vac14 mutant brain at age P21
c) Immunoblot detection of p53 in lysates prepared from replicates of the brain at age P25. Smaller bands likely represent partial degradation products.
d) Immunoblot detection of p53, p62, GFAP and GAPDH at P5 and P25. Total brain lysates were fractionated to generate detergent soluble and insoluble fractions. 

p53
e) IHC in the Fig4 mutant hippocampus. p53 localizes to cells with cytomorphologic features of astrocytes.
f) p53 IHC in the Vac14 mutant cortex.
g) p53 IHC in the cortex of Fig4 f/f,Nes-cre at P10.
h) Quantitation of p53 positive cells in the Fig4 mutant cortex at age P25. p-value by unpaired two-tailed t-test.
i) Quantitation of p53 positive cells in the cortex of Fig4 f/f,Nes-cre. p-value by unpaired two-tailed t-test.
j) Normalized abundance of the Fas transcript in the Fig4 and Vac14 mutants, as measured using RNAseq.
k) Fas receptor IHC in the hippocampal formation of the Fig4 mutant.
l) Fas IHC in multiple brain regions of the Fig4 f/f,Nes-cre.

m) Abundance of Caspase proteins in the Fig4 mutant as detected by TMT-MS. Significantly elevated proteins are marked by asterisks. Caspases 1 & 8 are spe
cifically associated with inflammatory cell death.

n) Normalized abundance of Caspase transcripts as measure by RNAseq in P21 cortex.
o) Abundance of Gasdermin proteins in the brain.
p) Normalized abundance of Gasdermin transcripts as measure by RNAseq in P21 cortex.
q) Abundance of Ripk proteins in the brain.
r) Abundance of Zbp1, an upstream activator of Ripk proteins in the brain.
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brain or whether specific cell death pathways favor particular brain 
regions or cell types will require additional experimentation in cell- 
specific conditional mutants.

In sum, we have identified multiple pathogenic mechanisms of 
neurodegeneration caused by impaired synthesis of lysosomal signaling 
lipids. Recent work on Alzheimer's disease, Parkinson's disease, and 
other neurodegenerative conditions has begun to tease out the influence 
of PI(3,5)P2 insufficiency on the pathogenesis of these diseases, but, 
understandably, the focus has been on the canonical lysosomal degra
dative functions. Our observations greatly expand the scope of PI(3,5)P2 
effects by shedding light on the relationship between lysosomes, neu
roinflammation and cell death. These findings carry relevance not only 
to -FIG4- and VAC14-related human neurodegenerative diseases, but 
also to all forms of neurodegeneration that arise from impaired lyso
somal proteostasis.

4. Methods

4.1. Mice

Animals were cared for in accordance with NIH guidelines. All 
experimental methods were approved by the UCSD Institutional Com
mittee on the Use and Care of Animals under the protocol number 
S20121. The previously described Fig. 4 (Chow et al., 2007) and Vac14 
(Jin et al., 2008) global mutants were maintained as recombinant inbred 
strains by cousin mating. Mutants were generated by crossing hetero
zygotes. The Fig4 f/f,Nes-cre mice were generated by crossing Fig4 f/f 

mice with Fig4 f/+,Nes-cre mice. Fig4 f/f mice were kept separate and 
never exposed to Nes-cre to avoid germline recombination. When used 
in experiments, mice were deeply anesthetized with isofluorane and 
swiftly decapitated.

4.2. Structural analysis

The mouse Vac14-Fig4-PIKfyve complexes in both a 2:1:1 and 1:1:1 
ratio were predicted using AlphaFold 3(Abramson et al., 2024). Models 
were analyzed and fit into cryo-EM density maps (EMD: 22631, EMD: 
22647) using ChimeraX (Lees et al., 2020).

4.3. Transmission electron microscopy

Mice were deeply anesthetized and transcardially perfused with 2% 
paraformaldehyde (Electron Microscopy Sciences #15710) + 2.5% 
glutaraldehyde (Electron Microscopy Sciences #16120) in 0.15 M so
dium cacodylate buffer (Electron Microscopy Sciences #12310) fol
lowed by postfixation in 1% OsO4 (Electron Microscopy Sciences 
#19151) in 0.15 M cacodylate buffer for 1 h on ice. The specimens were 
stained with 2% uranyl acetate (Ladd research #23620) for 1 h on ice, 
following graded dehydration in series of ethanol (50–100%) while 
remaining on ice. The specimens were then subjected to 1 wash with 
100% ethanol and 2 washes with acetone (15 min each) and embedded 
with Durcupan (Sigma-Aldrich #44610-1EA). Sections were cut at 60 
nm on a Leica UCT ultramicrotome, and picked up on 300 mesh copper 
grids (Electron Microscopy Sciences #T300H-Cu). Sections were post- 
stained with 2% uranyl acetate for 5 min and Sato's lead stain (1% 
lead acetate Electron Microscopy Sciences #17600, 1% Lead Nitrate 
(Electron Microscopy Sciences #17900), 1% Lead citrate (Electron Mi
croscopy Sciences #17800) and 2% sodium citrate Electron Microscopy 
Sciences #21140) in water for 1 min. Finally, the sections were observed 
at the UCSD Electron Microscopy Core (UCSD-CMM-EM Core, RRID: 
SCR_022039), or at the Electron Microscopy Unit, Institute of Biotech
nology, University of Helsinki, Finland, using a Jeol 1400 plus operated 
at 80KeV and equipped with a bottom-mounted Gatan One View 
camera.

4.4. Immunofluorescence in frozen sections

Freshly dissected mouse dorsal root ganglia were flash frozen in OCT 
before cutting 10 μm cryosections. Sections were dried at room temp for 
20 min, fixed in fresh 3.2% paraformaldehyde (Pierce) for 20 min, 
permeabilized with 0.2% Saponin and blocked in 10% goat serum. 
Primary rat anti-LAMP-1 (DSHB Cat# 1d4b, RRID:AB_2134500) was 
used at a concentration of 1:500 was applied and sections were incu
bated overnight at 4 degrees in 2% goat serum. Secondary detection was 
carried out using Goat anti-rat antibodies conjugated to Alexa 488 
(Thermo Fisher Scientific Cat# A-11006, RRID:AB_2534074) at di
lutions of 1:1000. 1 μm confocal optical sections were acquired on a 
Zeiss LSM 510-META laser scanning confocal microscope, 3 of which 
were flattened via a maximum intensity Z-projection to generate the 
final images.

4.5. Mouse proteomic sample processing

Mouse brain was extracted and frozen in a dry ice ethanol slurry. 
Brains were then processed using the streamlined TMT labelling proto
col as previously described (Ferguson et al., 2022; Ledvin et al., 2023; 
Navarrete-Perea et al., 2018). Processing included lysis with 8 M urea in 
200 mM EPPS pH 8.5 with protease (Pierce A32953) and phosphatase 
(Pierce A32957) inhibitors, homogenization (Fisher Scientific Tis
suemiser), sonication (Branson Digital Sonifier 450; 40% amplitude 30 s 
on, 30 s off for 4 cycles), reduction with 5 mM TCEP, alkylation with 10 
mM iodoacetamide, and quenching with 5 mM DTT. This was followed 
by methanol/chloroform precipitation of 100 μg of protein, reconstitu
tion in 200 mM EPPS pH 8.5, digestion overnight at 37 ◦C with 1:100 
LysC and 1:100 trypsin. Peptides were labeled by adding anhydrous 
acetonitrile to ~30%, followed by labelling with TMTpro reagent 
(Thermo Scientific). 1% of each labeled sample was combined and 
analyzed unfractionated to ensure labeling efficiency was >97% and 
that the samples are mixed at a 1:1 (total amount) ratio across all con
ditions. After mixing, labeled peptide samples were de-salted using a 
200 mg Sep-Pak cartridge (Waters WAT054925), followed by drying in a 
rotary evaporator. Fig4 mutant samples were reconstituted in 5% ACN 
10 mM ammonium bicarbonate and fractionated using basic pH reverse 
phase chromatography on an Agilent 1260 HPLC system using an Agi
lent 300extend-C18 column (3.5 μm, 4.6 × 250 mm). Peptides derived 
from the Fig4 mutants and controls were then subjected to a 75 min 
linear gradient from 13% to 42% of Buffer B (10 mM ammonium bi
carbonate, 90% ACN, pH 8) at a flow rate of 0.6 mL/min, resulting in a 
total of 96 fractions which were consolidated into 24 by combining (in a 
chessboard pattern) four alternating wells down columns of the 96-well 
plate. 12 samples were desalted via StageTip and resuspended in 5% 
ACN 1% formic acid for analysis on a Thermo Fisher Orbitrap Fusion 
Lumos. Vac14 mutant samples were reconstituted in buffer A (10 mM 
ammonium formate in 3% ACN) and fractionated using basic pH reverse 
phase chromatography on a Gemini C18 column (3 μm, 2 × 50 mm, 110 
Å). Peptides derived from the Vac14 mutants and controls were sub
jected to a 41-min leaned gradient of 0% to 60% Buffer B (10 mM 
ammonium formate in 90% ACN) of 0.5 mL/min resulting in a total of 40 
fractions that were concatenated from every other row in the same 
column into 20 samples. Samples from every other column (a total of 10) 
were desalted via StageTip and resuspended in 1% formic acid for 
analysis on a Thermo Fisher Orbitrap Astral (Vac14 mutant and control).

4.6. Proteomic data collection

Mass spectra for the Fig4 mutants and controls were collected on 
Orbitrap Fusion Lumos mass spectrometer (ThermoFisher Scientific) 
coupled to a nanoEASY-nLC 1200 LC pump (ThermoFisher Scientific). 
Peptides were separated on a 35 cm column (i.d. 100 μm, Accucore, 2.6 
μm, 150 Å) packed in-house using a 90 min gradient (from 5% -30% 
acetonitrile with 0.1% formic acid) at 500 nL/min. Data was collected 
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using a hrMS2 method. MS1 data were collected using the Orbitrap 
(120,000 resolution; maximum injection time 50 ms; AGC 4e5, 
400–1400 m/z). Determined charge states between 2 and 5 were 
required for sequencing and a 120 s dynamic exclusion window was 
used. MS2 scans consisted of higher collision energy dissociation (HCD) 
followed by Orbitrap analysis, with a resolution of 50,000, automatic 
gain control (AGC) 1.5E5, NCE (normalized collision energy) of 36, q- 
value 0.25, maximum injection time 250 ms, and isolation window of 
0.5 Da using a Top10 method.

Mass spectra for the Vac14 mutants and controls were collected on a 
Themo Fisher Orbitrap Astral Mass Spectrometer coupled to an Ultimate 
3000 HPLC. Peptides were separated on a 15 cm 75 μm diameter column 
packed with Ultrapure Silica (2.0 μm, 100 Å) resin (Thermo Fisher 
Scientific) with a 60-min gradient of 5%–25% acetonitrile in 0.1% for
mic acid at a flow rate of 300 nL/min. Data was collected using a hrMS2 
method. Precursors were collected with an orbitrap MS1 spectrum 
(60,000 resolution, Scan Range 400–1500, Automatic Gain Control 
(AGC) 200%, RF lens 50%, Maximum injection time 100 ms). The iso
lated precursors were fragmented with high-energy collision dissocia
tion (HCD) at a normalized collision energy (NCE) of 35% and analyzed 
in the Astral (TMT on isolation window 0.5 m/z, AGC 100%, maximum 
injection time 25 ms, Scan Range 110–2000 m/z).

The TMT ProteomeXchange Consortium via the PRIDE (Perez- 
Riverol et al., 2019) partner repository with the dataset identifiers 
PXD066767 (Fig4 mutant) and PXD066776 (Vac14 mutant).

4.7. Mass spectrometry data processing

Mass spectra were processed using a COMET (Eng et al., 2013)-based 
(version 2020.01 rev. 4) software pipeline. Data for Fig4 mutants and 
controls was searched against the UniProt (The Uniprot Consortium, 
2023) Mouse (1/26/2022, 63,780 sequences) database while data for 
Vac14 mutants and controls was searched against UniProt Mouse (10/ 
03/2024, 54,855 sequences) database. Protein measurements for ex
periments with both Fig4 and Vac14 mutant, data were searched with a 
20-ppm precursor ion tolerance and 0.02 Da product ion tolerance. 
TMTpro and carbamidomethylation of cysteine were set as static mod
ifications, while methionine oxidation and asparagine/glutamine dea
midation were set as variable modifications. A minimum peptide length 
of 7 and up to 2 miss cleavages were allowed. Peptide-spectrum matches 
(PSMs) were identified, quantified, and filtered to a 1% peptide false 
discovery rate (FDR) and then collapsed further to a final protein-level 
FDR of 1%. Proteins were quantified by summing reporter ion counts 
across all matching PSMs. Additionally, for Vac14 mutants and controls, 
a minimum resolution filter was set at >40,000 and a minimum signal to 
noise (S:N) > 200 for analysis on the Astral device to ensure peaks above 
this ratio were used in quantitation. Briefly, a 0.003 Da (3 mDa) window 
around the theoretical m/z of each reporter ion was scanned and the 
maximum intensity nearest the theoretical m/z was used. Reporter ion 
intensities were adjusted to correct for the isotopic impurities of the 
different TMT reagents according to manufacturer specifications and 
adjusted to normalize ratios across labeling channels. Lastly, for each 
protein, signal-to-noise (S:N) measurements of the peptides were sum
med and then normalized to 100.

Differential protein abundance analysis between control and mutant 
was performed using a two-sample modified t-test implemented for 
quantitative proteomics data. Statistical significance was determined 
using false discovery rate (FDR) correction with an S0 parameter 
incorporated to balance fold-change magnitude and variance as previ
ously described (Tusher et al., 2001). This generated adjusted p-values 
with the chosen 95% cutoff and Log2(FoldChange) > 1 values for visu
alization in volcano plots and other analysis.

4.8. RNAseq

Mouse cortex was dissected and homogenized in Trizol using an 18 

gauge needle followed by a 25 gauge needle. Total RNA was isolated 
using the column-based Qiagen RNeasy kit. Library prep was performed 
using 1 μg of input RNA with the Illumina Stranded Total RNA Prep 
Ligation with Ribo-Zero Plus kit. After depleting ribosomal RNA and 
performing cDNA synthesis, the DNA was quantitated using Qubit and 
equalized across samples. Illumina-compatible dual index primers were 
used during 15 PCR cycles. For experiments using isolated microglia as 
input, we followed a similar procedure but utilized less adaptor during 
library prep. The distribution of fragment sizes in cDNA libraries was 
analyzed using Tapestation. Libraries were The prepared libraries were 
subsequently sequencing using the Illumina NovaSeq X platform to 
generate 100 bp paired-end reads. Each sample was sequenced to a 
depth of at least 30 million reads. RNAseq libraries were aligned to 
mm10 using STAR v.2.7.9a (Dobin et al., 2013). Alignment files were 
then converted to bigwig format using deepTools (Ramírez et al., 2016) 
bamCoverage v.3.5.0. DESeq2 (Love et al., 2014) was then used to 
compute normalized reads and adjusted p-values. Browser snapshots 
were generated using karyoploteR (Gel and Serra, 2017). RNA-seq data 
generated in this study have been deposited in the BioProject/SRA data 
under accession code PRJNA1356645.

4.9. Gene ontology analysis

Genes related to significantly differential proteins or transcripts were 
entered into ShinyGO (Ge et al., 2020) version 0.77. All detected pro
teins in proteomics experiments were used as background. All detected 
transcripts in RNAseq experiments were used as background.

4.10. Immunoblot

Tissue homogenates (10%, weight/volume) were prepared by ho
mogenization with a Polytron homogenizer in RIPA buffer (150 mM 
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS in 25 mM Tris, pH 
7.5) containing complete EDTA-free protease inhibitor cocktail (Roche) 
and 1:1000 beta-mercaptoethanol. To generate supernatant and pellet 
fractions, lysates were centrifuged at 15,000 xg. The pellet was resus
pended in RIPA buffer using the Polytron homogenizer. Protein was 
quantitated using the Bradford reagent. Electrophoresis on precast 
4–20% SDS-PAGE gels (Criterion) occurred prior to transfer to Hybond 
nitrocellulose membranes (Amersham Biosciences). Membranes were 
pre-incubated for 1 h at room temperature in 3% BSA fraction V (Fischer 
Scientific) in TBST (Tris-buffered saline with Tween 20). Primary anti
body incubation was carried out overnight at 4 degrees. Guinea pig anti- 
p62 (ARP American Research Products Cat# 03-GP62-C, RRID:
AB_1542690) was used at 1:1000, rabbit anti-GFAP (Abcam Cat# 
ab7260, RRID:AB_305808) at 1:1000, mouse anti-GAPDH at 1:30,000 
(Abcam Cat# ab9484, RRID:AB_307274), rabbit anti-Cathepsin D 
(Scripps laboratories, RC245) at 1:2000 and rabbit anti-p53 (Abcam 
Cat# ab131442, RRID:AB_11155283) at 1:500. Membranes were 
washed in TBST and incubated with peroxidase-labeled secondary an
tibodies for 1 h at room temp. Secondary antibodies were: donkey anti- 
guinea pig (Jackson ImmunoResearch Labs Cat# 706–035-148, RRID:
AB_2340447), goat anti-rabbit (Jackson ImmunoResearch Labs Cat# 
111–035-003, RRID:AB_2313567) and goat anti-mouse (Jackson 
ImmunoResearch Labs Cat# 115–035-003, RRID:AB_10015289). 
Chemiluminescence was detected with the Supersignal West Femto 
chemiluminescence reagent (Pierce) and Hybond-CL autoradiography 
film (Denville Scientific).

4.11. Fluorescence-activated cell sorting of microglia for RNA-seq

Microglia were isolated and labeled for ROS production as previously 
described (Mendiola et al., 2023). In brief, mice were perfused with 
phosphate buffered saline (PBS) and brains were extracted for single cell 
cell preparation. Tissues were incubated in lysis buffer (1 mg/mL 
collagenase D (Sigma-Aldrich), 0.05 mg/mL DNase1 (Sigma-Aldrich), 3 
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μM actinomycin D diluted in phosphate buffered saline with Ca2+ Mg2+

(Thermo Fisher Scientific) for 30 min at 37 ◦C. Myelin was depleted 
using a 37%/70% Percoll gradient with centrifugation setting 4 ◦C, 800 
xg for 25 min. Cells were treated with Fc block in staining buffer (PBS 
supplemented with 0.2% bovine serum albumin) and 0.05 mM EDTA 
(Teknova), then incubated with primary antibodies for 30 min at 4 ◦C. 
The following primary antibodies from BioLegend were used at 1:200 
dilution: CD11b (BioLegend Cat# 101207, RRID:AB_312790) and CD45 
(BioLegend Cat# 103101, RRID:AB_312966). For intracellular ROS la
beling, cells were incubated with 10 μM DCFDA in stain buffer for 30 
min at 4 ◦C and directly analyzed by flow cytometry. Cells were incu
bated with 1 μM Sytox blue live/dead stain prior to analysis. For FACS of 
microglia, single live cells that expressed CD45lo/CD11b + were sorted 
into tubes containing RLT plus lysis buffer (Qiagen) supplemented with 
1% 2-mercaptoethanol using a FACSMelody with BD FACSChorus. 
Approximately 40,000 microglia were collected per sample and lysates 
were frozen and stored at − 80 ◦C until library preparation. Data analysis 
was performed with FlowJo v.10.10 software.

4.12. Paraffin embedding, immunohistochemistry

Brains from Fig4 and Vac14 global mutant mice were fixed overnight 
in 10% neutral buffered formalin at 4 ◦C. Fig4 f/f,Nes-cre mice were fixed 
at age P10. Each whole brain was dissected coronally into six pieces 200 
μm apart and paraffin-embedded in a single block. Sections 5 μm in 
thickness were cut on a microtome and placed on adhesive hydrophilic 
glass slides (TOMO). Antibody detection was performed using an auto
mated tissue immunostainer (Ventana Discovery Ultra, Ventana Medical 
Systems,Tucson, AZ, USA). Antigen retrieval was performed by incu
bating the slides in CC1 (tris-based; pH 8.5; Ventana) at 95 ◦C for 40min 
for all epitopes except for p53 which used a total of 64 min of retrieval. 
Following retrieval, antibodies targeting p53 (1:1000, Leica Biosystems 
Cat# NCL-L-p53-CM5p, RRID:AB_2895247), Iba-1 (1:100, FUJIFILM 
Wako Pure Chemical Corporation Cat# 019–19741, RRID:AB_839504), 
ApoE (1:8000, Abcam Cat# ab183597, RRID:AB_3331650), CD11b 
(1:1000 Abcam Cat# ab133357, RRID:AB_2650514) and Fas (1:100, 
(Abcam Cat# ab271016, RRID:AB_3712731) were incubated on the 
tissue for 32min at 37 ◦C. The secondary antibody (HRP-coupled goat 
anti-rabbit, Ventana OmniMap system, Roche Cat# 760–4815, RRID:
AB_2811171) was incubated on the sections for 12min at 37 ◦C. The 
primary antibody was visualized using DAB as a chromogen, followed by 
hematoxylin as a counterstain. Slides were rinsed in distilled water, 
dehydrated through ethanol and xylene, and coverslipped.

4.13. Analysis of immunohistochemistry

Slides were digitalized using the Zeiss AxioScan. Z1 Slide Scanner 
(Carl Zeiss Microscopy GmbH, Jena, Germany) at 20× magnification. 
For each specimen, the tissue piece with a clearly developed hippo
campus (similar to hippocampal development between the 690–780 μm 
intervals shown in the coronal Allen Mouse Brain Atlas) was selected for 
image analysis. Quantification of p53 positive cell count was performed 
on FIJI using the “DAB IHC” macro in the automated image analysis 
pipeline “Andy's Algorithm” (Law et al., 2017). Image analysis optimi
zations were experimentally determined for different cohorts by 
changing the following parameters (threshold, size exclusion, and 
circularity exclusion). To determine the tissue area (pixels2) of each 
scan, the upper and lower “Brightness” thresholds in the “Color 
Threshold” feature on FIJI were manually adjusted. Tissue area was 
converted from pixels2 to mm2. Manual positive cell count corrections 
for false positives (tissue artifacts or non-specific haze counted as posi
tive cells) and false negatives (unambiguously dark cells exceeding size 
exclusion parameters) were performed with the aid of the “Sli
deJdemo2” macro in the “SlideJ” plugin (Della Mea et al., 2017), which 
split each whole slide scan into 40–60 tiles. Corresponding tiles from the 
original scan and positive overlay scan provided by Andy's Algorithm 

were compared. The numbers of positive cells per mm2 of tissue per 
animal, after manual corrections, were used for statistical analyses.

4.14. Measurement of lysosome glycosidase activity in brain

Ten percent homogenates of total brain were prepared in extraction 
buffer containing 0.25 M sucrose, 0.05 M tris pH 7.4 and 1 tablet of 
complete EDTA-free protease inhibitor cocktail (Roche) per 25 mL. 
Protein concentration was 1 mg/mL in the β-galactosidase and 
β-glucuronidase assays, and 0.5 mg/mL in β-hexosaminidase assays. 
Reactions were performed as previously described in 0.1 M citrate buffer 
pH 3.6 (β-galactosidase) or pH 4.6 (Felton et al., 1974). The para- 
nitrophenol substrates were used at a final concentration of 5 mM. 
The substrate for β-galactosidase was 2-nitrophenyl β-D-galactopyr
anoside (Sigma, N1127), for β-glucuronidase 4-nitrophenyl β-D-glucu
ronide (Sigma, N1627) and for β-hexosaminidase 4-nitrophenyl N- 
acetyl- β-D-glucosaminide (Sigma, N9376). Absorbance of p-nitrophenol 
was measured at 405 nm.

4.15. Quantification and statistical analysis

For details of the quantitative methods used in TMT proteomics and 
RNAseq, please refer to the Methods sections and Figure Legends. We 
used GraphPad Prism 10 software to perform other statistical tests 
described in Figure legends.
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Ibáñez, F., Picard, K., Vázquez-Cabrera, G., Posada-Pérez, M., Vernoux, N., 
Tejera, D., Grabert, K., Cheray, M., González-Rodríguez, P., Pérez-Villegas, E.M., 
Martínez-Gallego, I., Lastra-Romero, A., Brodin, D., Avila-Cariño, J., Cao, Y., 
Airavaara, M., Uhlén, P., Heneka, M.T., Tremblay, M.-È., Blomgren, K., Venero, J.L., 
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