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TAX1BP1 and FIP200 orchestrate non-canonical autophagy
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ABSTRACT

Autophagy plays a pivotal role in diverse biological
processes, including the maintenance and differentiation of
neural stem cells (NSCs). Interestingly, while complete
deletion of Fip200 severely impairs NSC maintenance and
differentiation, inhibiting canonical autophagy via deletion
of core genes, such as Atg5, Atg16/1, and Atg7, or
blockade of canonical interactions between FIP200 and
ATG13 (designated as FIP200-4A mutant or FIP200 KiI)
does not produce comparable detrimental effects. This
highlights the likely critical involvement of the non-
canonical functions of FIP200, the mechanisms of which
have remained elusive. Here, utilizing genetic mouse
models, we demonstrated that FIP200 mediates non-
canonical autophagic degradation of p62/sequestome1,
primarily via TAX1BP1 in NSCs. Conditional deletion of
Tax1bp1 in fip200"°" conditional knock-in (cKl) mice led
to NSC deficiency, resembling the fip200"¢7F conditional
knockout (cKO) mouse phenotype. Notably, reintroducing
wild-type TAX1BP1 not only restored the maintenance of
NSCs derived from tax1bp1-knockout fip200"¢P cKI mice
but also led to a marked reduction in p62 aggregate
accumulation. Conversely, a TAX1BP1 mutant incapable
of binding to FIP200 or NBR1/p62 failed to achieve this
restoration. Furthermore, conditional deletion of Tax1bp1
in fip200"°P cKO mice exacerbated NSC deficiency and
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p62 aggregate accumulation compared to fip200"¢F cKO
mice. Collectively, these findings illustrate the essential
role of the FIP200-TAX1BP1 axis in mediating the non-
canonical autophagic degradation of p62 aggregates
towards NSC maintenance and function, presenting novel
therapeutic targets for neurodegenerative diseases.
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INTRODUCTION

Neurogenesis, responsible for producing all neuronal lineages
in the central nervous system (CNS) —including neurons,
astrocytes, and oligodendrocytes —is primarily active during
development but persists into adulthood to maintain tissue
homeostasis. Analogous to hematopoiesis, neurogenesis
constitutes a hierarchical differentiation cascade involving
multipotent progenitors termed neural stem cells (NSCs)
(Casares-Crespo et al., 2018; Fleming & Rubinsztein, 2020;
Zhao et al., 2008). Rodent research has established that adult
neurogenesis occurs in the subventricular zone (SVZ) of the
lateral ventricle and within the dentate gyrus (DG) subgranular
zone (SGZ) of the hippocampus (Doetsch et al., 1999; Gage,
2000; Palmer et al.,, 1997). However, the debate on whether
adult NSCs have specific locational functions persists (Becher
& Holland, 2010), with some studies suggesting that adult
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neurogenesis contributes to olfaction in the SVZ but to
learning and memory in the hippocampus (Liu et al., 2013).
Disruptions in NSC maintenance and neurogenesis can
contribute to developmental abnormalities and
neurodegenerative  conditions, such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases (Huang & Klionsky,
2007). Thus, elucidating the cellular and molecular
mechanisms governing NSC functionality could pave the way
for novel therapeutic interventions.

Autophagy is a highly conserved degradation pathway
essential for the removal of damaged organelles and protein
aggregates. This lysosome-dependent process is critical in the
etiology of various diseases, including neurodegeneration,
cancer, and autoimmunity (Guo & Zhao, 2020; Klionsky et al.,
2021; Thorburn, 2018). Canonical autophagy, orchestrated by
autophagy-related genes (ATGs), is crucial for the initiation
and maturation of autophagosomes to facilitate degradation
(Bhutia etal., 2018). Notably, while deletion of canonical
ATGs in neuronal lineages, such as Atg5, Atg7, and Atg16l1,
results in protein aggregate accumulation and subsequent
neurodegeneration, these manipulations do not influence NSC
maintenance or differentiation (Donde et al., 2020; Liang et al.,
2010; Vazquez et al., 2012; Wang et al., 2014; Xi et al., 2016).
Similarly, deletion of the autophagy activator protein
Fip200/Rb1cc1 (RB1 inducible coiled-coil 1) in the central and
peripheral nervous system leads to characteristic
neuropathies, including progressive axonopathy and
spongiform degeneration associated with the accumulation of
ubiquitinated protein aggregates (Liang et al., 2010). However,
subsequent studies have demonstrated that eliminating
FIP200 expression severely impacts NSC homeostasis
through the progressive depletion of NSCs (Wang et al., 2013,
2016). These contrasting observations provide valuable
insights into the potential mechanisms regulating NSC fitness
during adult neurogenesis.

FIP200 is traditionally recognized for initiating canonical
autophagy through complex formation with ATG13-ULK1-
ATG101. However, research has revealed that FIP200 has
more expansive roles, interacting with a range of autophagy-
related proteins such as calcium binding and coiled-coil
domain 2 (CALCOCO2/NDP52), cell cycle progression 1
(CCPG1), 5-azacytidine induced 2 (AZI2/NAP1), and
sequestome1 (SQSTM1/p62) and key regulators such as p53
and TSC complex subunit 1 (TSC1), thereby modulating
diverse cellular functions via non-canonical autophagy (Yeo
et al., 2020). As a multifunctional adaptor protein, p62 acts as
a major receptor for the degradation of ubiquitinated protein
aggregates (Bjgrkey etal., 2006; Lyu etal., 2022; Pankiv
et al.,, 2007). Deletion and mutations in p62 are associated
with neurodegenerative diseases such as Alzheimer’s disease
(Schaeffer & Goedert, 2012; Zheng et al., 2012), Parkinson’s
disease (Friesen etal., 2020; Oh etal., 2022), Huntington’s
disease (Rué etal., 2013; Yang etal., 2021), amyotrophic
lateral sclerosis (ALS) (Majcher etal, 2015), and
frontotemporal lobar degeneration (FTLD) (Deng et al., 2020;
Ma etal.,, 2019). Notably, p62 was the first selective
autophagy receptor implicated in macroautophagy (also
termed aggrephagy) (Bjerkey et al., 2006; Pankiv et al., 2007).
Subsequent research has identified several other aggrephagy
receptors, including next to BRCA1 gene 1 protein (NBR1),
nuclear dot protein 52 (NDP52), optineurin (OPTN), tax1
binding protein 1 (TAX1BP1), toll interacting protein (TOLLIP),
and chaperonin containing TCP1 subunit 2 (CCT2) (Gibertini
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etal., 2023; Ma et al., 2022; Sarraf et al., 2020; Trapannone
etal.,, 2023). Despite these discoveries, the function of
aggrephagy in NSCs remains unclear. We previously showed
that Fip200 deletion in NSCs, but not knockout of Atgb, Atg7,
or Atg16l1, leads to the accumulation of p62, NBR1, and
TAX1BP1 along with p62/ubiquitinated protein aggregates
(Wang etal.,, 2016). Of note, deletion of p62 rescues
fip200"¢F4P conditional knockout (cKO) NSCs, highlighting the
pivotal role of aggrephagy in NSC maintenance and
neurogenesis (Gibertini et al., 2023; Ma et al., 2022; Sarraf
et al., 2020; Trapannone et al., 2023).

Here, we elucidated the discrete functions of three
aggrephagy receptors —TAX1BP1, p62, and NBR1 —during
NSC maintenance using a mouse model with conditional gene
deletions in NSCs and reconstitution with functionally deficient
mutants. Similar to fip200"°™" cKO mice, conditional deletion
of Tax1bp1 in fip200 conditional knock-in (cKl) mice resulted
in the aggregation of NBR1 and p62, resulting in NSC
deficiency. Conditional deletion of Tax71bp? in fip200 cKO
mice exacerbated p62/NBR1 aggregation and NSC deficiency
compared to fip200 cKO mice. Identification of the underlying
non-canonical autophagic mechanism indicated that NBR1
promotes interactions between TAX1BP1 and p62
aggregates. Overall, our study revealed a mechanism by
which FIP200 regulates NSC maintenance and differentiation
via non-canonical autophagy of p62/aggregates, principally via
TAX1BP1.

MATERIALS AND METHODS

Mouse experiments

The fip200 cKO mice, with Fip200 conditionally deleted in
postnatal NSCs (Wang et al., 2013, 2016), were generated by
crossing hGFAP-Cre transgenic mice, expressing Cre in
postnatal NSCs (Wang etal., 2009, 2013), with fip200 F/F
mice. The fip200 cKI mice, carrying fip200 F/KI alleles (Chen
etal., 2016), were crossed with hGFAP-Cre mice. The
tax1bp1 F/F mice, bearing two flox alleles with exon 4 flanked
by two loxP sequences, were newly generated. The tax1bp1
cKO mice, carrying tax1bp1 F/F alleles, were crossed with
hGFAP-Cre mice. The fip200 cKl; tax1bp1 cKO mice, carrying
fip200 F/KI and tax1bp1 F/F alleles, were crossed with
hGFAP-Cre mice. The fip200 cKO; tax1bp1 cKO (2 cKO)
mice, carrying the fip200 F/F and tax1bp1 F/F alleles, were
crossed with hGFAP-Cre mice. All mice were maintained on
FVB backgrounds. Age- and littermate-matched control and
mutant mice were used for analysis to minimize the impact of
modifier genes. All animal experiments and procedures were
carried out in accordance with the guidelines of the
Institutional Animal Care and were approved by Animal
Research Ethics Committee of the Laboratory Animal
Center of Zhengzhou University (ZZU-LAC20210702[17]).
Genotyping for Fip200 F/F, Fip200 +/Kl, Tax1bp1 F/F, and Cre
alleles was performed by polymerase chain reaction (PCR)
analysis of tail DNA.

Reagents and antibodies
Plasmid transfections were carried out using Lipo8000
transfection reagent (Beyotime, China). Small interfering RNA
(siRNA) transfections were carried out using Lipofectamine
RNAIMAX transfection reagent (Invitrogen, USA).

Primary antibodies included mouse anti-b-ACTIN (Sigma,
USA, 1:5 000 dilution), rabbit anti-FIP200 (Proteintech, China,
1:2 000 dilution), rabbit anti-p62 (Cell Signaling Technology,
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USA, 1:1000 dilution), mouse anti-NBR1 (Santa Cru
Biotechnology, USA, 1:500 dilution), rabbit anti-TAX1BP1
(Proteintech, China, 1:1000 dilution), rabbit anti-OPTN
(Proteintech, China, 1:1000 dilution), rabbit anti-TOLLIP
(Proteintech, China, 1:1000 dilution), rabbit anti-CCT2
(Proteintech, China, 1:1000 dilution), mouse anti-HA (Sigma,
USA , 1:5 000 dilution), mouse anti-Flag (Sigma, USA, 1:5 000
dilution), mouse anti-GFP (Santa Cru Biotechnology, USA, 1:
1000 dilution), mouse anti-GFAP (Proteintech, China, 1:1000
dilution), rabbit anti-NESTIN (Proteintech, China, 1:1000
dilution), rabbit anti-SOX2 (Proteintech, China, 1:1000
dilution), rabbit anti-DOUBLECORTIN (Servicebio, China, 1:
1000 dilution), rabbit anti-KI67 (Servicebio, China, 1:1000
dilution). Secondary antibodies included goat anti-rabbit 1gG
(H+L), horseradish peroxidase (HRP) (Invitrogen, USA, 1:
50000 dilution), goat anti-mouse IgG (H+L) horseradish
peroxidase (HRP) (Invitrogen, USA, 1:50000 dilution), chicken
anti-mouse IgG (H+L) cross-adsorbed, Alexa Fluor 488
(Invitrogen, USA, 1:1000 dilution), goat anti-rabbit IgG (H+L)
cross-adsorbed, and Alexa Fluor 594 (Invitrogen, USA, 1:1000
dilution).

Cell culture and treatment

Mouse SVZ tissues at postnatal day 0 (PO) and P28 were
isolated under a dissection microscope and cut into 1 mm3
cubes. The tissues were digested in 0.2% trypsin to obtain
single-cell suspensions. The cells were cultured in neurobasal
medium (Gibco, USA) supplemented with B27 without vitamin
A (Gibco, USA), 10 ng/mL basic fibroblast growth factor
(bFGF, Novoprotein, China), and 20 ng/mL epidermal growth
factor (EGF, Novoprotein, China) in ultra-low attachment
multiple well plates (Corning, USA). The medium was
supplemented on days 3, 6, and 9. Neurospheres with
diameters larger than 50 um were counted 9 d after culturing.
For passaging, primary neurospheres were collected and
incubated in 0.2% trypsin at 37°C for 10 min with pipetting 50
times. After the addition of trypsin inhibitor (Sigma, Germany)
supplemented with DNase | (Beyotime, China) to stop
digestion, dispersed cells were collected by centrifugation at
400 xg for 10 min at room temperature, counted and cultured
for secondary neurosphere formation, with quantification
conducted in the same way as primary neurosphere formation.
HEK293T cells (ATCC) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), L-glutamine (2 mmol/L), penicillin (10 Units/mL),
and streptomycin (0.1 mg/mL).

For siRNA treatment, NSCs were seeded in 24-well plates
(100 000 cells/well). After 24 h, the cells were transfected with
siRNA (25 nmol/L final concentration) using Lipofectamine™
RNAIMAX transfection reagent in OptiMEM medium. At 8 h
after transfection, the NSCs were cultured in 6-well plates
(20 000 cells/well) for 5 days. The siRNA sequences were:
Tax1bp1, 5-GUCUCCUAUGCCUGAACAU-3’; Nbr1, 5-GCCA
CUUGCACAUUAUUCU-3’; and p62, 5-GCUGAAACAUG
GACACUUU-3'.

Stable expression of full-length or mutant forms of
TAX1BP1 was  achieved  using lentiviral-mediated
transduction. The indicated epitope-tagged constructs were
cloned into the Lenti-EFS-Flag-puro vector and transfected
with psPAX2 and pmd2.g in HEK293T cells to derive lentiviral
particles. After centrifugation at 3 000 xg for 10 min at room
temperature and filtration through 0.45 um filter (Beyotime,
China), lentiviral supernatants were added to NSCs. The

infected neurospheres were selected with 1 ug/mL puromycin
in neurosphere media to obtain pools stably expressing
Tax1bp1 mutants.

Western blotting

Mouse SVZ tissues were microdissected from brains and
extracted in sodium dodecyl sulfate (SDS)-lysis buffer
containing 2% SDS, 62.5 mmol/L Tris pH 6.8, 10% glycerol,
and 5% B-mercaptoethanol.

Lysates were boiled for 10 min and analyzed by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on 4%-20% gels (160 V, 45 min) (BioRad
Laboratories, USA), followed by immunoblotting on
nitrocellulose membranes using a wet blotting system
(400 mA, 30 min) (BioRad Laboratories, USA). Membranes
were incubated with primary and secondary antibodies diluted
in 5% milk/TBST solutions, and immunocomplexes were
developed using SuperSignal™ West Pico PLUS (Thermo
Fisher, USA) and visualized using an Azure c600 Western
Blot Imager (Azure Biosystems, USA).

Immunoprecipitation

At 24 h post-transfection, HEK293FT cells were lysed in
immunoprecipitation buffer (50 mmol/L Tris-HCI, pH 8.0,
150 mmol/L NaCl, 0.5 mmol/L ethylenediaminetetraacetic acid
(EDTA), 0.5% NP-40, 10% glycerol) containing EDTA-free
protease inhibitor cocktail (MCE, China) for 30 min at 4°C. The
lysates were centrifuged at 12 000 xg for 10 min at 4°C, and
the soluble supernatant fractions were subjected to
immunoprecipitation with Pierce™Anti-DYKDDDDK Magnetic
Agarose (Invitrogen, USA) or Pierce Anti-HA Magnetic Beads
(Invitrogen, USA). After incubation for 4 h at 4°C, the beads
were washed three times with TBST and boiled with SDS-lysis
buffer for 10 min.

Histology and immunofluorescence

Mice were euthanized using CO,, and whole brains were
collected after perfusion. Fixation was performed for 16 h at
4°C using 4% (wt/vol) freshly made, prechilled phosphate-
buffered saline (PBS)-buffered paraformaldehyde (PFA). Brain
tissues were sagittally sectioned, embedded in paraffin, and
cut into 5 ym slices using a Leica 2125 Microtome (Leica,
Germany). Slides from histologically comparable positions
(triangular lateral ventricle with intact rostral migratory stream
(RMS)) were subjected to hematoxylin and eosin (H&E) and
immunofluorescence (IF) staining. For routine histological
examination, sections were stained with H&E. For IF analysis
of brain tissue, sections were washed in xylene three times
(5 min each), rehydrated in graded ethanol solutions (100%,
95%, 85%, and 75%, 2 min each). After heat-activated antigen
retrieval in Tris-EDTA pH 9.0 buffer, 6% bovine serum albumin
(BSA)/TBST solution was used to block the sections at room
temperature for 30 min. Sections were incubated with primary
antibodies at 4°C for 16 h in an immunohistochemical wet box,
washed in PBS three times (5 min each), and incubated with
1:1 000 Alexa Fluor™ 488 or Alexa Fluor™ 594 secondary
antibodies for 1 h at room temperature. After washing three
times (5 min each) in PBS, sections were stained with antifade
mounting medium with 4’,6-diamidino-2-phenylindole (DAPI,
Beyotime, China) and visualized using epifluorescence or
confocal microscopy (Nikon, Japan). For IF, NSCs were fixed
in cold methanol for 10 min, blocked in 3% BSA/TBST solution
for 30 min, then incubated with primary and secondary
antibodies as described as above.
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Statistical analysis

Statistical significance was determined using GraphPad Prism
v.6, using unpaired Student's two-tailed t-test for one-way
comparisons and one-way analysis of variance (ANOVA) for
multiple comparisons. No statistical methods were used to
determine sample sizes. Unless expressly noted, experiments
were not randomized, and the investigators were not blinded
to group allocations or outcome assessments. Data are
presented as meantstandard error of the mean (SEM) (error
bars). ": P<0.05; ™: P<0.01; ™": P<0.001; and ™"": P<0.0001.

RESULTS

Self-renewal of fip200 cKl NSCs in vitro is impaired by
TAX1BP1 knockdown

Prior studies have demonstrated that reconstitution of fip200
KO mice with an ATG13-binding mutant, denoted FIP200-4A
(Chen etal., 2016), is sufficient to sustain murine NSC
maintenance and neurogenesis in vivo (Liu etal., 2021).
However, the specific mechanisms by which the FIP200-4A
mutant supports NSC homeostasis in the context of the fip200
KI mice remain unclear.

To further explore this paradigm, we generated fip200 cKO
mice and fip200 cKl mice. By P28, the fip200 cKI mice
exhibited normal physical development and hindlimb motor
abilities compared to the fip200 cKO mice (Supplementary
Figure S1A, B). Consistent with earlier research (Liu etal.,
2021), histological analysis revealed that fip200 cKIl mice
displayed restored SVZ cellularity and DG area measures
compared to the fip200 cKO mice (Supplementary Figure
S1C, D). Additionally, a marked accumulation of p62 was
observed in the SVZ and DG of fip200 cKO mice, but not in
wild-type (WT) or fip200 cKl mice (Figure 1A; Supplementary
Figure S1E). The presence of unresolved p62 aggregates
suggests that differences between the fip200 cKO and fip200
cKIl mice involve disruptions in NSC maintenance resulting
from defective non-canonical autophagy of protein aggregates
(or aggrephagy).

In addition to p62, previous studies have reported the
accumulation of autophagy receptors TAX1BP1 and NBR1 in
fip200"6FAP cKO NSCs (Wang et al., 2016), necessitating the
identification of specific aggrephagy receptors utilized in
NSCs. To gain further mechanistic insights, we evaluated six
reported aggrephagy receptors —TAX1BP1, NBR1, p62,
OPTN, TOLLIP, and CCT2—in SVZ tissues of different Fip200
genotypes. Western blotting revealed significant elevations in
the TAX1BP1, NBR1, and p62 protein levels in fip200 cKO
mice, while the levels of OPTN, TOLLIP, and CCT2 showed
no detectable changes (Figure 1B; Supplementary Figure
S1F). Consistent with these in vivo observations, the protein
levels of TAX1BP1, NBR1, and p62 were significantly
increased in fip200 cKO NSCs (Figure 1C; Supplementary
Figure S1G).

To explore functional relationships, TAX1BP1, NBR1, and
p62 were knocked down in P28-derived NSCs from different
experimental backgrounds. Depleting TAX1BP1 led to a
significant increase in p62 and NBR1 protein levels in fip200
cKl NSCs but not in fip200 cKO NSCs. In contrast, NBR1
knockdown did not significantly affect TAX1BP1 or p62 levels
(Figure 1D; Supplementary Figure S1H). Neurosphere assays
used to assess NSC self-renewal showed that individual
knockdown of TAX1BP1, NBR1, and p62 did not impact the
self-renewal capacity of WT NSCs. However, p62 knockdown
largely restored the diminished self-renewal capability of
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fip200 cKO NSCs. In contrast, TAX1BP1 knockdown further
reduced neurosphere formation in fip200 cKO NSCs, with
similar impairment observed in fip200 cKlI NSCs. NBR1
knockdown exerted negligible effects on fip200 cKO NSCs,
with only a modest reduction in neurosphere formation
observed in fip200 cKI NSCs (Figure 1E, F). Strikingly, similar
to fip200 cKO NSCs, TAX1BP1 knockdown led to a significant
accumulation of p62 aggregates in fip200 cKI NSCs
(Figure 1G, H). These results suggest that the degradation of
p62 aggregates via the FIP200-4A mutant primarily relies on
TAX1BP1 as an essential intermediary, with its loss inducing
p62 aggregate accumulation in NSCs (Figure 11).

TAX1BP1 ablation in fip200 cKI mice causes SVZ
degeneration via NSC deficiency

To further investigate the role of TAX1BP1 in maintaining NSC
homeostasis in vivo, we generated cKO mice with exon 4 of
the Tax1bp1 allele flanked by loxP sites. These mice were
crossed with hGFAP-Cre transgenic mice to produce NSC-
specific tax1bp1 cKO mice (Supplementary Figure S2A-D).
Founder mice were also used to generate tax7bp1 cKO mice
on a fip200 cKI background (fip200 cKl; tax1bp1 cKO mice).

Initial evaluation of SVZ tissues at P28 among the
genotypes showed a significant increase in p62 protein levels
in the fip200 cKlI; tax1bp1 cKO mice relative to their WT,
fip200 cKI, and tax1bp1 cKO littermates (Figure 2A,
Supplementary Figure S2E), suggesting considerable
blockade of p62 aggregate degradation. Neurosphere assays
confirmed marked reductions in neurosphere formation in both
primary and secondary SVZ cultures derived from P28 fip200
cKil; tax1bp1 cKO mice (Figure 2B, C). H&E staining showed
significant reductions in both SVZ and DG width and cellularity
in fip200 cKl; tax1bp1 cKO mice, whereas these parameters in
fip200 cKl and tax71bp1 cKO mice were similar to those in WT
mice (Figure 2D, E). These phenotypes, together with the in
vitro results, imply that TAX1BP1 is necessary to maintain
normal NSCs in fip200 cKI mice.

To conclusively establish the role of TAX1BP1, we analyzed
the NSC populations in the SVZ and DG using
GFAP*NESTIN* and GFAP*SOX2* markers. Results revealed
significant reductions in the NSC population in fip200 cKi;
tax1bp1 cKO mice compared to their fip200 cKl and tax1bp1
cKO counterparts (Figure 2F—I; Supplementary Figure S2F-I).
Furthermore, fip200 cKl; tax1bp1 cKO mice exhibited
decreased proliferation and differentiation and increased
apoptosis and  microglial infiltration  (Figure 2J-M;
Supplementary Figure S2J-0). These findings underscore the
critical role of TAX1BP1 in the maintenance and differentiation
of postnatal NSCs in fip200 cKI mice.

TAX1BP1 ablation in fip200 cKI mice leads to NSC
deficiency through p62/NBR1 aggregation

Given that TAX1BP1 ablation increased p62 levels in the SVZ
of fip200 cKIl mice, we next investigated its involvement in the
formation of p62/NBR1 aggregates and consequent impact on
the NSC pool. We first explored how manipulating TAX1BP1
affected NBR1 and p62 protein levels in SVZ tissues across
different experimental backgrounds. Results showed a marked
up-regulation of NBR1 and p62 in the SVZ of fip200 cKI,
tax1bp1 cKO mice, while their levels in fip200 cKl and tax1bp1
cKO mice remained comparable to that in WT mice
(Figure 3A; Supplementary Figure S3A). Moreover, increased
NBR1 and p62 aggregates were found in the SVZ and DG
regions of fip200 cKl; tax1bp1 cKO mice (Figure 3B-E),
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Figure 1 Sufficient self-renewal of fip200 cKl NSCs in vitro is impaired by TAX1BP1 knockdown

A: Immunofluorescence of p62 puncta and DAPI in SVZ and SGZ from WT, fip200 cKO, fip200 cKI mice at P28. Dotted lines indicate boundaries of
SVZ and DG. Scale bar: 100 uym. B: Lysates were extracted from the SVZ of P28 WT, fip200 cKO, and fip200 cKI mice, with aggrephagy receptor
protein levels analyzed by western blotting. ACTIN was used as a loading control. C: Lysates were extracted from NSCs of P28 WT, fip200 cKO,
and fip200 cKl mice, with TAX1BP1, NBR1, and p62 protein levels analyzed by western blotting. ACTIN was used as a loading control. D: Western
blotting of FIP200, TAX1BP1, NBR1, and p62 protein levels in WT, fip200 cKO, and fip200 cKI NSCs with or without TAX71BP1, NBR1, or p62
siRNA transfection. ACTIN was used as a loading control. E: Neurosphere formation from WT, fip200 cKO, and fip200 cKl NSCs with or without
TAX1BP1, NBR1 or p62 siRNA transfection. Representative phase contrast images. Scale bar: 200 um. F: Meant+SEM of number and size of
neurospheres (n=3 independent samples). Same character means not significant, different character means P<0.05 (one-way ANOVA with Tukey’s
multiple comparisons test). G: Immunofluorescence of p62 puncta and DAPI in WT, fip200 cKO, fip200 cKI Ctrl siRNA, and fip200 cKI TAX1BP1
siRNA neurospheres. Scale bar: 20 um. H: Mean+SEM of p62 puncta per neurosphere (n=3 independent samples). ~: P<0.01 (one-way ANOVA
with Dunnett’'s multiple comparisons test). |: Schematic of FIP200 4A-mutant, TAX1BP1 and p62 status in Ctrl SiRNA or TAX7BP1 siRNA fip200 cKIl
NSC conditions.
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Figure 2 TAX1BP1 ablation in fip200 cKI mice causes degeneration of SVZ due to NSC deficiency

A: Lysates were extracted from the SVZ of P28 WT, fip200 cKl, tax1bp1 cKO, and fip200 cKl; tax1bp1 cKO mice and analyzed by western blotting.
ACTIN was used as a loading control. B: Primary (first) and secondary (second) neurosphere formation in WT, fip200 cKl, tax1bp1 cKO, and fip200
cKl; tax1bp1 cKO mice at P28. Representative phase contrast images. Scale bar: 200 pm. C: Mean+SEM of number and size of primary and
secondary neurospheres (n=3 independent samples). ™: P<0.001; ™": P<0.0001 (one-way ANOVA with Dunnett's multiple comparisons test). D:
Histological analysis of sagittal sections of SVZ and DG from WT, fip200 cKl, tax1bp1 cKO, and fip200 cKI; tax1bp1 cKO mice at P28. Dotted lines
indicate boundaries of SVZ and DG. Scale bar: 200 ym. E: Mean+SEM of SVZ cellularity and DG area per section from WT (n=4), fip200 cKIl (n=4),
tax1bp1 cKO (n=4), and fip200 cKIl; tax1bp1 cKO mice (n=4) at P28. ™: P<0.001; ™" P<0.0001 (one-way ANOVA with Dunnett's multiple
comparisons test). F: Immunofluorescence of GFAP, NESTIN, and DAPI in SVZ from WT, fip200 cKl, tax1bp1 cKO, and fip200 cKl; tax1bp1 cKO
mice at P28. Dotted lines indicate boundaries of SVZ. Scale bar: 50 ym. G: Mean+SEM of GFAP and NESTIN positive cells per SVZ section from
WT (n=4), fip200 cKl (n=4), tax1bp1 cKO (n=4), and fip200 cKl; tax1bp1 cKO mice (n=4) at P28. ™": P<0.0001 (one-way ANOVA with Dunnett’s
multiple comparisons test). H: Immunofluorescence of GFAP, SOX2, and DAPI in SVZ from WT, fip200 cKl, tax1bp1 cKO, and fip200 cKl; tax1bp1
cKO mice at P28. Dotted lines indicate boundaries of SVZ. Scale bar: 50 uym. I: Mean+SEM of GFAP and SOX2 positive cells per SVZ section from
WT (n=4), fip200 cKl (n=4), tax1bp1 cKO (n=4) and fip200 cKl; tax1bp1 cKO mice (n=4) at P28. ™": P<0.0001 (one-way ANOVA with Dunnett's
multiple comparisons test). J: Immunofluorescence of KI67 and DAPI in SVZ from WT, fip200 cKl, tax1bp1 cKO, and fip200 cKl; tax1bp1 cKO mice
at P28. Dotted lines indicate boundaries of SVZ. Scale bar: 50 ym. K: Mean+SEM of KI67 positive cells per SVZ section from WT (n=4), fip200 cKIl
(n=4), tax1bp1 cKO (n=4), and fip200 cKI; tax1bp1 cKO mice (n=4) at P28. ": P<0.0001 (one-way ANOVA with Dunnett's multiple comparisons
test). L: Immunofluorescence of DCX and DAPI in SVZ from WT, fip200 cKl, tax1bp1 cKO, and fip200 cKl; tax1bp1 cKO mice at P28. Dotted lines
indicate boundaries of SVZ. Scale bar: 50 ym. M: Mean+SEM of DCX positive cells per SVZ section from WT (n=4), fip200 cKIl (n=4), tax1bp1 cKO

(n=4), and fip200 cKI; tax1bp1 cKO mice (n=4) at P28. ™": P<0.0001 (one-way ANOVA with Dunnett’'s multiple comparisons test).

correlating with NSC deficiency (Figure 2F-M; Supplementary
Figure S2F-M). These findings were further validated in vitro,
where elevated levels and aggregation of NBR1 and p62 were
confirmed in fip200 cKIl; tax1bp1 cKO neurospheres
(Figure 3F-J; Supplementary Figure S3B). Collectively, these
results indicate that the ablation of TAX1BP1 in fip200 cKI
mice leads to NSC deficiency primarily through the formation
of p62/NBR1 aggregates, highlighting the essential role of
TAX1BP1 in maintaining postnatal NSC health via

aggrephagy.

FIP200-4A mutant elicits p62 aggregation via interactions
with TAX1BP1 and NBR1

To identify the protein-protein interaction hierarchies required
for p62 aggregate degradation via FIP200, we first evaluated
the binding between recombinant epitope-tagged versions of
FIP200-4A, NBR1, TAX1BP1, OPTN, and p62 proteins using
immunoprecipitation-based assays. Interestingly, FIP200-4A
co-immunoprecipitated with TAX1BP1 and NBR1 but not with
p62 (Supplementary Figure S4A), implicating TAX1BP1 and
NBR1 as potential enhancers of FIP200-p62 interactions.
Consistent with this, our previous mass spectrometry analysis
of mouse embryonic fibroblasts (MEFs) identified TAX1BP1 as
the only aggrephagy receptor among the top 50 candidates
regulating the FIP200-ATG13-ULK1 complex (Yang etal.,
2022). Subsequent experiments revealed that NBR1 binds to
TAX1BP1 along with forming self-interactions (Supplementary
Figure S4B, C), while p62 interacts with itself, as well as
NBR1, TAX1BP1, and OPTN to varying extents
(Supplementary Figure S4D). Notably, associations between
TAX1BP1 and NBR1 substantially enhanced the binding
between FIP200 and p62 (Figure 4A). However, while NBR1
enhanced the binding between TAX1BP1 and p62, TAX1BP1
did not affect the NBR1-p62 association (Figure 4B;
Supplementary Figure S4E). These findings establish the
functional significance of TAX1BP1-NBR1 interactions, with
TAX1BP1 directing the binding of FIP200-4A to p62 for
subsequent degradation.

Next, we sought to identify the regions in TAX1BP1
essential for enabling p62 degradation via the FIP200-4A
mutant. Using Flag-tagged TAX1BP1 truncation (A)
constructs, reciprocal immunoprecipitation assays revealed

that the NBR1 interaction region of TAX1BP1 existed within
the 449-470 amino acid (aa) sequence (Supplementary
Figure S4F), consistent with recent research identifying the
interaction region between 420-506 aa (Ohnstad et al., 2020).
To further refine the binding sites, we analyzed overlapping
TAX1BP1A mutants lacking residues across the 449-470 aa
sequence, which narrowed the binding region to between 449
and 463 aa (Supplementary Figure S4G). Alanine-scanning
mutagenesis, where each set of four residues between 449
and 463 in TAX1BP1 was substituted with Ala (i.e., 449-452,
453-456, 457-460, and 461-464), was then employed to
reconstruct interactions between TAX1BP1, NBR1, and p62 in
HEK293T cells. Results revealed that only the 449-452
TAX1BP1 mutant (YREK to AAAA) failed to coprecipitate
NBR1 and p62, while other alanine mutants showed enhanced
TAX1BP1/p62 binding compared to intact TAX1BP1
(Figure 4C). Of note, the TAX1BP1YREK449-452AMMA  mtant
maintained its binding affinity for FIP200 and LC3B
(Supplementary Figure S4H, I). These findings highlight YREK
as an essential motif required for NBR1 binding, allowing the
selective disruption of TAX1BP1-NBR1 interactions using a
YREK mutant construct that preserves other relevant binding
interactions.

TAX1BP1 mediates p62 aggrephagy by recruiting FIP200
and NBR1

To gain deeper mechanistic insights into how the non-
canonical autophagy function of FIP200 maintains NSCs, we
utilized the Flag-TAX1BP1YREK449-452A8A mtant together with
previously characterized TAX1BP1 constructs, including the
V143S mutant, which disrupts binding to LC3 (Flag-
TAX1BP1V'43%) (Sarraf et al., 2020) and the A114Q mutant,
which disrupts TAX1BP1 binding to FIP200 (Flag-
TAX1BP1A149) (Ohnstad et al., 2020). WT TAX1BP1 (Flag-
WT TAX1BP1) and these mutants were reintroduced into
NSCs derived at P28 from fip200 cKl; tax1bp1 cKO mice.
Notably, re-expression of Flag-WT TAX1BP1 and Flag-
TAX1BP1V'3S but not Flag-TAX1BP1YREK#4S-452AAMA o Flgg-
TAX1BP1A14Q  resulted in diminished p62 and NBR1 levels
(Figure 4D; Supplementary Figure S4J). This pattern was also
reflected in the levels of accumulated p62 aggregates within
the cells (Figure 4E, F), indicating that the YREKA449-
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Figure 3 TAX1BP1 ablation in fip200 cKI mice causes p62 and NBR1 aggregation

A: Lysates were extracted from the SVZ of P28 WT, fip200 cKl, tax1bp1 cKO, and fip200 cKl; tax1bp1 cKO mice, with TAX1BP1, NBR1, and p62
protein levels analyzed by western blotting. ACTIN was used as a loading control. B: Immunofluorescence of p62 puncta and DAPI in SVZ and SGZ
from WT, fip200 cKl, tax1bp1 cKO, and fip200 cKl; tax1bp1 cKO mice at P28. Dotted lines indicate boundaries of SVZ and DG. Scale bar: 50 pm.
C: Mean+SEM of p62 puncta per SVZ and SGZ section from WT (n=4), fip200 cKl (n=4), tax1bp1 cKO (n=4), and fip200 cKlI; tax1bp1 cKO mice
(n=4) at P28. ™": P<0.001; ™" P<0.0001 (one-way ANOVA with Dunnett’s multiple comparisons test). D: Immunofluorescence of NBR1 puncta and
DAPI in SVZ and SGZ from WT, fip200 cKlI, tax1bp1 cKO, and fip200 cKlI; tax1bp1 cKO mice at P28. Dotted lines indicate boundaries of SVZ and
DG. Scale bar: 50 pym. E: MeantSEM of NBR1 puncta per SVZ and SGZ section from WT (n=4), fip200 cKl (n=4), tax1bp1 cKO (n=4), and fip200
cKl; tax1bp1 cKO mice (n=4) at P28. ™": P<0.0001 (one-way ANOVA with Dunnett’s multiple comparisons test). F: Lysates were extracted from
NSC of P28 WT, fip200 cKl, tax1bp1 cKO, and fip200 cKlI; tax1bp1 cKO mice, with TAX1BP1, NBR1, and p62 protein levels analyzed by western
blotting. ACTIN was used as a loading control. G: Immunofluorescence of p62 puncta and DAPI in neurospheres from WT, fip200 cKl, tax1bp1

cKO, and fip200 cKiI; tax1bp1 cKO mice at P28. Scale bar: 20 ym. H: Mean+SEM of p62 puncta per neurosphere (n=3 independent samples)

P<0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). I: Immunofluorescence of NBR1 puncta and DAPI in neurospheres from WT,
fip200 cKl, tax1bp1 cKO, and fip200 cKIl; tax1bp1 cKO mice at P28. Scale bar: 20 ym. J: Mean+SEM of NBR1 puncta per neurosphere (n=3

independent samples). ™: P<0.001 (one-way ANOVA with Dunnett’'s multiple comparisons test).

452AAAA and A114Q mutants fail to degrade p62 aggregates.
Furthermore, neurosphere assays confirmed that the
reintroduction of WT and V143S TAX1BP1 constructs
increased the size and number of neurospheres, while the
YREK449-452AAAA and A114Q mutants did not significantly
affect NSC potency (Figure 4G, H). These findings suggest
that TAX1BP1 is required for p62 aggrephagy through FIP200,
with relevance for its degradation in NSCs.

TAX1BP1 ablation in fip200 cKO mice exacerbates
p62/NBR1 aggregation and degeneration of SVZ and DG
Given that TAX1BP1 ablation increased p62/NBR1
aggregation and NSC deficiency in fip200 cKl mice, we next
sought to demonstrate the function of TAX1BP1 in fip200 cKO
mice. We first explored how manipulating TAX1BP1 affected
NBR1 and p62 protein levels in SVZ tissues across different
experimental backgrounds. Interestingly, a marked up-
regulation in NBR1 and p62 was observed in the SVZ of
fip200 cKO; tax1bp1 cKO mice (designated 2 cKO) compared
to fip200 cKO and fip200 cKIl; tax1bp1 cKO mice (Figure 5A;
Supplementary Figure S5A). NBR1 and p62 aggregates were
also significantly increased in the SVZ and DG regions of 2
cKO mice (Figure 5B-E), aligning with the observations of
NSC deficiency (Figure 5F—O; Supplementary Figure S5B-G).
Previous studies have indicated that primary neurospheres
generated from PO fip200 cKO mice are similar in size and
number to those from WT mice (Wang et al., 2013). However,
the neurosphere assays showed marked reductions in
neurosphere formation in both primary and secondary SVZ
cultures derived from PO 2 cKO mice (Figure 5P, Q). For
neurospheres isolated from P28 mice, no differences in
sphere size or number were observed between fip200 cKO
and 2 cKO mice. Collectively, these results indicate that the
degradation of p62 aggregates in NSCs via aggrephagy
proceeds efficiently only when TAX1BP1 and FIP200 are co-
expressed.

DISCUSSION

The core canonical autophagy proteins form the ULK1-
ATG13-FIP200-ATG101 and PI3K-BECLIN1-ATG14L1-
VPS34 complexes, which are required for the induction and
initiation of autophagosomes, while two ubiquitin-like
conjugation systems, ATG7-ATG12-ATG5-ATG16L1 and
ATGS8, are involved in the elongation of autophagosomes
(Galluzzi etal.,, 2017; He & Klionsky, 2009; Mizushima &
Levine, 2010).

Previous research has shown that cells can degrade

substrates via Atg7-independent and autophagy receptor-
dependent mechanisms, namely non-canonical autophagy
(Ohnstad etal., 2020). Interestingly, unlike Fip200, the
ablation of core autophagosome elongation genes such as
Atgh, Atg7, and Atfg16L1 does not significantly impair p62
aggregate degradation or NSC functionality. In fip200"¢FA?
cKO mice, the accumulation of p62 aggregates triggers
aberrant increases in superoxide by impairing superoxide
dismutase functions, which affects the fate of autophagy-
deficient NSCs (Wang etal.,, 2016). In addition, p62
aggregates can hinder NSC differentiation by promoting
increased infiltration and activation of microglia through a p53-
independent, non-cell autonomous mechanism (Wang et al.,
2017). This difference highlights the essential role of the non-
canonical function of FIP200 in NSC maintenance and
differentiation.

Aggrephagy is a specialized cellular mechanism designed
to degrade protein aggregates, relying on specific cargo
receptors (Lamark & Johansen, 2012). Six aggrephagy
receptors —TAX1BP1, NBR1, P62, OPTN, TOLLIP, and
CCT2—have been identified and implicated in the degradation
of ubiquitinated protein aggregates (Gibertini et al., 2023; Ma
et al.,, 2022; Sarraf et al., 2020; Trapannone et al., 2023). In
this study, we found that among these six receptors, only
TAX1BP1, NBR1, and p62 aggregates significantly
accumulated in NSCs that were impaired by the absence of
FIP200. Interestingly, individual knockdown of TAX1BP1,
NBR1, and p62 in WT, fip200 cKO, fip200 cKl NSCs produced
different phenotypes, with only TAX1BP1 knockdown leading
to significant increases in p62 and NBR1 protein levels in
fip200 cKl NSCs. Moreover, knockdown of TAX1BP1 further
impaired the self-renewal capacity of fip200 cKO and fip200
cKl NSCs, while knockdown of p62 largely reversed these
defects. These insights suggest that autophagy receptors play
different roles in NSC self-renewal, particularly under the
context of canonical autophagy deficiency.

To investigate the non-canonical functions of FIP200 and its
partner TAX1BP1, fip200 cKO, fip200 cKlI, tax1bp1 cKO,
fip200 cKI; tax1bp1 cKO, and fip200; tax1bp1 2 cKO mice
were generated. The fip200 cKIl mice were designed to
express a FIP200-4A mutant incapable of binding with ATG13,
thus disrupting the formation of the canonical autophagy
induction complex. This model allowed us to study the non-
canonical interactions involving FIP200 and other proteins
(Chen etal.,, 2016). By leveraging the differential outcomes
observed in these mouse models, we demonstrated that the
degradation of p62 aggregates primarily occurred via FIP200-
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Figure 4 TAX1BP1 mediates p62 aggregate aggrephagy by recruiting FIP200 and NBR1

A: Co-immunoprecipitation assays in HEK293T cells after co-transfection with Flag-p62 and indicated combinations of empty HA-vector and HA-
tagged FIP200 Kl with or without Flag-TAX1BP1 or Flag-NBR1 before immunoprecipitation with anti-HA magnetic agarose. Immunoprecipitates (top
panel) and input samples (bottom panel) were then subjected to western blotting against anti-Flag or HA. B: Co-immunoprecipitation assays in
HEK293T cells after co-transfection with Flag-p62 and indicated combinations of empty HA-vector and HA-tagged TAX1BP1 with or without Flag-
NBR1 before immunoprecipitation with anti-HA magnetic agarose. Immunoprecipitates (top panel) and input samples (bottom panel) were then
subjected to western blotting against anti-Flag or HA. C: Co-immunoprecipitation assays in HEK293T cells after co-transfection with HA-p62, HA-
NBR1, and indicated combinations of empty Flag-vector, Flag-tagged TAX1BP1 FL, YREK449-452AAAA, FKEL453-456AAAA, QRLQ457-
460AAAA, KQIN461-464AAAA, and A449-463 before immunoprecipitation with anti-DYKDDDDK magnetic agarose. Immunoprecipitates (top panel)
and input samples (bottom panel) were then subjected to western blotting against anti-HA or Flag. D: Western blotting of TAX1BP1, NBR1, and p62
protein levels in fip200 cKl; tax1bp1 cKO NSCs re-expressed with different TAX1BP1 mutants. ACTIN was used as a loading control. E:
Immunofluorescence of p62 puncta and DAPI in fip200 cKlI; tax1bp1 cKO NSCs re-expressed with different TAX1BP1 mutants. Scale bar: 20 uym. F:
Mean+SEM of p62 puncta per neurosphere (n=3 independent samples). ™: P<0.01; ™ P<0.001 (one-way ANOVA with Dunnett's multiple
comparisons test). G: Neurosphere formation from fijp200 cKl; tax1bp1 cKO NSCs re-expressed with different TAX1BP1 mutants. Representative
phase contrast images. Scale bar: 200 pm. H: Mean+SEM of number and size of neurospheres (n=3 independent samples). “": P<0.0001 (one-way
ANOVA with Dunnett's multiple comparisons test).
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Figure 5 TAX1BP1 ablation in fip200 cKO mice exacerbates p62/NBR1 aggregation and degeneration of the SVZ and DG

A: Lysates were extracted from the SVZ of P28 fip200 cKO, fip200 cKl, tax1bp1 cKO, fip200 cKI; tax1bp1 cKO, and 2 cKO mice, with NBR1 and
p62 protein levels analyzed by western blotting. ACTIN was used as a loading control. B: Immunofluorescence of NBR1 puncta and DAPI in SVZ
and SGZ from fip200 cKO and 2 cKO mice at P28. Dotted lines indicate boundaries of SVZ and DG. Scale bar: 100 ym. C: Mean+SEM of NBR1
puncta per SVZ and SGZ section from fip200 cKO (n=4) and 2 cKO mice (n=4) at P28. ™": P<0.001 (unpaired Student's two-tailed t-test). D:
Immunofluorescence of p62 puncta and DAPI in SVZ and SGZ from fip200 cKO and 2 cKO mice at P28. Dotted lines indicate boundaries of SVZ
and DG. Scale bar: 100 ym. E: Mean+SEM of p62 puncta per SVZ and SGZ section from fip200 cKO (n=4) and 2 cKO mice (n=4) at P28. ™:
P<0.001 (unpaired Student’s two-tailed t-test). F: Histological analysis of sagittal sections of SVZ and DG from fip200 cKO and 2 cKO mice at P28.
Dotted lines indicate boundaries of SVZ and DG. Scale bar: 200 ym. G: Mean+SEM of SVZ cellularity and DG area per section from fip200 cKO
(n=4) and 2 cKO mice (n=4) at P28. ”: P<0.01 (unpaired Student’s two-tailed t-test). H: Immunofluorescence of GFAP, NESTIN, and DAPI in SVZ
and SGZ from fip200 cKO and 2 cKO mice at P28. Dotted lines indicate boundaries of SVZ and DG. Scale bar: 50 pm. I: Mean+SEM of GFAP and
NESTIN positive cells per SVZ and SGZ section from fip200 cKO (n=4) and 2 cKO mice (n=4) at P28. ": P<0.05; ™": P<0.001 (unpaired Student's
two-tailed t-test). J: Immunofluorescence of GFAP, SOX2, and DAPI in SVZ and SGZ from fip200 cKO and 2 cKO mice at P28. Dotted lines indicate
boundaries of SVZ and DG. Scale bar: 50 um. K: Mean+SEM of GFAP and SOX2 positive cells per SVZ and SGZ section from fip200 cKO (n=4)
and 2 cKO mice (n=4) at P28. ™: P<0.01; ™": P<0.001 (unpaired Student’s two-tailed t-test). L: Immunofluorescence of KI67 and DAPI in SVZ from
fip200 cKO and 2 cKO mice at P28. Dotted lines indicate boundaries of SVZ. Scale bar: 50 ym. M: Mean+SEM of KI67 positive cells per SVZ
section from £ip200 cKO (n=4) and 2 cKO mice (n=4) at P28. ": P<0.05 (unpaired Student’s two-tailed t-test). N: Immunofluorescence of DCX and
DAPI in SVZ from fip200 cKO and 2 cKO mice at P28. Dotted lines indicate boundaries of SVZ. Scale bar: 50 um. O: Mean+SEM of DCX positive
cells per SVZ section from fip200 cKO (n=4) and 2 cKO mice (n=4) at P28. ": P<0.05 (unpaired Student’s two-tailed t-test). P: Primary (first) and
secondary (second) neurosphere formation from fip200 cKO and 2 cKO mice at PO and P28. Representative phase contrast images. Scale bar: 200
um. Q: MeanxSEM of number and size of primary and secondary neurospheres (n=3 independent samples). : P<0.05; ": P<0.001; ™": P<0.0001

(one-way ANOVA with Dunnett’'s multiple comparisons test).

TAX1BP1-NBR1 axis-mediated non-canonical autophagy.
Furthermore, the abnormal accumulation of p62 aggregates
impaired NSC maintenance and differentiation. These insights
fundamentally extend our understanding of autophagy in
NSCs and present potential therapeutic avenues for
addressing NSC maintenance and neurodegenerative
conditions linked to protein aggregation.

A key innovation of our study was the use of the FIP200-4A
mutant, which successfully rescued all observed phenotypes
in fip200 cKO mice, highlighting its critical role in the
degradation of ubiquitinated protein aggregates. To further
validate this role, we developed a model with both FIP200-4A
and TAX1BP1 KO (fip200 cKl; tax1bp1 cKO mice), which
mimicked the phenotypes observed in fip200 cKO mice,
thereby implicating TAX1BP1 as a necessary component in
FIP200-4A-mediated degradation. Moreover, the fip200 cKI;
tax1bp1 cKO mice mirrored the phenotypes of fip200 cKO
mice, suggesting that TAX1BP1 is necessary for FIP200-4A
mutant-mediated degradation. The fip200; tax1bp1 2 cKO
mice also showed more severe phenotypes than those
observed in fip200 cKO mice at P28, indicating that TAX1BP1
also contributes to aggrephagy independently of FIP200-
mediated degradation, as illustrated in our working model
(Figure 6). In addition, fip200"™F4P ¢KO; p62" mice showed
rescued phenotypes similar to those observed in fip200"¢4P
cKO mice at P28, consistent with previous study (Wang et al.,
2016), indicating that p62 aggregation is a major mediator for
FIP200 mutant NSCs.

Beyond its central role in the autophagy initiation complex,
FIP200 interacts with various proteins to direct alternative
cellular functions (Yeo etal, 2020). Structural and
biochemical studies have revealed that FIP200 directly
interacts with p62 through its claw region to facilitate the
degradation of p62-ubiquitinated protein aggregates (Turco
etal.,, 2019a, 2019b). The FIP200 claw region is also
responsible for interactions with OPTN or CCPG1 (Zhou et al.,
2021). Additionally, FIP200 associates with NDP52 via its
coiled-coil region, promoting NDP52-mediated xenophagy
(Boyle et al., 2019; Shi et al., 2020) and mitophagy (Yamano
& Youle, 2020). In Fip200 KO cells, TBK1 is recruited to p62
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aggregates via TAX1BP1, promoting p62 aggregate formation
(Liu et al., 2021; Schlitermann et al., 2021), whereas, in Atg7
KO cells, TAX1BP1 recruits FIP200 to bind to NBR1, resulting
in local autophagosome formation (Ohnstad etal., 2020).
Recent in vitro reconstitution research identified direct
interactions between FIP200, TAX1BP1, NBR1, and p62, with
p62 and NBR1 highlighted as major drivers of ubiquitin
condensate formation, whereby NBR1 recruits TAX1BP1 to
the ubiquitin condensates formed by p62. Although all three
receptors interact with FIP200, TAX1BP1 is the main driver of
FIP200 recruitment, thereby mediating the autophagic
degradation of p62-ubiquitin condensates (Turco et al., 2021).
These in vitro observations complement the findings in this
study. To the best of our knowledge, however, this study is the
first to elucidate the mechanistic basis for the degradation of
p62 aggregates in NSCs via non-canonical autophagy.

Our data showed that the interactions between FIP200,
TAX1BP1, NBR1, and p62 are crucial for the degradation of
p62 aggregates in NSCs. We found that FIP200 preferentially
binds with TAX1BP1 and NBR1, both of which enhance the
interaction between FIP200 and p62. Additionally, TAX1BP1
showed a tendency to bind with NBR1, facilitating the
interaction between TAX1BP1 and p62. Disrupting any of
these interactions impaired degradation of p62 aggregates.
Further targeted experiments revealed that similar to the
phenotype observed in fip200 cKO mice, TAX1BP1 ablation in
fip200 cKl mice caused p62 and NBR1 aggregation and
degeneration of the SVZ and DG. These findings underscore
the role of TAX1BP1 as a key driver of p62 aggregate
degradation in canonical autophagy-defective NSCs.

In summary, our study revealed a non-canonical autophagy
pathway involved in protein aggregate degradation and the
regulation of postnatal NSCs. We identified TAX1BP1 as a
key determinant of p62 aggregate degradation and NSC
regulation in fip200 cKI mice. Further research is required to
fully elucidate the clinical relevance of this pathway in
neurodegenerative diseases.

SUPPLEMENTARY DATA

Supplementary data to this article can be found online.
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Figure 6 Working model of FIP200-TAX1BP1 axis-mediated non-canonical autophagy of p62 aggregates, leading to normal neural stem

cell (NSC) maintenance

Schematic of differential p62 aggregate degradation in NSCs. Macroautophagy, FIP200-TAX1BP1 axis-mediated non-canonical autophagy, and
TAX1BP1-mediated non-canonical autophagy mediate the degradation of p62 aggregates, leading to normal NSC maintenance.
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