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SUMMARY

Macroautophagy (autophagy) involves the formation of phagophores that mature into
autophagosomes. The impact of inhibiting autophagosome closure remains unclear. Here, we
report the generation and analysis of mice with impaired autophagosome closure by targeting
the ubiquitin E2 variant-like (UEVL) B strands of the endosomal sorting complex required

for transport (ESCRT) | subunit VPS37A. The VPS37A UEVL mutation (A43-139) impairs
bulk autophagic flux without disrupting ESCRT-I complex assembly and endosomal function.
Homozygous mutant mice exhibit signs of autophagy impairment, including p62/SQSTM1 and
ubiquitinated protein accumulation, neuronal dysfunction, growth retardation, antioxidant gene
upregulation, and tissue abnormalities. However, about half of the mutant neonates survive

to adulthood without severe liver injury. LC3 proximity proteomics reveals that the VPS37A
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UEVL mutation leads to active TANK-binding kinase 1 (TBK1) accumulation on phagophores,
resulting in increased p62 phosphorylation and inclusion formation. These findings reveal a
previously unappreciated role of LC3-conjugated phagophores in facilitating protein aggregation

and sequestration, potentially alleviating proteotoxicity.
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In brief

Hamamoto et al. report that disrupting the VPS37A ubiquitin E2 variant-like domain impairs
autophagosome closure, resulting in milder autophagy-defective phenotypes in mice compared to
those lacking upstream autophagy-related genes. They found that LC3-conjugated phagophores
facilitate TBK1-dependent p62 phosphorylation, potentially alleviating proteotoxicity by

sequestering protein aggregates.

INTRODUCTION

Macroautophagy, hereafter referred to as autophagy, is a major lysosomal degradation
pathway for nutrient recycling and cellular quality control. The process of autophagy
begins with the formation of a crescent-shaped membrane structure, known as the
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phagophore, which selectively or non-selectively sequesters cytoplasmic constituents such as
proteins, macromolecules, and organelles. The formation and growth of the phagophore

is coordinated by a series of autophagy-related (ATG) proteins, including the ULK1/
ATG1 complex (ULK1/2, ATG13, RB1CC1/FIP200, and ATG101) for initiation, class
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I11 phosphatidylinositol 3-kinase complex | (PIK3C3/VPS34, PI3KR4/VPS15, BECNL1,
and ATG14) for nucleation, and the LC3/ATG8 conjugation system (ATG7, ATG3,
ATG10, ATG12, ATG5, ATG16L, and MAP1LC3/GABARAP/ATGS), together with the
ATG2 complex (ATG2A/B and WIPI) and ATG9A, for membrane expansion.1=3 Once
covalently conjugated with phosphatidylethanolamine on the phagophore, LC3/GABARAP
also mediates cargo recruitment through autophagy receptors such as p62/SQSTM1.4 Upon
membrane growth, the phagophore eventually seals to form a double membrane vesicle
called the autophagosome. The endosomal sorting complex required for transport (ESCRT)
machinery mediates scission of the phagophore to close the membrane neck and separate
the inner and outer membranes of the autophagosome. To date, components of the ESCRT-I
(VPS37A, TSG101, and VPS28) and ESCRT-11l (CHMP4B and CHMP2A) complexes and
the AAA ATPase VPS4 have been identified as critical ESCRT factors for mammalian
autophagosome closure.>=8 The vesicle closure step is critical for proper fusion with
lysosomes to digest sequestered contents.59

The physiological importance of autophagy has been studied extensively using mice
deficient in genes that are directly implicated in or function upstream of LC3 conjugation.10
Mice systemically lacking the core ATG genes die either during embryogenesis (RB1CC1,
ATG13, BECNL1, PIK3C3, and ATG9A) or shortly after birth (ULK1/2, ATG7, ATG12,
ATG5, ATG16L, and ATG3). The underlying mechanisms of the variation in mortality
remain unclear but may be related to their other functions besides autophagic degradation.
The effects of autophagy inhibition in adult mice have also been examined using
conditional gene knockout systems. Adult mice systemically depleted of ATG7 using the
tamoxifen-inducible gene deletion system show liver damage, muscle wasting, adipose

loss, testicular degeneration, and lethal neurodegeneration.1! Likewise, mice lacking ATG5
in all tissues excepts the brain also exhibit liver and other tissue damage along with

growth retardation,12 while neuronal loss of ATG5 or ATG7 causes neurodegeneration.13.14
The tissue abnormalities of these autophagy-defective mice are often accompanied by the
accumulation of p62 and ubiquitinated proteins. In the liver, p62 sequesters the E3 ligase
KEAP1 and stabilizes the antioxidant transcription factor NRF2/NFE2L2.15 The deletion of
p62 or NRF2 abolishes liver damage and subsequent benign adenoma formation induced
by ATG5 or ATG7 loss.1>-17 The importance of autophagy to suppress liver damage has
further been demonstrated by hepatic deletion of RB1CC1.18 In contrast, the physiological
impact of inhibiting autophagosome biogenesis downstream of LC3 conjugation is not well
understood. Mice deficient in TSG101 have been shown to die in utero.X® An embryonic
lethality has also been reported in mice carrying ubiquitin binding-defective UBAP1,20

an ESCRT-I subunit that forms a heterotetrameric complex with TSG101, VPS28, and
VPS37A. However, TSG101 is a core ESCRT-1 subunit involved in various membrane
remodeling processes besides autophagy.?! Moreover, UBAP1 is an endosome-specific
ESCRT-I subunit whose loss has little effect on autophagosome closure.”-22 Thus, it remains
unclear whether the embryonic lethality observed in these mice is simply due to autophagy
impairment or other defects.

The ESCRT-I subunit VPS37A, also known as hepatocellular carcinoma-related protein
1 (HCRP1), was originally discovered as a cell growth-regulatory protein frequently
downregulated in hepatocellular carcinoma (HCC).23 We have recently demonstrated a
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unique role of VPS37A in directing the ESCRT machinery to the phagophores.” The
autophagy-specific function of VPS37A is exerted by its N-terminal ubiquitin E2 variant-
like (UEVL) domain-containing region,?* which is absent in other VPS37 homologs.
Disruption of the VPS37A N terminus impairs autophagosome closure and results in the
accumulation of LC3-positive phagophores.”-2425 |nterestingly, unlike most ATG genes,
which are rarely lost or mutated,26-28 the gene encoding VPS37A is frequently lost in
various types of solid cancers due to chromosome 8p deletion,2%:30 correlating with worse
survival outcomes.31-40 Moreover, it has been shown that LC3-positive membranes have
signaling roles in cell fate besides cargo sequestration.#1-53 To understand the physiological
consequences of autophagosome closure inhibition and phagophore accumulation, we
generated mice with systemic deletion of the VPS37A UEVL region (A43-139). The
mutation successfully impaired autophagosome closure without affecting ESCRT-1 complex
formation and stability and systemically accumulated LC3-11 and p62 in mice. Moreover, the
VPS37A mutant mice exhibited phenotypes characteristic of autophagy impairment, such
as neonatal lethality, growth retardation, neuronal dysfunction, and tissue abnormalities.
However, several phenotypes manifested by the mutant mice, specifically neonate mortality
and liver damage, were found to be less severe than those reported in ATG-deficient mice.10
Interestingly, despite similar levels of p62 accumulation, we found that the levels of p62
phosphorylation and aggregation were much higher in autophagosome closure-defective
VPS37A mutant or knockout cells than in LC3 conjugation-defective ATG7 knockout

cells. Through proximity proteomics of phagophore-conjugated LC3, we identified the
IKK-related kinase TBK1 as the major kinase responsible for the enhancement of p62
phosphorylation and inclusion formation by autophagosome closure inhibition. Of note,
VPS37A mutant livers upregulated the NRF2/NFE2L2 antioxidant pathway and exhibited
expression profiles similar to those of transgenic and chemically induced mouse models

of HCC. These results uncover an unappreciated role of LC3-positive phagophores in
promoting the formation of insoluble protein aggregates, which may mitigate proteotoxicity
and aid hepatocyte survival during cancer development.

Dissection of ESCRT-I function in autophagy by targeting the UEVL domain of VPS37A

Based on the AlphaFold-predicted (human: Q8NEZ2; mouse: Q8CHS8)>* and nuclear
magnetic resonance (PDB: 8E22; BMRB: 31039)24 structures, the VPS37A N terminus,
comprising an unstructured region (UR1) followed by an UEVL domain, is flexibly
linked to the C-terminal Mod(R) domain via a long unstructured region (UR2) (Figures
1A and 1B). We have shown previously that the deletion of the first 90 residues of
VPS37A impairs autophagosome closure without affecting ESCRT-1 complex formation
and endosomal sorting of epidermal growth factor receptor (EGFR).” To gain further insight
into the role of the UEVL domain in autophagosome closure, we narrowed the VPS37A
N-terminal region required for autophagy by generating a series of deletion mutants.
Consistent with our previous report, the A1-90 mutation impaired the ability of VPS37A
to mediate autophagy, as determined by monitoring the lysosomal inhibitor bafilomycin
Al (BafAl)-sensitive turnover of p62 and LC3-I1 (autophagic flux) (Figures 1C and 1D).
Similar levels of autophagic flux impairment were detected by the deletion of the first
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67 amino acids (A1-67) or the core UEVL structure (A42-67) of VPS37A. In contrast,
the A1-23 mutant restored the autophagic flux defect in VPS37A knockout (KO) cells

at a level similar to VPS37A wild type (WT). These results indicate the indispensability
of VPS37A UEVL, but not URL, in autophagy. To verify that the autophagy flux defect
caused by the UEVL deletion is due to the impairment of autophagosome closure, we
next performed the HaloTag (HT)-LC3 autophagosome completion assay (Figures 1E and
1F). This assay utilizes a membrane-impermeable HT ligand (MIL; green) and a membrane-
permeable HT ligand (MPL; magenta) conjugated with two different fluorescent dyes to
distinguish open (MIL*MPL") and closed (MPL*) autophagosomal membranes.5 Since
autophagosome-sequestered HT-LC3 is subjected to lysosomal degradation, the assay was
performed in the presence of BafAl. As expected, the A1-67 and A42-67 mutations,

but not the A1-23 mutation, hindered the formation of MPL™ structures, resulting in an
accumulation of MIL* structures. This highlights the critical role of VPS37A UEVL in
autophagosome closure.

Mammalian ESCRT-I is a heterotetrameric complex composed of TSG101, VPS28, one
of the VPS37 homologs (VPS37A-VPS37D), and one of the UBAP1-MVB12-associated
(UMA) proteins (UBAP1/1L, MVB12 A/B, and UMAD).> The VPS37A-containing
complex preferentially incorporates UBAP1, which contains a solenoid of overlapping
ubiquitin-associated (SOUBA) domain for ubiquitin-dependent endosomal sorting (Figure
1A).2255 As aberrant sorting of signaling receptors can impact autophagy,2* VPS37A loss
or mutation may indirectly impair autophagy by disrupting the endosomal function of

the complex. To test this possibility, we mutated the conserved lysine residue (K382) of
VPS37A that is predicted to bind to the conserved VPF motif of UMA proteins including
UBAP1.% As expected, the mutation of VPS37A K382 to aspartic acid (K382D) completely
abolished the incorporation of UBAP1 (Figure 1G). However, we found that the mutation
did not affect both autophagosome closure and subsequent degradation, as the K382D
mutant restored these autophagic events in VPS37 KO cells at levels similar to VPS37A
WT (Figures 1H-1K). These results align with our previous report demonstrating the
dispensability of UBAP1 in autophagosome closure’ and indicate that disruption of the
endosomal sorting function of the VPS37A-containing ESCRT-1 complex has a minimal
effect on autophagosome closure.

Establishment of an autophagosome closure-defective mouse model by targeting VPS37A

UEVL

To investigate the physiological impact of inhibiting autophagosome closure, we generated
conditional VPS37A mutant C57BL/6J mice in which exons 2 and 3, encoding the core
UEVL B strands, are flanked by /oxPsites (Figure 2A). The resultant VPS37Aflox/flox
mice were crossed with the SOX2-CRE transgenic mice (B6.Cg- £diif379(50x2-cre)1AmadJ)56
to obtain VPS37A heterozygous mutant (WT/mut) mice, which were then intercrossed

to produce homozygous mutant (mut/mut) mice. Immunoblot analysis of primary mouse
embryonic fibroblasts (MEFs) isolated from embryonic day 13.5 (E13.5) VPS37Amut/mut
embryos revealed the expression of a truncated VPS37A mutant that was accompanied

by an increase in the levels of the phagophore/autophagosomal membrane marker LC3-

Il and the autophagic receptor p62 (Figure 2B and 2C). Minor increases in these
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autophagy markers were also detected in heterozygous mutants, in which both WT and
mutant VPS37A proteins were detected. Sashimi plot analysis and sequencing of VPS37A
transcripts verified the deletion of exons 2/3 and skipping of exon 4, resulting in the
expression of a VPS37A mutant lacking the UEVL core structure (A43-139) (Figures

S1A and S1B). Notably, the mutation did not affect the ability of VPS37A to form

the heterotetrameric ESCRT-I complex with TSG101, VPS28, and UBAP1 (Figure 2D),
supporting the role of its C-terminal modifier of rudimentary (Mod(r)) domain in the
association with other ESCRT-I subunits.>’” To determine the impact of the mutation

on autophagosome closure, we conducted the HT-LC3 assay in immortalized MEFs. As
expected, WT cells accumulated MPL™* structures in response to nutrient starvation in

a BafAl-sensitive manner, indicating the induction of sealed and degradative autophagic
vacuole formation during autophagy (Figures 2E, 2F, and S1C). Conversely, VPS37AMut/mut
cells hindered the formation of MPL* closed autophagosomes, leading to an increase

in MIL*MPL™ open phagophores. Electron microscopy confirmed the accumulation of
phagophore-like immature autophagic structures in starved mutant cells (Figures 2G and
2H), demonstrating that the UEVL mutation successfully impaired autophagosome closure.
To further evaluate the effect of the mutation on autophagy, we next performed the pulse-
chase HT-LC3B reporter assay®® to monitor autophagic flux. Consistently, ATG7-dependent,
BafA1l-sensitive processing of HT-LC3B was found to be suppressed in VVPS37AMut/mut
cells, although a low level of processing was still detectable (Figures S1D and S1E). This
aligns with our previous finding that ESCRT-mediated autophagosome closure is crucial for
efficient autolysosome formation, yet some abnormal lysosomal fusion can proceed without
complete autophagosome formation.® As a low level of autophagic flux is also detectable
after the disruption of LC3/ATG8 conjugation,®:°8 we next compared the inhibitory effects
on autophagic flux between VPS37A mutant and ATG7 KO cells using the HT-GFP

bulk degradation reporter. In line with a previous report,>® ATG7 loss strongly but not
completely inhibited BafA1-sensitive processing of HT-GFP (Figures 21 and 2J). Notably,
VPS37AMUYMUt ce||s exhibited a similar level of HT-GFP processing inhibition, which was
not further enhanced by ATG7 loss, suggesting that VPS37A and ATG7 function in a linear
pathway to regulate autophagic flux. The importance of VPS37A UEVL in autophagy was
further verified using VPS37A KO U-2 OS human osteosarcoma cells (Figure S1F) in which
the level of HT-GFP processing during autophagy was also found to be comparable to that in
LC3 conjugation-defective ATG5 KO cells (Figure S1G).

A transient depletion of VPS37A has been shown to disrupt the endolysosomal system
and impair ligand-stimulated degradation of EGFR.5” However, these effects appear to

be minor or negligible for stable KO or N-terminal deletion (A1-90) of VVPS37A.7:59
Consistently, the rate of EGF-stimulated endocytic EGFR degradation in VPS37AMut/mut
MEFs was comparable to that in WT cells (Figures 2K and 2L). Moreover, unlike

the ATPase-defective VPS4A mutant (VPS4AE228Q) which globally perturbs ESCRT
functions in various pathways, including the endolysosomal pathway, the VPS37A UEVL
mutation did not affect the distribution or morphology of EEAL-positive early endosomes
and LAMP1-positive late endosomes/lysosomes in MEFs (Figure S1H). Collectively, we
generated a conditional mouse model expressing the autophagy-defective but endocytosis-
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competent VPS37A AUEVL mutant, which enables the investigation of the physiological
and pathological implications of inhibiting autophagosome closure.

VPS37AMUUMUt mice can survive but develop neuronal dysfunction

The heterozygous mutant mice were born normally and developed into adulthood without
observable abnormalities. The homozygous mutant mice were also born at the expected
Mendelian frequency, when accounting for cannibalized newborns, and did not display
apparent developmental defects. However, their sizes were smaller compared to WT and
heterozygous littermates (Figures 3A, 3B, and S2A). Notably, approximately half of the
VPS37AMUYMUt mice experienced neonatal lethality, with 25% dying within 1 day of birth
(Figure 3C). These neonatally lethal mice often lacked milk in their stomachs (Figure 3B),
suggesting a potential suckling defect. However, this alone may not explain the neonatal
lethality, as an additional 25% of the VPS37AMUUMUt mice were found dead between post-
natal days 1 and 2 (Figure 3C) despite having milk in their stomachs. These phenotypic
outcomes differ from mice systemically lacking ATG genes upstream of autophagosome
closure, where lethality typically occurs during /n7 utero development or in the neonatal
period.10 \VVPS37AMUYMUt mice surviving beyond day 2 showed severe growth retardation
accompanied by reduced insulin growth factor I (IGF-1) plasma concentrations regardless of
gender (Figures 3D, 3E, and S2B). By 2 weeks of age, all surviving VPS37AMUY/mut mice
displayed evident neurological abnormalities, including hindlimb clasping, tremor, and gait
ataxia (Figure 3F; Videos S1, S2, and S3), reaching humane endpoints within 3 months of
age. These phenotypes align with those reported in LC3 conjugation-defective micel0.13.14
and indicate the importance of autophagic degradation in neuronal function.

To investigate the pathological alterations associated with the neurodegenerative features

of the homozygous mutant mice, brain sections from 8-week-old mice were subjected

to immunohistology (IH) and hematoxylin and eosin (H&E) staining. In support of the

role of VPS37A UEVL in autophagosome closure for cargo degradation, IH revealed the
accumulation of cytoplasmic aggregates positive for LC3, p62, and ubiquitin throughout the
brain of the mutant mice (Figure 3G). We also detected increased levels of the microglia
markers CD11b and ionized calcium binding adaptor molecule 1 (Ibal), indicating the
development of neurcinflammation in the mutant brain. Consistent with these findings,
histological analysis of H&E-stained brain sections identified degenerating neurons and glial
cell infiltration in the brain stem and cerebellum (Figures 3H and 3I). To investigate the
timing of neuroinflammation in the mutant mouse, we next performed IH for the astrocyte
marker glial fibrillary acidic protein (GFAP) and Ibal on E18 and 2-week-old brains. We
observed elevated GFAP and Ibal expression in the brain of VPS37AMUYMUt mice at 2 weeks
(Figure S2C), coinciding with the onset of neurological symptoms. In contrast, there were
no increases in these inflammation markers in the E18 mutant mouse brain. This discrepancy
was not due to the lack of protein aggregates, as increased p62-positive foci were evident

in both E18 and 2-week-old brains from the mutant mice (Figure S2D). These findings
indicate that the inhibition of ESCRT-mediated autophagosome closure postnatally induces
neuroinflammation and neurodegeneration.
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VPS37A UEVL loss results in tissue abnormalities accompanied by accumulation of
phosphorylated p62 and ubiquitinated proteins

In accordance with their smaller body sizes, VPS37AMUUMUt mice exhibited reduced

tissue sizes compared to their WT and heterozygous siblings at 8 weeks of age, with

the exception of the lungs (Figures S3A and S3B). The tissue-to-body weight ratios

were lower in the pancreas, fat, and reproductive organs (seminal vesicles, ovaries, and
uterus) for VPS37AMUUMUt mice while the brain and lungs had significantly higher ratios
(Figure S3B). Histological analyses revealed various tissue abnormalities in VPS37AMut/mut
mice (Figure 4A). The lungs displayed severely thickened alveolar septa with lymphocyte
infiltration and nodules of hyperplastic lymphoid tissue. The adipocytes in the fat tissues
were small in size with eosinophilic cytoplasm and multiple small vacuoles, as opposed to
the single large clear vacuole in WT adipocytes. The skeletal muscle contained noticeably
smaller myofibers with an increased number of nuclei per myofiber. The exocrine pancreas
displayed acinar cell atrophy. In the male mutants, the testes showed a large decrease in
Leydig cells in the interstitial area. Although mouse submandibular salivary glands normally
demonstrate sexual dimorphism histologically (with male glands having large duct epithelial
cells containing eosinophilic granules), the salivary ducts of mutant male mice were as
small as female salivary duct cells. Erythrocytes showed unevenly distributed sizes with
central pallor. These observations are consistent with the phenotypes of LC3 conjugation-
deficient micel9-12 and underscore the importance of autophagy in tissue development and
homeostasis.

In addition to the tissue abnormalities that were characteristic of LC3 conjugation-defective
mice, VPS37AMUUMUt mice also displayed unique phenotypes. One notable difference

was the absence of hepatomegaly (Figure S3B), a prominent phenotype associated with
autophagy impairment.10-12.18,60.61 \ypg37 AmutVmut mice did not manifest a significant
increase in the plasma level of the liver injury marker alanine aminotransferase (Figure
S3C), and only mild cytoplasmic clearing was observed in their hepatocytes (Figure

4A). Moreover, the spleen showed less extramedullary hematopoiesis in the red pulp and
decreased size of the white pulp with very small germinal centers and reduction in lymphoid
precursors. The thymus displayed greatly reduced cortical thickness and fewer mature
lymphocytes. The kidneys displayed a reduced size of the renal tubular epithelial cells,
although the previously reported morphological abnormality of the glomerulil2 was not
observed. The non-glandular stomach displayed squamous cell hyperplasia with increased
thickness and prominent basal cells.

To assess whether the tissue abnormalities observed in VPS37 AMUUMUL mjce were
accompanied by the impairment of autophagy, we measured the levels of ubiquitinated
proteins, p62 and LC3-11, by immunoblotting. As anticipated, these markers for autophagic
degradation were found to be increased in all homozygous mutant tissues examined (Figure
4B), indicating a global autophagy defect in the mice. Some heterozygous mutant tissues
also showed higher levels of these indicators, consistent with the MEF data (Figure 2B).
The p62 accumulation in the mutant tissues correlated with increased phosphorylation

of S405 and S351, which modulate the autophagy receptor functions of p62.52 403
phosphorylation of p62 (S405 in the mouse) enhances ubiquitin binding to drive phase
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separation for cargo concentration and segregation,53 while S349 (S351 in the mouse)
phosphorylation enhances its binding to the signaling molecules KEAP1 and RB1CC1 for
NRF2 activation and autophagy initiation, respectively.54:65 We detected systemic increases
in both S405 and S351 phosphorylation in the mutant mice (Figure 4B). Interestingly, this
observation contrasts with the data in A7G57~;NSE-ATG5 mice, where strong increases in
phosphorylated p62 are specifically detected in the liver and skeletal muscle.10:12 Notably,
despite these changes in autophagy markers, the levels of EGFR did not increase in the

liver. Furthermore, unlike the complete depletion of VPS37A,%6 the levels of glucagon
receptor signaling pathway markers (phosphorylated, active protein kinase A [p-PKA]
substrates and p-CREB) were also similar between WT and mutant livers (Figure S4). These
results indicate the dispensability of the VPS37A UEVL domain for endosomal receptor
sorting /n vivo. Consistently, electron microscopy revealed the presence of endosomes with
intraluminal vesicles in both WT and mutant liver sections, while accumulation of immature
autophagic structures was only observed in the mutant samples (Figure 4C).

The VPS37A UEV domain mutant liver exhibits upregulation of genes associated with
antioxidant and oncogenic pathways

VPS37A was initially identified as a cell growth inhibitory protein frequently downregulated
in HCC.23 The decrease in VPS37A expression has also been reported in patients

with severe non-alcoholic steatohepatitis,56 underscoring the significance of VPS37A in
maintaining liver health. To understand the impact of VPS37A-mediated autophagosome
closure inhibition on tissue homeostasis, we conducted RNA sequencing on 8-week-old
mouse livers with different VPS37A genotypes. Our analysis identified 797 genes that

were either upregulated (360 genes) or downregulated (473 genes) in VPS37Amut/mut

livers compared to WT livers ( | fold change (FC) | > 1.5, adjusted p value [padj]<0.05)
(Figure 5A; Table S1). VPS37AWYMUt and WT livers had similar expression patterns at

this age. Gene set enrichment analysis revealed the upregulation of glucose transporter

and carbohydrate metabolism-regulatory genes in VPS37AMUUMUt Jiyers (Figures SS5A-S5E),
suggesting the activation of pathways to supply building blocks and energy to overcome
autophagy deficiency. Unlike ATG7-deficient livers,11 only a modest enrichment of the
innate immune response pathway was detected (Figures S5E and S5F), aligning with the
observed liver histology. Notably, the expression patterns of both the upregulated and
downregulated gene sets closely resembled those of transgenic and chemically induced
mouse models of HCC87 in the Molecular Signatures Database (MSigDB) (Figure 5B),
indicating a tumor suppressor function for VPS37A-mediated autophagosome closure.

Our analysis on MSigDB also revealed that VVPS37AMUUMUt Jiver upregulates genes that
are downregulated in NRF2/NFE2L2 KO MEFs (Figure 5B). Consistently, analysis of the
transcription factor target dataset showed the enrichment of NRF2 target genes (Figures
5C and 5D). The upregulation of NRF2 target anti-oxidant genes in VVPS37AMUYMut jyer
was validated by gPCR and immunoblot analyses (Figures 5E-5G). These changes in gene
expression were accompanied by increased NRF2 protein levels in both cytoplasm and
nucleus (Figure 5H and 51), consistent with the role of p62 in NRF2 stabilization.15 In
addition to NRF2 target genes, we identified gene sets regulated by transcriptional factors
involved in HCC development, such as MYC/MAX (Figure 5C), supporting the notion that
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p62 promotes HCC development via activation of the NRF2 and mTOR-MYC pathways.%8
Collectively, we demonstrated that the inhibition of VPS37A-mediated autophagosome
closure results in the upregulation of genes associated with antioxidant and oncogenic
pathways in the liver. The distinct liver phenotypes observed in VPS37 Amut/mut gng
ATG5/7-deficient mice imply the involvement of other factors besides autophagy inhibition
and NRF2 activation in the severe liver damage caused by ATG loss.

LC3-conjugated phagophores facilitate the formation of insoluble p62 aggregates

Consistent with the systemic accumulation of phosphorylated p62 in VPS37AMUY/mut mijce
(Figure 4B), we observed increased levels of S403- and S349-phosphorylated p62 in human
cell lines (equivalent to S405- and S351-phosphorylated p62 in mouse cells) upon loss

of VPS37A (Figures S6A-S6D). Notably, these phenotypes were not simply due to the
impairment of autophagic degradation, as phosphorylated p62 levels in VPS37A-deficient
cells were higher than those in ATG7-deficient cells despite similar levels of total p62
(Figures S6C and S6D). The primary cause appeared to be an autophagosome closure
defect, as the phenotype is reversed by reintroducing either VPS37A WT or the K382D
mutant but not by UEVL deletion mutants (A1-90, A1-90/K382D) (Figures S6E and

S6F). Given that S403 phosphorylation (S405 in the mouse) of p62 reportedly promotes
cytoplasmic inclusion body formation,®3 we examined the cellular localization of p62

by confocal microscopy. In both WT MEFs and U-2 OS cells, loss of ATG7 impaired
nutrient starvation-induced LC3-positive autophagosome formation and drastically increased
cytoplasmic p62 signals (Figure 6A and S6G). In line with the notion that oligomerized
p62 can localize to the autophagosome formation site independent of LC3 conjugation,®
the enhanced signals were occasionally detected in cytoplasmic puncta; however, we found
that most of the p62 signals in these cells remained dispersed in the cytoplasm. In contrast,
the majority of p62 signals in VPS37AMUUMut and \/PS37A KO cells were accumulated

in cytoplasmic aggregates and associated with LC3-positive phagophores (Figures 6B and
6C). Moreover, we detected higher levels of total and phosphorylated p62 in the detergent-
insoluble fraction of VPS37AMUUMUL cells than in ATG7 KO and WT cells (Figures 6D and
6E). The detergent-insoluble fraction of VPS37 AMutmut ce||s was also enriched with the
E3 ubiquitin ligase KEAP1, supporting the role of p62 S351 phosphorylation in KEAP1
sequestration for NRF2 stabilization.6> Notably, the increased p62 phosphorylation and
inclusion formation in VPS37A mutant and KO cells were not further enhanced but reversed
by ATG?7 deletion (Figures 6A, 6B, 6D, 6E, S6C, S6D, and S6G). These results indicate
the roles of LC3-conjugated phagophores in promoting p62 phosphorylation and inclusion
formation upon autophagy inhibition.

Phagophore-associated TBK1 mediates p62 phosphorylation and augments insoluble
inclusion formation

To understand the mechanism underlying the augmentation of phagophore-dependent p62
phosphorylation observed by autophagosome closure inhibition, we utilized the enhanced
ascorbate peroxidase 2 (APEX2)-mediated proximity biotinylation approach’® to label
proteins on LC3-positive membranes that accumulated in VPS37A KO U-2 OS cells.

The successful enrichment of biotinylated proteins on p62-positive phagophores by FLAG-
APEX2-LC3B, as opposed to control FLAG-APEX, was confirmed through NeutrAvidin
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staining (Figure 7A). To identify biotinylated proteins in close proximity to LC3-positive
phagophores, cell lysates were subjected to streptavidin pull-down followed by mass
spectrometry. This revealed 494 proteins either enriched (187 proteins) or depleted (307
proteins) by FLAG-APEX2-fused LC3B over FLAG-APEX (log2 fold change [log2FC] > 1,
p<0.05) (Figure 7B; Table S2). Analysis using the COMPARTSMENTS protein subcellular
localization database demonstrated strong enrichment for phagophore and autophagosomal
membrane-associated proteins, including 11 core ATG proteins (ULK1, ATG13, RB1CC1,
PIK3R4, ATG2A/B, ATG9A, WIPI2, ATG16L, MAP1LC3B, and GABARAPL2); the
omegasome marker ZFYVE1; and 14 autophagy receptors, including p62/SQSTMZ1; as well
as known autophagic substrates like KEAP1, FTH1, FTL, and MVP by FLAP-APEX2-LC3
(Figures 7B, S7A, and S7B). We also detected increases in proteins involved in membrane
tethering and fusion, such as STX17, as well as upstream ESCRT factors, including

TOML1 and TOM1L1. The 307 proteins enriched by FLAP-APEX over FLAG-APEX2-LC3
included many nucleoproteins, reflecting the cytoplasmic and nuclear distribution of FLAG-
APEX (Figure 7A).

Among the 173 APEX2-LC3-enriched proteins, several serine/threonine kinases (MST1,
NEK9, PLK1, TBK1, and ULK1) and kinase adaptors (AZ12 for TBK1 and TAB2

for TAK1) were identified. Notably, TAK1, TBK1, and ULK1 have been implicated
previously in S403/405 and/or $351/349 phosphorylation of p62.41:71-74 To investigate
their involvement in upregulation of p62 phosphorylation during autophagosome closure
inhibition, we treated VPS37AMUUMUt cg|is with the TBK1 inhibitor GSK8612,75 the ULK1
inhibitor SBI-0206965,% and the TAK1 inhibitor 5Z-7-oxozeaenol.”” GSK8612 treatment
resulted in a time-dependent reduction of S172-phosphorylated (active) TBK1 and S405-
phosphorylated p62 without affecting total p62 and LC3-11 (Figure 7C). The inhibitory effect
of GSK8612 on p62 phosphorylation appeared to be specific to TBK1 inhibition, as similar
results were obtained by small interfering RNA (siRNA)- and CRISPR-Cas9-mediated
depletion of TBK1 (Figures 7D-7F). A similar trend was observed for p62 phosphorylation
at S351, albeit less pronounced than at S405 (Figures 7C—7F). This is in line with previous
studies suggesting that S405/403 phosphorylation can be directly mediated by TBK171.74
and is important for the subsequent phosphorylation at $351/349.78 The upregulation of
TBK1-mediated p62 phosphorylation by autophagosome closure inhibition was further
validated in VPS37A-deficient U-2 OS, HuH-7, and Hep G2 cells (Figure S8A). In contrast,
SBI-0206965 and 5Z-7-oxozeaenol showed little inhibitory effects on p62 phosphorylation,
although they reduced other downstream targets, including ATG13 phosphorylation and
tumor necrosis factor alpha-induced IkB degradation, respectively (Figures S8B and S8C).
We next examined whether TBK1 activation is responsible for the increased formation

of p62 inclusions in autophagosome closure-defective cells. We found that p62 inclusions
accumulated in VPS37AMUUMUt and \/PS37A KO cells were highly associated not only with
LC3 but also with phosphorylated TBK1 and that GSK8612 treatment abrogated inclusion
formation (Figures 7G and 7H). Consistently, cell fractionation analysis revealed that TBK1
inhibition decreased the levels of not only phosphorylated but also total p62 proteins in the
detergent-insoluble fraction (Figure 71). A drastic accumulation of active TBK1-positive p62
inclusions was also detected in the liver of VPS37AMUUMUt mice (Figure 7J). Notably, the
phagophore accumulation of active TBK1 was found to be dependent on LC3 conjugation,
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as ATG7 depletion dispersed p-TBK1 signals in VPS37AMUUMut ce|is (Figures S8D and
S8E). Collectively, these results indicate that LC3-conjugated phagophores serve as a
platform for TBK1 to phosphorylate p62, mediating inclusion formation, which is amplified
upon phagophore closure inhibition.

DISCUSSION

In this study, we developed a mouse model of defective autophagosome closure by
targeting the core UEVL structure of VPS37A and investigated its physiological impact

in vivo. VPS37AMUUMUt mice expressing the UEVL-truncated VPS37A (A43-139) mutant
exhibited impaired autophagosome closure and cargo degradation, resulting in phenotypes
characteristic of autophagy-defective mice. These phenotypes included the accumulation
of p62 and ubiquitinated proteins, neuronal dysfunction, growth retardation, and tissue
abnormalities.10 Importantly, despite these autophagy-related effects, the VPS37A (A43-
139) mutant retained the ability to form a heterotetrameric ESCRT-1 complex with
TSG101, VPS28, and UBAP1 and to regulate endosomal receptor sorting. Consequently,
VPS37AMUYMUt mice did not exhibit the embryonic developmental abnormalities or lethality
observed in endosomal sorting-defective UBAP1 mutant and TSG101 KO mice.1920 These
findings extend our previous study” and underscore the critical role of the VPS37A UEVL
domain in mammalian autophagosome closure.

Although VPS37AMUUMUt mice developed autophagy-defective phenotypes, they also
displayed distinct features compared to mice with defective LC3 conjugation. One major
difference is the neonatal mortality rate. While nearly all LC3-conjugation-defective

mice die on post-natal day 0, primarily due to suckling failure,10:60.79 only half of the
VPS37AMUYMUt mice died during the neonatal period, with the rest surviving for more than
2 weeks. Moreover, even among VPS37AMUYMUt mice that died as neonates, about half of
them exhibited signs of milk intake. These phenotypes mirror the rescue of the neonatal
lethality of ATG5-null mice by neuron-specific transgenic expression of ATG5,12 suggesting
that the presence of LC3-conjugated phagophores may delay neuronal dysfunction caused
by autophagy deficiency. Another notable difference was the absence of severe hepatic
injury and hepatomegaly in VPS37AMUUMUt mice \We found that this was not due to the
lack of p62 accumulation or NRF2 stabilization, both of which have been implicated in the
liver pathology caused by ATG7 loss.15:80 Notably, nearly all p62 inclusions accumulated in
VPS37A mutant or KO cells were associated with LC3-conjugated phagophores. Moreover,
while small soluble aggregates are known to be highly reactive and more toxic to cells
compared to large aggregates,®1:82 we found that disruption of LC3 conjugation attenuated
p62 inclusion formation in cells defective in ESCRT-mediated autophagosome closure.
Thus, LC3-conjugated phagophores may have a protective role in reducing proteotoxicity
resulting from autophagy deficiency, although further investigation is required to elucidate
the cytoprotective roles of autophagosomal membranes. Interestingly, mice deficient in
EPG5, which functions downstream of autophagosome closure to regulate autophagosome-
endosome/lysosome fusion, have also been shown to survive postnatally.83 Notably, while
these mice exhibit growth retardation and develop neuronal abnormalities, their phenotypes
appear to be less severe than those observed in VPS37A mutant mice, suggesting that

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

Page 13

accumulation of unclosed and closed autophagosomes may have different degrees of
protection from proteotoxicity caused by autophagy deficiency.

Our study identified the innate immune kinase TBK1 as a major kinase responsible

for the increases in p62 phosphorylation and detergent-resistant inclusion formation

upon autophagosome closure inhibition. TBK1 has been shown to translocate to
autophagosome formation sites, where it regulates the formation and maturation of
autophagosomes by phosphorylating ubiquitin-binding autophagy cargo receptors such as
p62 and other autophagy regulators.”%:74.:84.85 Mechanistically, TBK1 can be recruited to
LC3-conjugated phagophores either directly, through interactions with the ATG8 family
protein GABARAPS6 and the autophagy receptors OPTN and TAX1BP1,86-88 or indirectly
via the autophagy receptor CALCOCO2/NDP52 and the TBK1 adaptor protein AZ12.89
Through AZI12, TBK1 can also interact with the ULK1 complex component RB1CC1/
F1P200.88 Consistently, we detected co-enrichment of these TBK1 recruiting factors

with p62 in close proximity to LC3-conjugated phagophores (Figure 7B; Table S2).
Interestingly, TBK1 also phosphorylates stimulator of interferon genes (STING) to induce
IRF3-mediated immune response, while autophagy degrades active TBK1 and STING to
limit its downstream signaling.9-9% Moreover, the VPS37A-containing ESCRT-1 complex
has been reported recently to regulate TBK1 signaling by inducing STING degradation via
endosomal microautophagy.®*9> However, despite the accumulation of active TBK1, severe
inflammation was not observed in the VPS37AMUUMut ivers. Notably, our data show that
phagophore closure inhibition can enhance TBK1 activation independent of the STING
pathway, as VPS37A loss accumulated phosphorylated TBK1 in U-2 OS cells, which are
deficient in STING.% It would be of interest to determine the precise mechanisms behind
TBK1 activation upon autophagosome closure inhibition and to identify its novel substrates
and signaling pathways on the phagophore.

While acute liver injury was not evident, we found that VPS37AMUYmUt [ivers upregulated
glucose transporter and carbohydrate metabolism-regulatory genes and displayed expression
profiles characteristic of those in transgenic and chemically induced mouse models of
HCC.57 These observations are in line with the fact that VPS37A downregulation is
commonly detected in major solid cancer types, including HCC, as a consequence of
chromosome 8p deletion?9:30 and that it enhances tumor progression.2%:31:38.97 |n contrast to
ATG5/7 loss, which causes severe hepatic damages but does not result in malignant tumor
formation, 16 overexpression of p62 has been shown to induce hepatocellular carcinogenesis
by promoting the survival of HCC-initiating cells in mice.®8 Moreover, increased p62
activates a positive feedback loop to further upregulate its expression through the NRF2

and nuclear factor xB axes.% Thus, while cells with VPS37A/8p loss may be capable

of managing acute proteotoxicity by promoting LC3 conjugation-dependent inclusion
formation and sequestration, activation of the p62 feedforward loop and its associated
oncogenic signaling pathways may facilitate them to undergo malignant transformation and
grow further in the absence of autophagic degradation.

In summary, we established the VPS37A UEVL mutant mouse as an animal model of
defective autophagosome closure and revealed an unappreciated role of LC3-conjugated
phagophores in regulating the formation of insoluble protein aggregates through
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TBK1-mediated p62 phosphorylation. The short lifetime of phagophores hampers our
understanding of the phagophore-associated signaling pathways. Given that targeting
VPS37A UEVL can stabilize and enrich phagophores without apparent impact on other
ESCRT-dependent membrane remodeling processes, this mouse model provides a valuable
resource to facilitate the study of phagophore-dependent signaling pathways and the
physiological and pathological roles of autophagosomal membranes beyond degradation.

Limitations of the study

In this study, we demonstrated that the VPS37A UEVL mutation impairs autophagosome
closure without disrupting ESCRT-1 complex formation and endocytic receptor sorting,

the most well-characterized non-autophagic function of VPS37A.57 However, we cannot
exclude the possibility that the phenotypes observed in the VPS37A mutant mice may be
partly attributed to disruptions of uncharacterized non-autophagic functions of VPS37A
UEVL. Additionally, since ESCRT inhibition does not completely block autophagic flux,6-8
a residual level of autophagic degradation in the mutant cells may also contribute to the
postnatal survival of the mutant mice. Finally, we acknowledge that further studies are
necessary to experimentally validate the cytoprotective role of LC3-conjugated phagophores.

RESOURCE AVAILABILITY

Lead contact

Requests for further information, resources, and reagents should be directed to and will be
fulfilled by the lead contact, Yoshinori Takahashi (ytakahashi@pennstatehealth.psu.edu).

Materials availability

All unique plasmids and mouse lines generated in this study are available from the lead
contact with a completed materials transfer agreement.

Data and code availability

. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE®? partner repository with the
dataset identifier PXD057301 and https://doi.org/10.6019/PXD057301.

. This paper does not report original code.
. All other relevant information is available upon request.
STARXMETHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—Heterozygous VPS37A targeted (wt/flox) C57BL/6J mice in which exons 2 and 3,
encoding the core UEVL B-strands, are flanked by LoxPsites, were generated by Cyagen
Biosciences using CRISPR/Cas9-assisted homologous recombination. Briefly, mouse
genomic fragments containing 5" and 3" homology arms were amplified from BAC clone
(RP24-74J7) and assembled into a targeting vector containing /oxP recombination site.
gRNAs (ACCCGCCACTAGCAGCTTTACGG and ATTGTCCAAAGGTAAATAATTGG)
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targeting mVVPS37A gene, the targeting vector and Cas9 mRNA were co-injected into
fertilized mouse eggs to generate targeted knock-in offspring. The VPS37AWUfloX mjce
were intercrossed to generate homozygous VPS37A targeted (flox/flox) mice. The resultant
VPS37AfoX/flox mice were bred with SOX2-CRE [B6.Cg-Edil3Tg(Sox2-cre)1Amc/]
transgenic mice (008454; Jackson Laboratory) to obtain VPS37A heterozygous mutant
(wt/mut) mice, which were then intercrossed to produce homozygous mutant (mut/mut)
mice. Genotyping of mice was performed by PCR using the primers listed in Table S3. All
animal studies were performed in accordance with guidelines established by the Institutional
Animal Care and Use Committee (IACUC # PRAMS201145989) at the Penn State College
of Medicine (Hershey, Pennsylvania, USA).

Cell culture, viral transduction, and autophagy induction—Mouse embryonic
fibroblasts (MEFs) were isolated from E13.5 embryos and maintained in Dulbecco’s
Modification of Eagle’s Medium (DMEM) (10-013-CV; Corning) supplemented with 10%
fetal bovine serum (FBS) and 1x Antibiotic Antimycotic Solution (AA) (SV30079.01;
Cytiva). 293T/17 (CRL-11268), Phoenix-AMPHO (CRL-3213), HuH-7 cells (CVCL_0336,
kindly gifted by Dr. Jianming Hu) and Hep G2 cells (CVCL_0027, HB-8065; ATCC) were
maintained in DMEM containing 10% FBS and 1x AA. U-2 OS cells were maintained

in McCoy’s 5A medium (10-050-CV; Corning) supplemented with 10% FBS and 1x AA.
HuH-7 cells and Phoenix-AMPHO were gifted from Jianming Hu (Penn State College of
Medicine) and Garry P. Nolan (Stanford University School of Medicine). All other human
cell lines were obtained from American Type Culture Collection. Lentivirus-mediated

and retrovirus-mediated gene transduction were performed as previously described.” To
immortalize MEFs, primary MEFs were transduced with retrovirus containing pBABE-
neo largeT cDNA and selected with 400 pg/mL G418 for 7 days. VPS37A KO, ATG7

KO, ATG7 VPS37A DKO U-2 OS cells were generated as previously described.6.7:107

All other knockout cells were generated by lentiviral transduction with gRNAs listed in
Table S3 followed by puromycin selection (4 pg/mL for MEFs; 3 ug/mL for HuH-7 and
Hep G2 cells) for 10 days. For ATG7-deficient MEFs, six knockout clones were picked
and pooled. For transient gene silencing, SiRNAs were transfected into cells using the
Lipofectamine RNAIMAX transfection reagent according to the manufacturer’s protocol.
To induce autophagy, cells were rinsed three times with Dulbecco’s phosphate buffered
saline (PBS) and incubated with amino acid-free DMEM (048-33575; FUJIFILM Wako
Pure Chemical Corporation).

METHOD DETAILS

Reagents—The following primary antibodies were used for immunoblotting (IB),
immunofluorescence (IF) and immunohistology (IH): mouse antibodies against a-tubulin
(1B, T5168, 1:4000; Sigma-Aldrich), p-actin (1B, A5441, 1:10,000; Sigma-Aldrich), FLAG
(IH, F1804, 1:500; Sigma-Aldrich), IxBa (1B, 1:1000; Cell Signaling Technology),

LC3B (IH, M152-3, 1:200; MBL international), TSG101 (IB, GTX70255, 1:1,000;
Genetex), Ubiquitin (NB300-130, 1:2000 for 1B, 1:300 for IH; Novus), VPS28 (1B,
sc-166537, 1:100; Santa Cruz Biotechnology); rabbit antibodies against Atg5 (1B,

12994, 1:1000; Cell Signaling Technology), Atg7 (1B, 8558, 1:1000; Cell Signaling
Technology), Atg13 (IB, 13273, 1:1000; Cell Signaling Technology), EEAL (IH,
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MAJ514794,1:200; Thermo Fisher Scientific), EGFR (1B, 4267, 1:1000; Cell Signaling
Technology), GFP (IB, 2956, 1:1000; Cell Signaling Technology), Gstm1 (IB, 12412-1-
AP, 1:1,000; Proteintech), HaloTag (1B, G928A, 1:1000; Promega), Ibal (IH, 019-19741,
1:200; FUJIFILM Wako Pure Chemical Corporation), Keapl (1B, 10503-2-AP, 1:2000;
Proteintech), MAP1LC3B (1B, NB100-2220, 1:4000; Novus), MGST3 (1B, ah192254,
1:1000; Abcam), MVB12A (IB, 50-173-5082, 1:1,000; Fisher scientific), NQO1 (1B,
11451-1-AP, 1:2,000; Proteintech), NRF2 (IH, 12721, 1:200; Cell Signaling Technology),
phospho-Atg13 Ser355 (1B, 46329, 1:1000; Cell Signaling Technology), phospho-p62
Ser349 (1B, 95697, 1:1000; Cell Signaling Technology), phospho-p62 Ser403 (1B, 39786,
1:1000; Cell Signaling Technology), phospho-TBK1 (5483, 1:1000 for 1B, 1:200 for

IH; Cell Signaling Technology), TBK1 (1B, 38066, 1:1000: Cell Signaling Technology),
UBAP1 (IB, 12385-1-AP, 1:1,000; Proteintech), VPS37A (1B, HPA024705, 1:4000;
Sigma-Aldrich; 1B, 11870-1-AP, 1:2000; Proteintech); chicken antibody against GFAP
(IH, CPCA-GFAP, 1:1000; EnCor Biotechnology); guinea pig antibodies against p62
(03-GP62-C, 1:4,000 for 1B, 1:300 for IH; American Research Products); rat antibodies
against CD11b (IH, MCA711, 1:200; Bio-Rad), LAMP1 (IH, sc-19992, 1:100; Santa
Cruz Biotechnology); DyLight 650-conjugated NeutrAvidin (IH, 84607, 1:1000; Thermo
Fisher Scientific). The following secondary antibodies were used for IH: Alexa Fluor
488-conjugated goat antibodies against mouse 1gG (1:1000, A28175; Life Technologies),
rabbit 1gG (1:1000, A11008; Life Technologies); Alexa Fluor 568-conjugated goat
antibodies against rabbit 1gG (1:1000, A11036; Life Technologies); Alexa Fluor 647-
conjugated goat antibodies against rat 1gG (1:1000, A21247; Life Technologies), guinea
pig 1gG (1:1000, A21450; Life Technologies). The following secondary antibodies were
used for IB: HRP-conjugated goat antibodies against mouse 1gG (1:3000, 7076; Cell
Signaling Technology), rabbit IgG (1:3000, 7074; Cell Signaling Technology); IRDye
680RD-conjugated donkey antibodies against mouse IgG (1:10000, 926-68072; LI-COR),
guinea pig 1gG (1:10000, 926-68077; LI-COR); IRDye 800CW-conjugated donkey
antibodies against rabbit IgG (1B, 1:10000, 926-32213; LI-COR). All other reagents were
obtained from the following sources: 5Z-7-oxozeaenol (HY-12686; MedChemEXxpress),
AlexaFluor 488-conjugated membrane-impermeable ligand (MIL) (G1001; Promega),
BafAl (AAJ61835MCR; Thermo Fisher Scientific), cycloheximide (CHX) (C7698; Sigma-
Aldrich), digitonin (D141; Sigma-Aldrich), EGF from murine submaxillary gland (E4127;
Sigma-Aldrich), GSK8612 (HY-111941; MedChemExpress), mouse recombinant TNFa
(CYT-252; Prospec), normal goat serum (G9023; Sigma-Aldrich), paraformaldehyde (PFA)
(15710, Electron Microscopy Sciences), phosphatase inhibitor cocktail 2/3 (P5726/P0044;
Sigma-Aldrich), protease inhibitor cocktail (P8340; Sigma-Aldrich), protease inhibitor
cOmplete mini (Sigma-Aldrich; 11836153001), SBI-0206965 (M60268; Xcess biosciences),
tetramethylrhodamine-conjugated membrane-permeable ligand (MPL) (G8251; Promega),
XF Plasma Membrane Permeabilizer (XF-PMP) (102504-100; Agilent). ON-TARGETplus
SMART Pool Non-targeting (D-001810-10) and mouse TBK1 (L-063162-00) siRNAs
were obtained from GE Healthcare Dharmacon. The following plasmids were obtained
through Addgene: lentiCRISPRV2 puro (gifted from Dr. Brett Stringer, #98290),104
mVenus-C1 (gifted from Dr. Steven Vogel, #27794),101 pEGFP-flag-APEX2-a-tubulin
(gifted from Dr. Alice Ting, #66171),79 pEGFP-VPS4-E228Q (gifted from Dr. Wesley
Sundquist, #80351),103 pMRX-1B-HaloTag7-mGFP (gifted from Dr. Noboru Mizushima,
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#184903),%8 pBABE-neo largeT cDNA (gifted from Dr. Robert A Weinberg, #1780),102
FUGW-PK-hLC3 (gifted from Dr. Isei Tanida, #61460).190 The oligonucleotides used

for plasmid construction are listed in Table S3. pPCDH1-CMV-MCS-SV40-Hygro and
pCDH1-CMV-HT-LC3-SV40-Hygro were generated as previously described.” pCDH1-Ubc-
HT-LC3B was generated by subcloning the PCR-amplified HT-LC3 cassette into Nhel-
EcoR1 site of FUGW-PK-hLC3. To make pCDH-mVenus-Hygro, mVenus from mVenus-
C1 was amplified by PCR and subcloned into Xbal-BamHI site of pPCDH1-MCS-SV40-
Hygro by Gibson assembly. PCR-amplified hVPS37A was subcloned into Xhol-BamHI

site of pCDH1-CMV-HT-LC3-SV40-Hygro, and the HT cassette in the Nhel-Xhol site

of resultant pPCDH-HT-hVVPS37A was replaced with m\enus cassette to generate pPCDH-
mVenus-hVPS37A. For mVVPS37A expression constructs, total RNA from mouse liver

was extracted using RNeasy plus mini kit (74134; Qiagen), and cDNA were generated

by QuantiTect Reverse Transcription Kit (205311; Qiagen). mVPS37A FL and mutant
lacking the UEVL core structure (A43-139) were amplified by PCR and cloned into Nhel-
Xhol sites of pPCDH-mVenus-hVVPS37A to generate pPCDH-mVenus-mVPS37A FL (WT)
and pCDH-mVenus-mVPS37A A43-139 (Mut), respectively. pPCDH-flag-APEX2-LC3 was
generated by subcloning of flag-APEX2 amplified from pEGFP-flag-APEX2-a.-tubulin and
LC3B amplified from pCDH1-CMV-HT-LC3-SV40-Hygro into the Xbal-Bambhl site of
pCDH-CMV-MCS-EFla-Puro (#CD510A-1; System Biosciences). To make an inducible
dominant-negative (DN) VPS4 (VPS4AE228Q) expression plasmid, pPCDH-TRE3G-GFP-
DNVPS4 was generated by subcloning the tetracycline operator and GFP-DNVPS4A from
PEGFP-VPS4-E228Q into the Clal-BamH]I site of pCDH-CMV-MCS-EF1a-Puro. Tandem
P2A-T2A and tetracycline-controlled transactivator were subcloned into Sall site of pCDH-
TRE3G-GFP-DNVPSA4. Finally, CMV enhancer amplified from pCDH-Cuo-MCS-EFla-
CymR-T2A-Puro (#QMB800A-1; System Biosciences) was subcloned into the Clal site of the
resultant plasmid to generate pPCDH-TRE3G-GFPDNVPS4-tet-on-3G. Each gRNA listed in
Table S3 were subcloned into the BsmB1 site of lentiCRISPRv2.

Immunoblotting and coimmunoprecipitation—Total cell and tissue lysates were
prepared in radio-immunoprecipitation assay buffer (RIPA buffer, 150 mM NaCl, 10 mM
Tris-HCI, pH 7.4, 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, 1% Deoxycholate,
5 mM EDTA, pH 8.0) containing phosphatase inhibitor cocktail 2/3 and protease Inhibitor
cocktail, and subjected to SDS-PAGE followed by immunoblotting with the indicated
antibodies. For tissue lysates, tissues were homogenized in RIPA buffers using a Polytron
1300D homogenizer at 13,000 rpm for muscle and 5,000 rpm for the other tissues with

5 up-and-down strokes followed by incubation on ice for 30 min. The signal intensities
were quantified using Image Studio software (version 5.2, LI-COR Biotechnology). For
coimmunoprecipitation, cell lysates were prepared in 0.5% NP-40 lysis buffer (10 mM
Tris-HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and 0.5% NP-40) containing phosphatase
inhibitor cocktail 2/3 and protease inhibitor cocktail, and subjected to immunoprecipitation
using GFP-trap beads (gtma; Chromotek). The immunoprecipitates were washed three times
with wash buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and 0.05%
NP-40) and subjected to immunoblotting. The extraction of TX-100 soluble and insoluble
fraction was performed as previously described.108 Briefly, the TX-100 soluble fraction
from cells were prepared in TX-100 lysis buffer (0.25 mol/L sucrose, 10 mmol/L HEPES,
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pH 7.5, 1% TX-100, 150 mmol/L NaCl, and freshly added 1 mmol/L DTT) containing
phosphatase inhibitor cocktail 2/3 and protease inhibitor cocktail. The cells in the lysis
buffer were vortexed and incubated on ice for 15 min. The lysates were centrifuged at 14000
rpm for 10 min at 4°C. The supernatants were carefully collected without disrupting the
pellet and used as TX-100-soluble fraction. Resultant pellets were washed twice in the lysis
buffer and reconstituted in the lysis buffer containing 2% SDS, followed by sonication until
the pellet is fully dispersed. Lysates were centrifuged at 14000 rpm for 5 min at 4°C and
supernatants were collected as TX-100-insoluble fraction.

HaloTag-GFP and HaloTag-LC3 reporter processing assays—HaloTag-GFP and
HaloTag-LC3 reporter processing assays was performed as previously described.58 Briefly,
cells stably expressing HT-LC3 or HT-GFP were preincubated in complete medium
containing 200 nM MPL for 20 min. The cells were then rinsed three times with

DPBS, starved in the presence or absence of 100 nM BafALl for 6 h, and analyzed by
immunoblotting.

HaloTag-LC3 autophagosome completion assay and immunofluorescence—
Cells were grown overnight on Lab-Tekll Chambered Coverglass, Chamber Slide (154941,
Nunc). For HT-LC3 autophagosome completion assay, cells were incubated in 13 MAS
buffer (220 mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCI2, 2 mM HEPES,
and 1 mM EGTA) containing 3 nM XF-PMP and 1 uM MIL at 37°C for 15 min, fixed in 4%
PFA for 7 min, incubated in 13 MAS buffer containing 5 uM membrane permeable MPL for
30 min as described previously.® For immunofluorescence, cells were fixed in 4% PFA for 7
min, permeabilized with 100 ug/mL digitonin for 7 min, blocked in 10% normal goat serum
for 1 h, and incubated with primary antibodies overnight at 4°C followed by secondary
antibodies for 1 h at room temperature (RT). Fluorescent images were obtained using a
Leica AOBS SP8 laser-scanning confocal microscope (633 oil-immersion [1.2 numerical
aperture] lens) with the highly sensitive HyD detectors and the Leica Application Suite X
(LAS X), deconvolved using Huygens deconvolution software (Scientific Volume Imaging),
and analyzed using Imaris software (Bitplane) and Volocity software (PerkinElmer) without
gamma adjustment.

Histology and immunohistology—Tissue samples were fixed in 10% Neutral buffered
formalin for 48 h, paraffin-embedded, sectioned at 5 um thickness, deparaffinized and
stained with hematoxylin and eosin (H&E). The H&E-stained tissues were blindly
evaluated by a board-certified veterinary pathologist to assess the degree of severity of

glial cell infiltration, which was scored in a routine semiquantitative manner09-111 from
unremarkable (0), minimal (1), mild (2), to moderate (3). For liver immunohistology,
deparaffinized sections were permeabilized with 100 pg/mL digitonin for 7 min at

RT, blocked in 10% normal goat serum for 1 h, incubated with primary antibodies

overnight at 4°C followed by secondary antibodies for 1 h at RT, treated with TrueVIEW
autofluorescence quenching kit (SP-8400-15; Vector Laboratories), and analyzed by
confocal microscopy as described above. For brain immunohistology, prenatal embryos were
harvested and fixed in 4% (w/v) PFA overnight after pregnant mothers were euthanized with
CO, inhalation. Postnatal pups were anesthetized with ketamine (100 mg/kg)/xylazine (10
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mg/kg) and were transcardially perfused with PBS followed by 4% PFA in PBS. The brains
were removed and post-fixed in the same fixative at 4°C overnight. The fixed brains were
cut into 40 um slices with a vibratome, or cryopreserved in 30% sucrose (w/v) in PBS,
embedded in the optimal cutting temperature compound (4583; Sakura Finetek USA) and
sectioned at 20 um thickness using a cryostat. The sections were pretreated for 30 min in

25 mM HCI at 65°C and rinsed with 40 mM borate buffer (pH 8.5), PBS, and TBS-T (10
mM Tris-HCI [pH 7.4], 100 mM NaCl with 0.3% Triton X-100 [v/v]). The sections were
then blocked with a blocking buffer (5% normal donkey serum [v/v] in TBS-T) at 20°C-
25°C for 1 h and incubated with primary antibodies diluted in blocking buffer overnight

at 4°C. Sections were washed with TBS-T and then incubated with secondary antibodies
with 4”6-diamino-2-phenylindole dihydrochloride (DAPI; D1306; Thermo Fisher Scientific)
for nuclear staining for 1 h, and mounted with a Fluoro-Gel mounting medium (17985-

11; Electron Microscopy Sciences). Images were captured with a Zeiss Axio Imager.M2
microscope using a Plan Apochromat 20x (NA 0.8) and the Axiocam 305 CCD camera (Carl
Zeiss AG; Jena, Germany).

Electron microscopy—~For cell electron microscopy, cells were grown on the Permanox
dishes (174888; Thermo Fisher Scientific) overnight, starved in starvation medium for 3 h,
fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
for 1.5 h at RT followed by post fixation buffer (1% osmium tetroxide/1.5% potassium
ferrocyanide/0.1 M phosphate buffer (pH 7.4) for 1 h. For liver electron microscopy,
postnatal pups were anesthetized with ketamine (100 mg/kg)/xylazine (10 mg/kg) and were
transcardially perfused with PBS followed by 4% PFA in PBS. The livers were removed
and fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4) for 1.5 h at RT followed by post fixation buffer (1% osmium tetroxide/1.5% potassium
ferrocyanide/0.1 M phosphate buffer (pH 7.4) overnight at 4°C. After post fixation, cell
and liver samples were dehydrated in a graded series of ethanol and acetone, embedded in
LX-112 (Ladd Research, Williston, VT), sectioned at a thickness of 65 nm, mounted on
the grids, stained with aqueous uranyl acetate and lead citrate, and analyzed using a JEOL
JEM1400 Transmission Electron Microscope (JEOL USA Inc., Peabody, MA, USA) located
at the Penn State College of Medicine Transmission Electron Microscopy Core.

EGFR degradation assay—EGFR degradation assay was performed as previously
described.112 Briefly, cells at 70-80% confluency were incubated in DMEM containing
0.5% FBS for 4 h followed by addition of 10 pg/mL CHX for 20 min to prevent de novo
protein synthesis. The cells were then treated with 100 ng/mL EGF in the presence of 10
pg/mL CHX for the indicated periods of time and subjected to immunoblotting.

Plasma cytokine and ALT assay—Plasma cytokine levels were measured using
semiquantitative Mouse Cytokine Array C2000 (AAM-CYT-2000; RayBio) according to the
manufacturer’s instruction. Signals were imaged using ChemiDoc MP imaging system (Bio-
Rad) and spot intensity were analyzed using ImageJ1%® with plug-in “Protein array analyzer”
(2010; http://rsh.info.nih.gov/ij/macros/toolsets/Protein%20Array%20Analyzer.txt) made by
Carpentier G. Plasma ALT levels were measured using Mouse ALT ELISA Kit (ab282882;
Abcam) according to the manufacturer’s instruction.
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RNA-seq and gPCR—L.iver samples isolated from 8-wk-old mice were immediately
immersed in RNAlater stabilization solution (AM7020; Invitrogen) and subjected to total
RNA extraction using RNeasy Plus Kit (74134, QIAGEN). mRNA-seq was performed

by Novogene Corporation, Inc. Briefly, total RNA samples were quality checked by
NanoDrop and Agilent Bioanalyzer 2100. cDNA libraries were generated with NEBNext
Ultra 1l Directional RNA Library Prep Kit for Illumina (E7760, New England Biolobs).

The resultant libraries were checked using Qubit and real-time PCR for quantification and
Agilent bioanalyzer for size distribution detection. Quantified libraries were pooled and
sequenced on Illumina Novaseq 6000 platform using PE150 reads, according to effective
library concentration and data amount. Raw reads of FASTQ format were processed through
the FASTQ software and clean reads were obtained by trimming reads containing adapter,
reads containing ploy-N and low-quality reads. The trimmed FASTQ files were mapped
against the mm10 mouse reference genome using Hisat2 v2.0.5. featureCounts v1.5.0-p3
and DESeq?2 were used to count the reads numbers mapped to each gene and normalize gene
count data, respectively. Differential expression gene and gene set enrichment analyses were
performed using the integrated differential expression and pathway analysis (iDEP) platform
(v0.96). Real-time PCR amplification was performed using the iTaq Universal SYBR Green
Supermix (1725121, Bio-rad) and the primer sets listed in Table S3. Fluorescence was
monitored using the CFX96 Touch Real-Time PCR Detection System (Bio-rad). Results
were analyzed using the AACT method and normalized to B-glucuronidase.

APEX2 proximity proteomics—Cells expressing Apex2 fusion proteins were starved for
90 min and incubated with 500 uM biotin-phenol (LS-3500.0250, Iris Biotech) at 37°C for
30 min followed by 1 mM H,0, treatment at RT for 1 min. The cells were then washed
three times with a quencher solution (5 mM Trolox, 10 mM sodium ascorbate, and 10 mM
sodium azide), harvested and lysed in RIPA buffer supplemented with 5 mM Trolox, 10 mM
sodium ascorbate, 10 mM sodium azide, and the protease inhibitor cOmplete mini. To enrich
biotinylated proteins, an equal amount of cell lysates was subjected to affinity purification
using Dynabeads MyOne Streptavidin C1 (65001; Thermo Fisher Scientific) overnight at
4°C. Beads were subsequently washed as follows: twice with RIPA buffer, once with 2%
SDS, once with 1 M KCI, once with 0.1 M NaCO3, twice with RIPA buffer, twice with 10
mM Tris/Cl pH 7.5, 150 mM NacCl, 0.5 mM EDTA, 0.05% NP40, and twice with 50 mM
Tris, 50 mM NaCl, followed by resuspension in 50 mM NH4HCO3. For proteomics, protein
bound on beads were washed three times with 0.5 M tetraethylammonium bicarbonate
(TEAB), reduced and alkylated with Tris(2-carboxyethyl) phosphine (TCEP) buffer (10 mM
TCEP, 0.5 M TEAB, 20 mM chloroacetamide, 2% sodium deoxycholate, pH 8.5) at 80°C
for 10 min, and digested with 0.5 ug of Trypsin LysC (Promega) at 30°C overnight. Peptides
were purified using CDS Empore SDB-RPS tips, and run on a Bruker TIMS TOF Flex
in-line with a nanoflow Bruker Fifteen column (15 cm x 150 um ID, 1.5 um C18, 120A)
using a NanoElute LC with a gradient consisting of 5%-30% (ACN, 0.1% FA) over 17.22
min at 1 pL/min using the DDA PASEF short analysis method at the Penn State College of
Medicine Mass Spectrometry and Proteomics. The raw data were analyzed using Fragpipe
v.19.0 and MSFragger v.3.7 software196 with a Human database UP000005640, including
536 common lab contaminant proteins, decoys, and a total of 196514 entries. Precursor mass
tolerance was set at 20 ppm, Fragment mass tolerance at 20 ppm. Carbamidomethylation
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of cysteine residues (+57.021 Da) was applied as a static modification, and oxidation

of methionine residues (+15.995 Da), and phosphorylations of tyrosine, threonine, and
serine residues (+79.9663 Da) were considered as variable modifications. Peptide-spectrum
matches (PSMs) were adjusted to 1%. MS data were processed and analyzed using Scaffold
5.3.0 Proteome software. The total precursor intensity data was normalized and imputed for
analyses as described previously.113

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined using Graph Pad Prism 7.0. Threshold for statistical
significance for each test was set at 95% confidence (p < 0.05). Statistical details for
individual experiments are provided in the corresponding figure legends.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This work was supported by NIH grants GM127954, CA222349, and DC016307; the PA Tobacco Settlement Fund;
the Lois High Berstler Research Endowment; and the Four Diamonds. The authors would like to thank Dr. Yasin
Uzun at the Penn State College of Medicine for his statistics advice. We also acknowledge the Penn State College
of Medicine Advanced Light Microscopy Core (RRID: SCR_022526), Transmission Electron Microscopy Core
(RRID: SCR_021200), and Mass Spectrometry and Proteomics Core (RRID: SCR_017831) for their support.

REFERENCES

1. Nakatogawa H (2020). Mechanisms governing autophagosome biogenesis. Nat. Rev. Mol. Cell Biol
21, 439-458. 10.1038/541580-020-0241-0. [PubMed: 32372019]

2. Chang C, Jensen LE, and Hurley JH (2021). Autophagosome biogenesis comes out of the black box.
Nat. Cell Biol 23, 450-456. 10.1038/s41556-021-00669-y. [PubMed: 33903736]

3. Mizushima N, Yoshimori T, and Ohsumi Y (2011). The role of Atg proteins in autophagosome
formation. Annu. Rev. Cell Dev. Biol 27, 107-132. 10.1146/annurev-cellbio-092910-154005.
[PubMed: 21801009]

4. Vargas JNS, Hamasaki M, Kawabata T, Youle RJ, and Yoshimori T (2023). The mechanisms
and roles of selective autophagy in mammals. Nat. Rev. Mol. Cell Biol 24, 167-185. 10.1038/
s41580-022-00542-2. [PubMed: 36302887]

5. Flower TG, Takahashi Y, Hudait A, Rose K, Tjahjono N, Pak AJ, Yokom AL, Liang X, Wang
HG, Bouamr F, et al. (2020). A helical assembly of human ESCRT-I scaffolds reverse-topology
membrane scission. Nat. Struct. Mol. Biol 27, 570-580. 10.1038/s41594-020-0426-4. [PubMed:
32424346]

6. Takahashi Y, He H, Tang Z, Hattori T, Liu Y, Young MM, Serfass JM, Chen L, Gebru M, Chen
C, et al. (2018). An autophagy assay reveals the ESCRT-I11 component CHMP2A as a regulator of
phagophore closure. Nat. Commun 9, 2855. 10.1038/s41467-018-05254-w. [PubMed: 30030437]

7. Takahashi Y, Liang X, Hattori T, Tang Z, He H, Chen H, Liu X, Abraham T, Imamura-Kawasawa Y,
Buchkovich NJ, et al. (2019). VPS37A directs ESCRT recruitment for phagophore closure. J. Cell
Biol 218, 3336-3354. 10.1083/jcbh.201902170. [PubMed: 31519728]

8. Zhen Y, Spangenberg H, Munson MJ, Brech A, Schink KO, Tan KW, Sgrensen V, Wenzel EM,
Radulovic M, Engedal N, et al. (2020). ESCRT-mediated phagophore sealing during mitophagy.
Autophagy 16, 826-841. 10.1080/15548627.2019.1639301. [PubMed: 31366282]

9. Tsuboyama K, Koyama-Honda I, Sakamaki Y, Koike M, Morishita H, and Mizushima N
(2016). The ATG conjugation systems are important for degradation of the inner autophagosomal
membrane. Science 354, 1036-1041. 10.1126/science.aaf6136. [PubMed: 27885029]

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 22

Kuma A, Komatsu M, and Mizushima N (2017). Autophagy-monitoring and autophagy-deficient
mice. Autophagy 13, 1619-1628. 10.1080/15548627.2017.1343770. [PubMed: 28820286]

Karsli-Uzunbas G, Guo JY, Price S, Teng X, Laddha SV, Khor S, Kalaany NY, Jacks T, Chan

CS, Rabinowitz JD, and White E (2014). Autophagy is required for glucose homeostasis and

lung tumor maintenance. Cancer Discov 4, 914-927. 10.1158/2159-8290.CD-14-0363. [PubMed:
24875857]

Yoshii SR, Kuma A, Akashi T, Hara T, Yamamoto A, Kurikawa Y, Itakura E, Tsukamoto S,
Shitara H, Eishi Y, and Mizushima N (2016). Systemic Analysis of Atg5-Null Mice Rescued from
Neonatal Lethality by Transgenic ATG5 Expression in Neurons. Dev. Cell 39, 116-130. 10.1016/
j.devcel.2016.09.001. [PubMed: 27693508]

Komatsu M, Waguri S, Chiba T, Murata S, lwata J.i., Tanida I, Ueno T, Koike M, Uchiyama

Y, Kominami E, and Tanaka K (2006). Loss of autophagy in the central nervous system causes
neurodegeneration in mice. Nature 441, 880-884. 10.1038/nature04723. [PubMed: 16625205]
Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, Suzuki-Migishima R, Yokoyama

M, Mishima K, Saito I, Okano H, and Mizushima N (2006). Suppression of basal autophagy in
neural cells causes neurodegenerative disease in mice. Nature 441, 885-889. 10.1038/nature04724.
[PubMed: 16625204]

Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, Sou YS, Ueno |,
Sakamoto A, Tong KiI, et al. (2010). The selective autophagy substrate p62 activates the stress
responsive transcription factor Nrf2 through inactivation of Keapl. Nat. Cell Biol 12, 213-223.
10.1038/nch2021. [PubMed: 20173742]

Takamura A, Komatsu M, Hara T, Sakamoto A, Kishi C, Waguri S, Eishi Y, Hino O, Tanaka K,
and Mizushima N (2011). Autophagy-deficient mice develop multiple liver tumors. Genes Dev 25,
795-800. 10.1101/gad.2016211. [PubMed: 21498569]

Ni HM, Woolbright BL, Williams J, Copple B, Cui W, Luyendyk JP, Jaeschke H, and Ding

WX (2014). Nrf2 promotes the development of fibrosis and tumorigenesis in mice with defective
hepatic autophagy. J. Hepatol 61, 617-625. 10.1016/j.jhep.2014.04.043. [PubMed: 24815875]

Ma D, Molusky MM, Song J, Hu CR, Fang F, Rui C, Mathew AV, Pennathur S, Liu F, Cheng JX, et
al. (2013). Autophagy deficiency by hepatic FIP200 deletion uncouples steatosis from liver injury
in NAFLD. Mol. Endocrinol 27, 1643-1654. 10.1210/me.2013-1153. [PubMed: 23960084]

Ruland J, Sirard C, Elia A, MacPherson D, Wakeham A, Li L, de la Pompa JL, Cohen SN, and
Mak TW (2001). p53 accumulation, defective cell proliferation, and early embryonic lethality

in mice lacking tsg101. Proc. Natl. Acad. Sci. USA 98, 1859-1864. 10.1073/pnas.98.4.1859.
[PubMed: 11172041]

Shimozono K, Nan H, Hata T, Saito K, Kim YJ, Nagatomo H, Ohtsuka T, Koizumi S, and
Takiyama Y (2022). Ubap1 knock-in mice reproduced the phenotype of SPG80. J. Hum. Genet 67,
679-686. 10.1038/s10038-022-01073-6. [PubMed: 35962060]

Vietri M, Radulovic M, and Stenmark H (2020). The many functions of ESCRTs. Nat. Rev. Mol.
Cell Biol 21, 25-42. 10.1038/s41580-019-0177-4. [PubMed: 31705132]

Stefani F, Zhang L, Taylor S, Donovan J, Rollinson S, Doyotte A, Brownhill K, Bennion J,
Pickering-Brown S, and Woodman P (2011). UBAP1 is a component of an endosome-specific
ESCRT-1 complex that is essential for MVB sorting. Curr. Biol 21, 1245-1250. 10.1016/
j.cub.2011.06.028. [PubMed: 21757351]

Xu Z, Liang L, Wang H, Li T, and Zhao M (2003). HCRP1, a novel gene that is downregulated in
hepatocellular carcinoma, encodes a growth-inhibitory protein. Biochem. Biophys. Res. Commun
311, 1057-1066. 10.1016/j.bbrc.2003.10.109. [PubMed: 14623289]

Ye'Y, Liang X, Wang G, Bewley MC, Hamamoto K, Liu X, Flanagan JM, Wang HG,

Takahashi Y, and Tian F (2024). Identification of membrane curvature sensing motifs essential

for VPS37A phagophore recruitment and autophagosome closure. Commun. Biol 7, 334. 10.1038/
$42003-024-06026-7. [PubMed: 38491121]

Javed R, Jain A, Duque T, Hendrix E, Paddar MA, Khan S, Claude-Taupin A, Jia J, Allers L, Wang
F, et al. (2023). Mammalian ATG8 proteins maintain autophagosomal membrane integrity through
ESCRTs. EMBO J 42, €112845. 10.15252/embj.2022112845. [PubMed: 37272163]

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 23

Lebovitz CB, Robertson AG, Goya R, Jones SJ, Morin RD, Marra MA, and Gorski SM (2015).
Cross-cancer profiling of molecular alterations within the human autophagy interaction network.
Autophagy 11, 1668-1687. 10.1080/15548627.2015.1067362. [PubMed: 26208877]

Amaravadi R, Kimmelman AC, and White E (2016). Recent insights into the function of autophagy
in cancer. Genes Dev 30, 1913-1930. 10.1101/gad.287524.116. [PubMed: 27664235]

Towers CG, Wodetzki D, and Thorburn A (2020). Autophagy and cancer: Modulation of cell

death pathways and cancer cell adaptations. J. Cell Biol 219, e201909033. 10.1083/jcb.201909033.
[PubMed: 31753861]

Xue W, Kitzing T, Roessler S, Zuber J, Krasnitz A, Schultz N, Revill K, Weissmueller

S, Rappaport AR, Simon J, et al. (2012). A cluster of cooperating tumor-suppressor gene
candidates in chromosomal deletions. Proc. Natl. Acad. Sci. USA 109, 8212-8217. 10.1073/
pnas.1206062109. [PubMed: 22566646]

Cai Y, Crowther J, Pastor T, Abbasi Asbagh L, Baietti MF, De Troyer M, Vazquez |, Talebi A,
Renzi F, Dehairs J, et al. (2016). Loss of Chromosome 8p Governs Tumor Progression and Drug
Response by Altering Lipid Metabolism. Cancer Cell 29, 751-766. 10.1016/j.ccell.2016.04.003.
[PubMed: 27165746]

Wittinger M, Vanhara P, EI-Gazzar A, Savarese-Brenner B, Pils D, Anees M, Grunt TW, Sibilia M,
Holcmann M, Horvat R, et al. (2011). h\VVps37A Status affects prognosis and cetuximab sensitivity
in ovarian cancer. Clin. Cancer Res 17, 7816-7827. 10.1158/1078-0432.CCR-11-0408. [PubMed:
22016507]

Perisanidis C, Savarese-Brenner B, Wirger T, Wrba F, Huynh A, Schopper C, Kornek G, Selzer E,
Ewers R, Psyrri A, et al. (2013). HCRP1 expression status is a significant prognostic marker

in oral and oropharyngeal cancer. Oral Dis 19, 206-211. 10.1111/j.1601-0825.2012.01972.x.
[PubMed: 22891969]

Xu J, Yang W, Wang Q, Zhang Q, Li X, Lin X, Liu X, and Qin Y (2014). Decreased HCRP1
expression is associated with poor prognosis in breast cancer patients. Int. J. Clin. Exp. Pathol 7,
7915-7922. [PubMed: 25550832]

Chen F, Deng J, Liu X, Li W, and Zheng J (2015). HCRP-1 regulates cell migration and invasion
via EGFR-ERK mediated up-regulation of MMP-2 with prognostic significance in human renal
cell carcinoma. Sci. Rep 5, 13470. 10.1038/srep13470. [PubMed: 26304749]

SunL, LiJ, Ding S, Bi D, Ding K, Niu Z, and Liu P (2017). HCRP1 regulates proliferation,
invasion, and drug resistance via EGFR signaling in prostate cancer. Biomed. Pharmacother 91,
202-207. 10.1016/j.biopha.2017.04.040. [PubMed: 28458158]

Xu J, Zhang X, Wang H, Ge S, Gao T, Song L, Wang X, Li H, Qin Y, and Zhang Z (2017).
HCRP1 downregulation promotes hepatocellular carcinoma cell migration and invasion through
the induction of EGFR activation and epithelial-mesenchymal transition. Biomed. Pharmacother
88, 421-429. 10.1016/j.biopha.2017.01.013. [PubMed: 28122307]

Xu H, Miao ZF, Wang ZN, Zhao TT, Xu YY, Song Y X, Huang JY, Zhang JY, Liu XY, Wu JH,

and Xu HM (2017). HCRP1 downregulation confers poor prognosis and induces chemoresistance
through regulation of EGFR-AKT pathway in human gastric cancer. Virchows Arch 471, 743-751.
10.1007/s00428-017-2237-5. [PubMed: 28963677]

Chen F, Zhang L, Wu J, Huo F, Ren X, Zheng J, and Pei D (2018). HCRP-1 regulates EGFR-AKT-
BIM-mediated anoikis resistance and serves as a prognostic marker in human colon cancer. Cell
Death Dis 9, 1176. 10.1038/s41419-018-1217-2. [PubMed: 30518879]

Wu'Y, Yang Y, and Xian YS (2019). HCRP1 inhibits cell proliferation and invasion and promotes
chemosensitivity in esophageal squamous cell carcinoma. Chem. Biol. Interact 308, 357-363.
10.1016/j.cbi.2019.05.032. [PubMed: 31152734]

Tomasich E, Topakian T, Heller G, Udovica S, Krainer M, and Marhold M (2021). Loss of HCRP1
leads to upregulation of PD-L1 via STAT3 activation and is of prognostic significance in EGFR-
dependent cancer. Transl. Res 230, 21-33. 10.1016/j.trsl.2020.11.005. [PubMed: 33197651]

Kehl SR, Soos BLA, Saha B, Choi SW, Herren AW, Johansen T, and Mandell MA (2019). TAK1
converts Sequestosome 1/p62 from an autophagy receptor to a signaling platform. EMBO Rep 20,
€46238. 10.15252/embr.201846238. [PubMed: 31347268]

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 24

Tsapras P, Petridi S, Chan S, Geborys M, Jacomin AC, Sagona AP, Meier P, and Nezis IP (2022).
Selective autophagy controls innate immune response through a TAK1/TAB2/SH3PX1 axis. Cell
Rep 38, 110286. 10.1016/j.celrep.2021.110286. [PubMed: 35081354]

Goodall ML, Fitzwalter BE, Zahedi S, Wu M, Rodriguez D, Mulcahy-Levy JM, Green

DR, Morgan M, Cramer SD, and Thorburn A (2016). The Autophagy Machinery Controls

Cell Death Switching between Apoptosis and Necroptosis. Dev. Cell 37, 337-349. 10.1016/
j.devcel.2016.04.018. [PubMed: 27219062]

Huang Y, Feng Y, Cui L, Yang L, Zhang Q, Zhang J, Jiang X, Zhang X, Lv Y, Jia JZ, et al.
(2021). Autophagy-Related LC3 Accumulation Interacted Directly With LIR Containing RIPK1
and RIPK3, Stimulating Necroptosis in Hypoxic Cardiomyocytes. Front. Cell Dev. Biol 9, 679637.
10.3389/fcell.2021.679637. [PubMed: 34368130]

Martinez-Lopez N, Athonvarangkul D, Mishall P, Sahu S, and Singh R (2013). Autophagy
proteins regulate ERK phosphorylation. Nat. Commun 4, 2799. 10.1038/ncomms3799. [PubMed:
24240988]

Deegan S, Saveljeva S, Logue SE, Pakos-Zebrucka K, Gupta S, Vandenabeele P, Bertrand
MJM, and Samali A (2014). Deficiency in the mitochondrial apoptotic pathway reveals

the toxic potential of autophagy under ER stress conditions. Autophagy 10, 1921-1936.
10.4161/15548627.2014.981790. [PubMed: 25470234]

Young MM, Takahashi Y, Khan O, Park S, Hori T, Yun J, Sharma AK, Amin S, Hu CD, Zhang
J, etal. (2012). Autophagosomal membrane serves as platform for intracellular death-inducing
signaling complex (iDISC)-mediated caspase-8 activation and apoptosis. J. Biol. Chem 287,
12455-12468. 10.1074/jbc.M111.309104. [PubMed: 22362782]

Tang Z, Takahashi Y, Chen C, Liu Y, He H, Tsotakos N, Serfass JM, Gebru MT, Chen H,
Young MM, and Wang HG (2017). Atg2A/B deficiency switches cytoprotective autophagy to
non-canonical caspase-8 activation and apoptosis. Cell Death Differ 24, 2127-2138. 10.1038/
€dd.2017.133. [PubMed: 28800131]

Huang S, Okamoto K, Yu C, and Sinicrope FA (2013). p62/sequestosome-1 up-regulation
promotes ABT-263-induced caspase-8 aggregation/activation on the autophagosome. J. Biol.
Chem 288, 33654-33666. 10.1074/jbc.M113.518134. [PubMed: 24121507]

Jiang H, White EJ, Rios-Vicil Cl, Xu J, Gomez-Manzano C, and Fueyo J (2011). Human
adenovirus type 5 induces cell lysis through autophagy and autophagy-triggered caspase activity. J.
Virol 85, 4720-4729. 10.1128/JV1.02032-10. [PubMed: 21367888]

Pan JA, Ullman E, Dou Z, and Zong WX (2011). Inhibition of protein degradation induces
apoptosis through a microtubule-associated protein 1 light chain 3-mediated activation of
caspase-8 at intracellular membranes. Mol. Cell Biol 31, 3158-3170. 10.1128/MCB.05460-11.
[PubMed: 21628531]

Bell BD, Leverrier S, Weist BM, Newton RH, Arechiga AF, Luhrs KA, Morrissette NS, and Walsh
CM (2008). FADD and caspase-8 control the outcome of autophagic signaling in proliferating

T cells. Proc. Natl. Acad. Sci. USA 105, 16677-16682. 10.1073/pnas.0808597105. [PubMed:
18946037]

Laussmann MA, Passante E, Dussmann H, Rauen JA, Wiirstle ML, Delgado ME, Devocelle M,
Prehn JHM, and Rehm M (2011). Proteasome inhibition can induce an autophagy-dependent
apical activation of caspase-8. Cell Death Differ 18, 1584-1597. 10.1038/cdd.2011.27. [PubMed:
21455219]

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool K, Bates R,
Zidek A, Potapenko A, et al. (2021). Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583-589. 10.1038/s41586-021-03819-2. [PubMed: 34265844]

Agromayor M, Soler N, Caballe A, Kueck T, Freund SM, Allen MD, Bycroft M, Perisic O, Ye Y,
McDonald B, et al. (2012). The UBAP1 subunit of ESCRT-I interacts with ubiquitin via a SOUBA
domain. Structure 20, 414-428. 10.1016/j.str.2011.12.013. [PubMed: 22405001]

Hayashi S, Lewis P, Pevny L, and McMahon AP (2002). Efficient gene modulation in

mouse epiblast using a Sox2Cre transgenic mouse strain. Mech. Dev 119, S97-S101. 10.1016/
s0925-4773(03)00099-6. [PubMed: 14516668]

Bache KG, Slagsvold T, Cabezas A, Rosendal KR, Raiborg C, and Stenmark H (2004). The
growth-regulatory protein HCRP1/hVps37A is a subunit of mammalian ESCRT-I and mediates

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 25

receptor down-regulation. Mol. Biol. Cell 15, 4337-4346. 10.1091/mbc.e04-03-0250. [PubMed:
15240819]

Yim WWY, Yamamoto H, and Mizushima N (2022). A pulse-chasable reporter processing assay
for mammalian autophagic flux with HaloTag. Elife 11, €78923. 10.7554/eL ife.78923. [PubMed:
35938926]

Migliano SM, Schultz SW, Wenzel EM, Takats S, Liu D, Mgrk S, Tan KW, Rusten TE, Raiborg
C, and Stenmark H (2024). Removal of hypersignaling endosomes by simaphagy. Autophagy 20,
769-791. 10.1080/15548627.2023.2267958. [PubMed: 37840274]

Komatsu M, Waguri S, Ueno T, Iwata J, Murata S, Tanida I, Ezaki J, Mizushima N, Ohsumi
Y, Uchiyama Y, et al. (2005). Impairment of starvation-induced and constitutive autophagy in
Atg7-deficient mice. J. Cell Biol 169, 425-434. 10.1083/jch.200412022. [PubMed: 15866887]

Ni HM, Boggess N, McGill MR, Lebofsky M, Borude P, Apte U, Jaeschke H, and Ding WX
(2012). Liver-specific loss of Atg5 causes persistent activation of Nrf2 and protects against
acetaminophen-induced liver injury. Toxicol. Sci 127, 438-450. 10.1093/toxsci/kfs133. [PubMed:
22491424]

Katsuragi Y, Ichimura Y, and Komatsu M (2015). p62/SQSTM1 functions as a signaling hub and
an autophagy adaptor. FEBS J 282, 4672-4678. 10.1111/febs.13540. [PubMed: 26432171]

Sun D, Wu R, Zheng J, Li P, and Yu L (2018). Polyubiquitin chain-induced p62 phase separation
drives autophagic cargo segregation. Cell Res 28, 405-415. 10.1038/s41422-018-0017-7.
[PubMed: 29507397]

Turco E, Witt M, Abert C, Bock-Bierbaum T, Su MY, Trapannone R, Sztacho M, Danieli A, Shi
X, Zaffagnini G, et al. (2019). FIP200 Claw Domain Binding to p62 Promotes Autophagosome
Formation at Ubiquitin Condensates. Mol. Cell 74, 330-346.e11. 10.1016/j.molcel.2019.01.035.
[PubMed: 30853400]

Ichimura Y, Waguri S, Sou YS, Kageyama S, Hasegawa J, Ishimura R, Saito T, Yang Y, Kouno

T, Fukutomi T, et al. (2013). Phosphorylation of p62 activates the Keap1-Nrf2 pathway during
selective autophagy. Mol. Cell 51, 618-631. 10.1016/j.molcel.2013.08.003. [PubMed: 24011591]

Sekar R, Motzler K, Kwon Y, Novikoff A, Jilg J, Najafi B, Wang S, Warnke AL, Seitz S,

Hass D, et al. (2022). Vps37a regulates hepatic glucose production by controlling glucagon
receptor localization to endosomes. Cell Metab 34, 2047. 10.1016/j.cmet.2022.10.013. [PubMed:
36476936]

Lee JS, Chu IS, Mikaelyan A, Calvisi DF, Heo J, Reddy JK, and Thorgeirsson SS (2004).
Application of comparative functional genomics to identify best-fit mouse models to study human
cancer. Nat. Genet 36, 1306-1311. 10.1038/ng1481. [PubMed: 15565109]

Umemura A, He F, Taniguchi K, Nakagawa H, Yamachika S, Font-Burgada J, Zhong Z,
Subramaniam S, Raghunandan S, Duran A, et al. (2016). p62, Upregulated during Preneoplasia,
Induces Hepatocellular Carcinogenesis by Maintaining Survival of Stressed HCC-Initiating Cells.
Cancer Cell 29, 935-948. 10.1016/j.ccell.2016.04.006. [PubMed: 27211490]

Itakura E, and Mizushima N (2011). p62 Targeting to the autophagosome formation site requires
self-oligomerization but not LC3 binding. J. Cell Biol 192, 17-27. 10.1083/jch.201009067.
[PubMed: 21220506]

Lam SS, Martell JD, Kamer KJ, Deerinck TJ, Ellisman MH, Mootha VK, and Ting AY (2015).
Directed evolution of APEX2 for electron microscopy and proximity labeling. Nat. Methods 12,
51-54. 10.1038/nmeth.3179. [PubMed: 25419960]

Pilli M, Arko-Mensah J, Ponpuak M, Roberts E, Master S, Mandell MA, Dupont N,

Ornatowski W, Jiang S, Bradfute SB, et al. (2012). TBK-1 promotes autophagy-mediated
antimicrobial defense by controlling autophagosome maturation. Immunity 37, 223-234. 10.1016/
j.immuni.2012.04.015. [PubMed: 22921120]

Lim J, Lachenmayer ML, Wu S, Liu W, Kundu M, Wang R, Komatsu M, Oh YJ, Zhao Y,

and Yue Z (2015). Proteotoxic stress induces phosphorylation of p62/SQSTM1 by ULK1 to
regulate selective autophagic clearance of protein aggregates. PLoS Genet 11, e1004987. 10.1371/
journal.pgen.1004987. [PubMed: 25723488]

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Page 26

Hashimoto K, Simmons AN, Kajino-Sakamoto R, Tsuji Y, and Ninomiya-Tsuji J (2016). TAK1
Regulates the Nrf2 Antioxidant System Through Modulating p62/SQSTM1. Antioxid. Redox
Signal. 25, 953-964. 10.1089/ars.2016.6663. [PubMed: 27245349]

Matsumoto G, Shimogori T, Hattori N, and Nukina N (2015). TBK1 controls autophagosomal
engulfment of polyubiquitinated mitochondria through p62/SQSTM1 phosphorylation. Hum. Mol.
Genet 24, 4429-4442. 10.1093/hmg/ddv179. [PubMed: 25972374]

Thomson DW, Poeckel D, Zinn N, Rau C, Strohmer K, Wagner AJ, Graves AP, Perrin J,
Bantscheff M, Duempelfeld B, et al. (2019). Discovery of GSK8612, a Highly Selective and
Potent TBK1 Inhibitor. ACS Med. Chem. Lett 10, 780-785. 10.1021/acs-medchemlett.9b00027.
[PubMed: 31097999]

Egan DF, Chun MGH, Vamos M, Zou H, Rong J, Miller CJ, Lou HJ, Raveendra-Panickar D,

Yang CC, Sheffler DJ, et al. (2015). Small Molecule Inhibition of the Autophagy Kinase ULK1
and ldentification of ULK1 Substrates. Mol. Cell 59, 285-297. 10.1016/j.molcel.2015.05.031.
[PubMed: 26118643]

Ninomiya-Tsuji J, Kajino T, Ono K, Ohtomo T, Matsumoto M, Shiina M, Mihara M, Tsuchiya M,
and Matsumoto K (2003). A resorcylic acid lactone, 5Z-7-oxozeaenol, prevents inflammation by
inhibiting the catalytic activity of TAK1 MAPK kinase kinase. J. Biol. Chem 278, 18485-18490.
10.1074/jbc.M207453200. [PubMed: 12624112]

Ishimura R, Tanaka K, and Komatsu M (2014). Dissection of the role of p62/Sgstm1 in activation
of Nrf2 during xenophagy. FEBS Lett 588, 822-828. 10.1016/j.febslet.2014.01.045. [PubMed:
24492006]

Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori T, Ohsumi Y, Tokuhisa T, and
Mizushima N (2004). The role of autophagy during the early neonatal starvation period. Nature
432, 1032-1036. 10.1038/nature03029. [PubMed: 15525940]

Komatsu M, Waguri S, Koike M, Sou Y'S, Ueno T, Hara T, Mizushima N, Iwata JI, Ezaki J,
Murata S, et al. (2007). Homeostatic levels of p62 control cytoplasmic inclusion body formation in
autophagy-deficient mice. Cell 131, 1149-1163. 10.1016/j.cell.2007.10.035. [PubMed: 18083104]
Emin D, Zhang YP, Lobanova E, Miller A, Li X, Xia Z, Dakin H, Sideris DI, Lam JYL,
Ranasinghe RT, et al. (2022). Small soluble alpha-synuclein aggregates are the toxic species in
Parkinson’s disease. Nat. Commun 13, 5512. 10.1038/s41467-022-33252-6. [PubMed: 36127374]
Manley S, Williams JA, and Ding WX (2013). Role of p62/SQSTML1 in liver physiology and
pathogenesis. Exp. Biol. Med 238, 525-538. 10.1177/1535370213489446.

Zhao H, Zhao YG, Wang X, Xu L, Miao L, Feng D, Chen Q, Kovacs AL, Fan D, and Zhang H
(2013). Mice deficient in Epg5 exhibit selective neuronal vulnerability to degeneration. J. Cell Biol
200, 731-741. 10.1083/jch.201211014. [PubMed: 23479740]

Wild P, Farhan H, McEwan DG, Wagner S, Rogov VYV, Brady NR, Richter B, Korac J, Waidmann
O, Choudhary C, et al. (2011). Phosphorylation of the autophagy receptor optineurin restricts
Salmonella growth. Science 333, 228-233. 10.1126/science.1205405. [PubMed: 21617041]
Kumar S, Gu Y, Abudu YP, Bruun JA, Jain A, Farzam F, Mudd M, Anonsen JH, Rusten TE, Kasof
G, et al. (2019). Phosphorylation of Syntaxin 17 by TBK1 Controls Autophagy Initiation. Dev.
Cell 49, 130-144.e6. 10.1016/j.devcel.2019.01.027. [PubMed: 30827897]

Xie W, Zhang C, Wang Z, Chen H, Gu T, Zhou T, Wu Y, Xia F, Li M, Wang J, et al. (2023).
ATG4B antagonizes antiviral immunity by GABARAP-directed autophagic degradation of TBK1.
Autophagy 19, 2853-2868. 10.1080/15548627.2023.2233846. [PubMed: 37434364]

Parvatiyar K, Barber GN, and Harhaj EW (2010). TAX1BP1 and A20 inhibit antiviral signaling
by targeting TBK1-IKKi kinases. J. Biol. Chem 285, 14999-15009. 10.1074/jbc.M110.109819.
[PubMed: 20304918]

Fu T, Zhang M, Zhou Z, Wu P, Peng C, Wang Y, Gong X, Li Y, Wang Y, Xu X, et al. (2021).
Structural and biochemical advances on the recruitment of the autophagy-initiating ULK and
TBK1 complexes by autophagy receptor NDP52. Sci. Adv 7, eabi6582. 10.1126/sciadv.abi6582.
[PubMed: 34389544]

Fu T, Liu J, Wang Y, Xie X, Hu S, and Pan L (2018). Mechanistic insights into the interactions

of NAP1 with the SKICH domains of NDP52 and TAX1BP1. Proc. Natl. Acad. Sci. USA 115,
E11651-E11660. 10.1073/pnas.1811421115. [PubMed: 30459273]

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

Page 27

90. Yang S, Imamura Y, Jenkins RW, Cafiadas I, Kitajima S, Aref A, Brannon A, Oki E, Castoreno A,
Zhu Z, et al. (2016). Autophagy Inhibition Dysregulates TBK1 Signaling and Promotes Pancreatic
Inflammation. Cancer Immunol. Res 4, 520-530. 10.1158/2326-6066.CIR-15-0235. [PubMed:
27068336]

91. Schlutermann D, Berleth N, Deitersen J, Wallot-Hieke N, Friesen O, Wu W, Stuhldreier F,
sSun'Y, Berning L, Friedrich A, et al. (2021). FIP200 controls the TBK1 activation threshold at
SQSTM1/p62-positive condensates. Sci. Rep 11, 13863. 10.1038/s41598-021-92408-4. [PubMed:
34226595]

92. Yeo SK, Haas M, Manupati K, Hao M, Yang F, Chen S, and Guan JL (2024). AZI2 mediates TBK1
activation at unresolved selective autophagy cargo receptor complexes with implications for CD8
T-cell infiltration in breast cancer. Autophagy 20, 525-540. 10.1080/15548627.2023.2259775.
[PubMed: 37733921]

93. Prabakaran T, Bodda C, Krapp C, Zhang BC, Christensen MH, Sun C, Reinert L, Cai Y, Jensen
SB, Skouboe MK, et al. (2018). Attenuation of cGAS-STING signaling is mediated by a p62/
SQSTM1-dependent autophagy pathway activated by TBK1. EMBO J 37, e97858. 10.15252/
embj.201797858. [PubMed: 29496741]

94. Gentili M, Liu B, Papanastasiou M, Dele-Oni D, Schwartz MA, Carlson RJ, Al’Khafaji AM, Krug
K, Brown A, Doench JG, et al. (2023). ESCRT-dependent STING degradation inhibits steady-state
and cGAMP-induced signalling. Nat. Commun 14, 611. 10.1038/s41467-023-36132-9. [PubMed:
36739287]

95. Kuchitsu Y, Mukai K, Uematsu R, Takaada Y, Shinojima A, Shindo R, Shoji T, Hamano S,

Ogawa E, Sato R, et al. (2023). STING signalling is terminated through ESCRT-dependent
microautophagy of vesicles originating from recycling endosomes. Nat. Cell Biol 25, 453-466.
10.1038/s41556-023-01098-9. [PubMed: 36918692]

96. Chen YA, Shen YL, Hsia HY, Tiang YP, Sung TL, and Chen LY (2017). Extrachromosomal
telomere repeat DNA is linked to ALT development via cGAS-STING DNA sensing pathway. Nat.
Struct. Mol. Biol 24, 1124-1131. 10.1038/nsmb.3498. [PubMed: 29106411]

97. Yang W, Wang JG, Wang Q, Qin Y, Lin X, Zhou D, Ren K, Hou C, Xu J, and
Liu X (2016). Decreased HCRP1 promotes breast cancer metastasis by enhancing EGFR
phosphorylation. Biochem. Biophys. Res. Commun 477, 222-228. 10.1016/j.bbrc.2016.06.046.
[PubMed: 27311861]

98. Moscat J, Karin M, and Diaz-Meco MT (2016). p62 in Cancer: Signaling Adaptor Beyond
Autophagy. Cell 167, 606-609. 10.1016/j.cell.2016.09.030. [PubMed: 27768885]

99. Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S, Kamatchinathan S,
Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher M, et al. (2022). The PRIDE database
resources in 2022: a hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res
50, D543-D552. 10.1093/nar/gkab1038. [PubMed: 34723319]

100. Tanida I, Ueno T, and Uchiyama Y (2014). A super-ecliptic, pHluorin-mKate2, tandem

fluorescent protein-tagged human LC3 for the monitoring of mammalian autophagy. PLoS One
9, €110600. 10.1371/journal.pone.0110600. [PubMed: 25340751]

101. Koushik SV, Chen H, Thaler C, Puhl HL 3rd, and Vogel SS (2006). Cerulean, Venus, and
VenusY67C FRET reference standards. Biophys. J 91, L99-L101. 10.1529/biophysj.106.096206.
[PubMed: 17040988]

102. Hahn WC, Dessain SK, Brooks MW, King JE, Elenbaas B, Sabatini DM, DeCaprio JA, and
Weinberg RA (2002). Enumeration of the simian virus 40 early region elements necessary for
human cell transformation. Mol. Cell Biol 22, 2111-2123. 10.1128/MCB.22.7.2111-2123.2002.
[PubMed: 11884599]

103. Votteler J, Ogohara C, Yi S, Hsia Y, Nattermann U, Belnap DM, King NP, and Sundquist WI
(2016). Designed proteins induce the formation of nanocage-containing extracellular vesicles.
Nature 540, 292—295. 10.1038/nature20607. [PubMed: 27919066]

104. Stringer BW, Day BW, D’Souza RCJ, Jamieson PR, Ensbey KS, Bruce ZC, Lim YC, Goasdoué
K, Offenhduser C, Akgul S, et al. (2019). A reference collection of patient-derived cell line
and xenograft models of proneural, classical and mesenchymal glioblastoma. Sci. Rep 9, 4902.
10.1038/s41598-019-41277-z. [PubMed: 30894629]

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamamoto et al.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Page 28

Schneider CA, Rasband WS, and Eliceiri KW (2012). NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671-675. 10.1038/nmeth.2089. [PubMed: 22930834]

Kong AT, Leprevost FV, Avtonomov DM, Mellacheruvu D, and Nesvizhskii Al (2017).
MSFragger: ultrafast and comprehensive peptide identification in mass spectrometry-based
proteomics. Nat. Methods 14, 513-520. 10.1038/nmeth.4256. [PubMed: 28394336]

Hattori T, Fundora KA, Hamamoto K, Opozda DM, Liang X, Liu X, Zhang J, Uzun

Y, Takahashi Y, and Wang HG (2024). ER stress elicits non-canonical CASP8 (caspase

8) activation on autophagosomal membranes to induce apoptosis. Autophagy 20, 349-364.
10.1080/15548627.2023.2258701. [PubMed: 37733908]

Qian H (2022). Loss of SQSTM1/p62 Induces Obesity and Exacerbates Alcohol-induced Liver
Injury in Aged Mice. FASEB J 36. 10.1096/fasebj.2022.36.51.R2198.

Kaufmann W, Bolon B, Bradley A, Butt M, Czasch S, Garman RH, George C, Gréters S, Krinke
G, Little P, et al. (2012). Proliferative and nonproliferative lesions of the rat and mouse central
and peripheral nervous systems. Toxicol. Pathol 40, 87S-157S. 10.1177/0192623312439125.
[PubMed: 22637737]

Klopfleisch R (2013). Multiparametric and semiquantitative scoring systems for the

evaluation of mouse model histopathology—a systematic review. BMC Vet. Res 9, 123.
10.1186/1746-6148-9-123. [PubMed: 23800279]

Meyerholz DK, and Beck AP (2018). Fundamental Concepts for Semi-quantitative Tissue Scoring
in Translational Research. ILAR J 59, 13-17. 10.1093/ilar/ily025. [PubMed: 30715381]

Duan L, Miura Y, Dimri M, Majumder B, Dodge IL, Reddi AL, Ghosh A, Fernandes N, Zhou

P, Mullane-Robinson K, et al. (2003). Cbl-mediated ubiquitinylation is required for lysosomal
sorting of epidermal growth factor receptor but is dispensable for endocytosis. J. Biol. Chem 278,
28950-28960. 10.1074/jbc.M304474200. [PubMed: 12754251]

Aguilan JT, Kulej K, and Sidoli S (2020). Guide for protein fold change and p-value calculation
for non-experts in proteomics. Mol. Omics 16, 573-582. 10.1039/d0mo00087f. [PubMed:
32968743]

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hamamoto et al.

Page 29
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Autophagosome closure-defective mice were generated by targeting VPS37A
UEVL

Homozygous mutant mice showed signs of autophagy impairment

About half of the mutant neonates survived to adulthoodwithout
hepatomegaly

LC3-conjugated phagophores facilitate TBK1-dependent p62 phosphorylation
and aggregation
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Figure 1. The UEVL domain of VPS37A is crucial for autophagosome closure
(A) Schematic of the VPS37A-containing ESCRT-1 complex. UEV, ubiquitin-E2-like

variant; UEVL, UEV-like; SOUBA, solenoid of overlapping UBAs.

(B) Sequences of human and mouse VPS37A N termini.

(C) Immunoblot analysis of VPS37A KO U-2 OS cells that were stably transduced with
the indicated constructs and starved in the presence or absence of 100 nM bafilomycin Al
(BafAl) for 3 h.

(D) Bar plots of LC3-11 and p62 degradation ratios ([starvation + BafA1] / starvation) in (C)
(n=3).

(E) Confocal images of HaloTag (HT)-LC3-expressing U-2 OS cells that were starved

in the presence of 100 nM BafALl for 3 h and subjected to the HT-LC3 assay. Scale

bars: 10 um. MIL, Alexa Fluor 488-conjugated membrane-impermeable HT ligand; MPL,
tetramethylrhodamine (TMR)-conjugated membrane-permeable HT ligand.
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(F) Dot plots of the cytoplasmic fluorescence intensities of MPL and MIL relative to the
mean of GFP-WT-expressing cells in (E) (n= 45).

(G) Immunoblot analysis of lysates (input) and immunoprecipitates (IP) from the indicated
U-2 OS cells.

(H) Immunoblot analysis of U-2 OS cells that were starved in the presence or absence of 100
nM BafA1l for 3 h.

(1) Bar plots of LC3-1l and p62 degradation ratios in (H).

(J) Confocal images of U-2 OS cells that were starved in the presence of 100 nM BafA1l for
3 h and subjected to the HT-LC3 assay. Scale bars: 10 pm

(K) Dot plots of the cytoplasmic fluorescence intensities of MPL and MIL relative to the
mean of GFP-WT-expressing cells in (J) (7= 40).

In (D), (F), (1), and (K), statistical significance was determined by one-way ANOVA
followed by Tukey’s multiple-comparisons test. All values in the graphs are mean + SD.
**p<0.01, ***p<0.001, ****p < 0.0001; ns, not significant.
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Figure 2. The VPS37A UEVL domain deletion mutant (A43-139) impairs autophagosome
closure and subsequent cargo degradation

(A) Schematic of the domain organization of the mouse VPS37A protein, gene locus, and
targeting strategy.

(B) Immunoblot analysis of primary mouse embryonic fibroblasts (MEFs) isolated from
E13.5 embryos.

(C) Bar plots of LC3-11 and p62 levels relative to the mean of WT/WT MEFs in (B) (1= 3).
(D) Immunoblot of lysates (input) and IPs from VPS37A KO U-2 OS cells expressing the
indicated plasmids.

(E) Confocal images of HT-LC3-expressing immortalized MEFs that were starved in the
presence of 100 nM BafA1 for 3 h and subjected to the HT-LC3 assay. Scale bars: 10 ym
and 1 pm (magnified images).

(F) Dot plots of the cytoplasmic fluorescence intensities of MIL and MPL relative to the
mean of WT/WT MEFs starved in the presence of BafAl for 3 h in (E) (7= 50).
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(G) Electron micrographs of MEFs. Asterisks and a double asterisk indicate immature
autophagic structures including phagophores and an autolysosome-like structure,
respectively. Scale bars: 1 pm.

(H) Bar plot of the number of autophagic structures per cytoplasmic area in (G) (n= 21).

() Immunaoblot analysis of immortalized MEFs that were stably transduced with the HT-
mGFP bulk autophagic flux reporter, pulse-labeled with MPL for 20 min, and starved for 6 h
in the presence or absence of 100 nM BafAl.

(J) Bar plot of HT/(HT-mGFP + HT) ratio relative to WT/WT MEFs in (1) (7= 3).

(K) Immunoblot analysis of MEFs that were serum starved for 4 h, pretreated with 10 ug/mL
cycloheximide (CHX) and treated with 100 ng/mL EGF in the presence of CHX for the
indicated durations.

(L) Bar plot of the EGFR levels relative to respective a-tubulin in MEFs in (K) (7= 3).
Statistical significance was determined by Student’s t test (C and H), two-way ANOVA
followed by Tukey’s multiple-comparisons test (F and L), and one-way ANOVA followed
by Tukey’s multiple-comparisons test (J). All values in the graphs are mean + SD. *p < 0.05,
**p<0.01, ****p < 0.0001.
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Figure 3. VPS37A UEVL mutant mice display neonatal lethality, growth retardation, and

neurological defects

(A) Numbers of mice at E18 and new born stages.

(B) Images of newborn mice with the indicated genotypes.

(C) Survival curve of mice.

(D) Body weight measurements of male (n7=6) and female (7= 9) mice.

Statistical significance was determined by two-way ANOVA followed by Tukey’s multiple-
comparisons test. All values in the graphs are mean + SD. ***p< 0.001, ****p < 0.0001.

(E) Bar plots of liver and plasma IGF-I levels relative to WT/WT mice.

(F) Images of abnormal limb-clasping and normal limb-extension reflexes in mut/mut and

WT/mut mice, respectively, at the age of 6 weeks.

(G) Fluorescence images of sagittal sections of 8-week-old mouse brains stained with the
indicated antibodies. Nuclei were counterstained with DAPI. CC, corpus callosum; CXx,
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cerebral cortex; Cb, cerebrum. Scale bars: 1 mm (whole brain), 50 um (CC and pons), and
200 um (Cx and Cb).

(H) Micrographs of H&E-stained brain stem and cerebellum sections from 8-week-old mice.
Arrows and arrowheads indicate degenerating neurons and glial cell infiltration, respectively.
Scale bars: 10 ym.

(1) Semi-quantitative scoring of glial cell infiltration in (H).
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Figure 4. VPS37A UEVL loss causes tissue abnormalities accompanied by the accumulation of
ubiquitinated proteins and phosphorylated p62

(A) Micrographs of H&E-stained tissue sections and Giemsa-stained blood smears. Dotted
lines in the submandibular gland and spleen show granular convoluted ducts and germinal
centers, respectively. Highlighted area in the testis show Leydig cell areas. Brackets in the
thymus and stomach show the thymic cortex and mucus layer, respectively. Scale bars: 50
pm.

(B) Immunoblot analysis of tissue lysates prepared from 8-week-old mice.

(C) Electron micrographs of hepatocytes in 2-week-old mouse livers. Magnified images

in the boxed and arrowhead-indicated areas are shown on the right and in the insets,
respectively. Asterisks indicate immature autophagic structures, including phagophores.
Scale bars: 10 um, 1 pm (magnified images), and 250 nm (insets).

Cell Rep. Author manuscript; available in PMC 2025 January 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hamamoto et al. Page 37

A wiiwt  wt/mut mut/mut B

M F M F M _F mut/mut vs wt/wt
= Downregulated Genes (473) Number of genes Upregulated Genes (360)
] [=====—== MSigDB Gene Sets 12230 13202550 MisigDB Gene Sets
H E== ! LIVER HNF1A TARGETS DN/ [NSSSSSSSSS | MENSSNNNENN LVER CANCER MYC TGFA UP
SlE- ! LIVERHNFAATARGETS DN [NEESEEN WM LIVER CANCER E2F1UP
sIE= LIVERCANCERMYC TGFADN . [NEEEES WEEMEEEN LIVER CANCER ACOX1UP
SeeE= LIVERCANCERE2F1DN|  [NEEEES MEEEEEE LVER HNF4A TARGETS UP
= LIVER CANCER MYC DN I W LIVER CANCER MYC E2F1 UP
= LIVER CANCER CIPROFIBRATE DN | BN BN LIVERHNF1A TARGETS UP
ol = CENTRAL CLOCK I . LIVER CANCER VS TXNIP LOSS PAM3
S PERIFERAL CLOCK [— | PRIM VS QUAT MEMORY CD8 TCELL UP
o LIVER CANCER VS TXNIP LOSS PAM4 I . NFE2L2.V2 (DN by NFE2L2 KO in MEFs)
% = BCELL VS CD4 TCELL DN [ LUNG CANCER KRAS UP
= 1510 5 00 5101520
= Fold enrichment
C Fold enrichment D wywt _mut/mut mut/mut wt/wt  mut/mut
e2 o3 e4 PIR
Number of genes | PKM
+10 @30 ENCODE;ChEA PQLC3
020 1940 Target-gene TFs E(S:QL‘IZ
o NFE2L2 SCAMP1
. ZBTB7A Ry
§ e
. MAX SQSTM1
" [ RXN1
PEARG | SULT1E1
. CEBPD TKT
. | KLF4 Les
o MYC O UGT1A9
2 3 4 3
-Log10(FDR) Rove z(-)scgre
E 25 GPX2 5, GSTM1 . MGST3 F G GSTM1 MGST3

1849  wwwx 45

%gA 4] 4] Mr(K) wi/wt mut/mut
314 X ) 25| s 212 30
2 51 L —— ! 15
< o o ol 15- - MGST3 -

K GSTA2, . GSTM3 NQO1 NQOT 0
o 201 « 15 i 97 25- o

o
o o
I 1

e . s N QO 1

N
N
v

ll

Relative protein le

IS
1

2 154 44

g 10 3] i <Lc3d o whwt

& 5: 5] 3- 55 <LC3-lI B mut/mut
ol o] o] 37- B-Actin

B wt/wt B mut/mut

o
I

Mergedw/
NRF2 > Z‘%
Do~ B C o~
585 —Ti-Y -
B £56¢ Enl
2 “oE4 8 c=QE4 3
£ L
8 0Z= 0 8=
2 253 11% 203 1%
= Ssco 82°0
E £58 & & 58 & &
Bl & § N
£ S S

Figure 5. VPS37A UEVL loss stabilizes NRF2 and upregulates antioxidant genes in the liver
(A) Heatmap of differentially expressed genes in the liver of 8-week-old mice with the

indicated genotypes ( | fold change (FC) | = 1.5; padj < 0.05).

(B) Bar plots of MSigDB pathways that are enriched (right) or depleted (left) in (A) (false
discovery rate [FDR] < 0.05).

(C) Bar plot of the top 10 transcription factors predicted to drive expression of the 360 genes
upregulated in 8-week-old mouse livers with the VPS37A UEVL mutation (FDR < 0.05).
(D) Heatmap of expression of the NRF2 target genes identified in (C).

(E and F) gPCR (1= 3) (E) and immunoblot (F) analyses of liver homogenates prepared
from 8-week-old mice.

(G) Bar plots of the protein levels relative to WT/WT livers in (F) (7= 3).

(H) Confocal images of 8-week-old mouse liver sections stained for NRF2. Scale bars: 10
pm.
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(1) Dot plots of total and nuclear NRF2 signals per cell per field in (H) (n7= 20).

Statistical significance was determined by Welch’s t test (E and G) and Mann-Whitney
nonparametric t test (1). All values in the graphs are mean £ SD. *p< 0.05, **p< 0.01, ***p
<0.001, ****p< 0.0001.
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Figure 6. VPS37A UEVL loss promotes p62 phosphorylation and insoluble aggregates in an
ATG7-dependent manner

(A) Confocal images of MEFs that were starved for 3 h and stained for p62 and LC3. Scale
bars: 10 pm.

(B and C) Dot plots of the total p62 area (um?) (B) and global Pearson’s correlation
coefficient of LC3 with p62 (C) in (A) (7= 3).

(D) Immunoblot analysis of 1% Triton X-100 (TX-100)-soluble and -insoluble fractions
prepared from MEFs.

(E) Bar plots of total p62, phosphorylated p62 (S405 and S351), and KEAP1 in (D) (n=3).
In (B), (C), and (E), statistical significance was determined by one-way ANOVA followed
by Holm-Sidak’s multiple-comparisons test. All values in the bar graphs are mean + SD. In
(B) and (C), each dot represents the mean of each experiment (7= 20 cells per experiment).
*p<0.05, **p<0.01, **p<0.001, ****p< 0.0001.
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Figure 7. TBK1 is responsible for p62 phosphorylation and inclusion formation enhanced by
VPS37A UEVL loss

(A) Confocal images of the VPS37A KO U-2 OS cells transduced with FLAG-APEX2
control or FLAG-APEX2-LC3B, preincubated with biotin phenol and H,0,, followed by
DyL.ight 650-conjugated NeutrAvidin incubation, and stained for FLAG and p62. Scale bars:
10 um and 1 pm (magnified images).
(B) Volcano plot of proteins enriched by FLAG-APEX2-LC3B WT vs. FLAG-APEX2
control. Significantly enriched proteins are colored (p < 0.05).
(C) Immunoblot analysis of MEFs treated with 10 pM GSK8612 for the indicated periods of

time.

(D) Immunoblot analysis of MEFs that were transiently transfected with TBK1 siRNA
(siTBK1) or control non-targeting siRNA (siNT) for 72 h.
(E) Bar plots of the indicated protein levels relative to the siTBK1-transfected mut/mut

MEFs in

(D) (n=3).
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(F) Immunoblot analysis of MEFs that were stably transduced in combination with Cas9 and
either non-targeting or TBK1 single guide RNAs.

(G) Confocal images of HT-LC3-expressing MEFs treated with 10 pM GSK8612 for 48 h,
pre-stained with MPL-TMR for 15 min, and stained for p62 and p-TBKZ1. Scale bars: 10 pm
and 1 um (magnified images).

(H) Bar plot of total p62 area (um?) in (G) (1= 3).

(1) Immunoblot analysis of 1% TX-100-soluble and -insoluble fractions prepared from
mut/mut MEFs incubated in complete medium in the presence or absence of 10 uM
GSK8612 for 48 h. p62 levels in TX-100-soluble and TX-100-insoluble fractions relative

to untreated MEFs are shown.

(J) Confocal images of 8-week-old mouse liver sections stained for p62 and p-TBK1. Scale
bars: 10 pm and 1 um (magnified images).

Statistical significance was determined by one-way ANOVA followed by Holm-Sidak’s
multiple-comparisons test (E) and Mann-Whitney nonparametric t test (H). All values in the
bar graphs are mean + SD. In (H), each dot represents the mean of each experiment (7= 20
cells per experiment). ***p < 0.001, ****p< 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal a-tubulin Sigma-Aldrich Cat# T5168; RRID:AB_477579
Mouse monoclonal B-actin Sigma-Aldrich Cat# A5441; RRID:AB_476744
Mouse monoclonal FLAG Sigma-Aldrich Cat# F1804; RRID:AB_262044

Mouse monoclonal IxBa
Mouse monoclonal LC3B
Mouse monoclonal TSG101
Mouse monoclonal Ubiquitin
Mouse monoclonal VPS28
Rabbit monoclonal Atg5
Rabbit monoclonal Atg7
Rabbit monoclonal Atg13
Rabbit monoclonal EEA1
Rabbit monoclonal EGFR
Rabbit monoclonal GFP
Rabbit polyclonal Gstm1
Rabbit polyclonal HaloTag
Rabbit polyclonal Ibal

Rabbit polyclonal Keapl

Rabbit polyclonal MAP1LC3B

Rabbit Monoclonal MGST3

Rabbit polyclonal MVB12A

Rabbit polyclonal NQO1

Rabbit polyclonal NRF2

Rabbit Monoclonal phospho-Atg13 Ser355
Rabbit polyclonal -p62 Ser349

Rabbit Monoclonal phospho-p62 Ser403
Rabbit Monoclonal phospho-TBK1
Rabbit polyclonal UBAP1

Rabbit polyclonal VPS37A

Rabbit polyclonal VPS37A

Chicken polyclonal GFAP

Guinea pig polyclonal p62

Rat monoclonal CD11b

Rat monoclonal LAMP1

Alexa Fluor™ 488-conjugated goat antibodies against

mouse 19G

Alexa Fluor™ 488-conjugated goat antibodies against

rabbit IgG

Cell Signaling Technology
MBL International
GeneTex

Novus

Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Thermo Fisher Scientific
Cell Signaling Technology
Cell Signaling Technology
Proteintech

Promega

FUJIFILM Wako Pure Chemical
Corporation

Proteintech

Novus

Abcam

Fisher scientific
Proteintech

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Proteintech
Sigma-Aldrich

Proteintech

EnCor Biotechnology
ARP American Research Products
Bio-Rad

Santa Cruz Biotechnology

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 4814; RRID:AB_390781

Cat# M152-3; RRID:AB_1279144
Cat# GTX70255; RRID:AB_373239)
Cat# NB300-130; RRID:AB_2238516
Cat# sc-166537; RRID:AB_2214880
Cat# 12994; RRID:AB_2630393

Cat# 8558; RRID:AB_10831194

Cat# 13273; RRID:AB_2798169

Cat# MA5-14794; RRID:AB_10985824
Cat# 4267, RRID:AB_2246311

Cat# 2956; RRID:AB_1196615)

Cat# 12412-1-AP; RRID:AB_2115925
Cat# G9281; RRID:AB_713650

Cat# 019-19741; RRID:AB_839504

Cat# 10503-2-AP; RRID:AB_2132625
Cat# NB100-2220; RRID:AB_10003146
Cat#ab192254

Cat#50-173-5082

Cat# 11451-1-AP; RRID:AB_2298729
Cat# 12721; RRID:AB_2715528

Cat# 46329; RRID:AB_3064843

Cat# 95697; RRID:AB_2800251

Cat# 39786; RRID:AB_2799162

Cat# 5483; RRID:AB_10693472

Cat# 12385-1-AP; RRID:AB_2211886
Cat# HPA024705; RRID:AB_10601776
Cat# 11870-1-AP; RRID:AB_2215230
Cat# CPCA-GFAP; RRID:AB_2109953
Cat# 03-GP62-C; RRID:AB_1542690
Cat# MCAT711; RRID:AB_321292
Cat# sc-19992; RRID:AB_2134495
Cat# A28175; RRID:AB_2536161

Cat# A-11008; RRID:AB_143165
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Alexa Fluor 568-conjugated goat antibodies against

rabbit 19gG

Alexa Fluor 647-conjugated goat antibodies against

rat 1I9G
HRP-conjugated goat antibodies against rabbit 19G

IRDye 680RD-conjugated donkey antibodies against

mouse 19G

IRDye 680RD-conjugated donkey antibodies against

guinea pig 19G

IRDye 800CW-conjugated donkey antibodies against

rabbit 19G

Thermo Fisher Scientific

Life Technologies

Cell Signaling Technology
LI-COR Biosciences

LI-COR Biosciences

LI-COR Biosciences

Cat# A-11036; RRID:AB_10563566

Cat#A21247

Cat# 7074; RRID:AB_2099233

Cat# 926-68072; RRID:AB_10953628

Cat# 926-68077; RRID:AB_10956079

Cat# 926-32213; RRID:AB_621848

Chemicals; peptides; and recombinant proteins

Dulbecco’s Modification of Eagle’s Medium
(DMEM)

Amino acid-free DMEM

Corning

FUJIFILM Wako Pure Chemical

Corporation

Cat# 10-013-CV

Cat# 048-33575

McCoy’s 5A medium Corning Cat# 10-050-CV
Antibiotic antimycotic solution Cytiva Cat# SV30079.01
5Z-7-oxozeaenol MedChemExpress Cat# HY-12686
AlexaFluor 488-conjugated membrane-impermeable  Promega Cat# G1001

ligand (MIL)

Bafilomycin Al Thermo Fisher Scientific Cat# AAJ61835MCR
Cycloheximide Sigma-Aldrich Cat# C7698
Digitonin Sigma-Aldrich Cat# D141

EGF from murine submaxillary gland Sigma-Aldrich Cat# E4127
GFP-trap magnetic agarose Chromotek Cat# gtma

GSK8612 MedChemExpress Cat# HY-111941
Mouse recombinant TNFa Prospec Cat# CYT-252
Normal goat serum Sigma-Aldrich Cat# G9023
Paraformaldehyde Electron Microscopy Sciences Cat# 15710
Phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat# P5726
Phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat# P0044

Protease inhibitor cocktail Sigma-Aldrich Cat# P8340

Protease inhibitor cOmplete mini Sigma-Aldrich Cat# 11836153001
SBI-0206965 Xcess biosciences Cat# M60268
Tetramethylrhodamine-conjugated membrane- Promega Cat# G8251
permeable ligand (MPL)

XF Plasma Membrane Permeabilizer (XF-PMP) Agilent Cat# 102504-100
Critical commercial assays

Mouse ALT ELISA Kit Abcam Cat# ab282882
Mouse Cytokine Array C2000 RayBio Cat# AAM-CYT-2000
Deposited data

Mass spectrometry data This study PRIDE: PXD057301
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Experimental models: Cell lines
Human: HEK293T/17 ATCC Cat# CRL-11268; RRID:CVCL_1926

Human: HuH-7
Human: Hep G2
Human: Phoenix-AMPHO
Human: U-2 OS

Dr. Jianming Hu
ATCC
Dr. Garry Nolan
ATCC

RRID:CVCL_0336
Cat# HB-8065; RRID:CVCL_0027
RRID:CVCL_H716
Cat# HTB-96; RRID:CVCL_0042

Experimental models: Organisms/strains

Mouse: B6.Cg-Edil3Tg(Sox2-cre)1Amc/J
Mouse: C57BL/6J

Mouse: C57BL/6 VPS37Aflox/flox

The Jackson Laboratory

The Jackson Laboratory

Cyagen

Cat# JAX 008454; RRID:IMSR_JAX:008454

Cat# JAX 000664; RRID:
RRID:IMSR_JAX:000664

N/A

Oligonucleotides

Primers

siRNA ON-TARGETplus SMART Pool Non-
targeting

siRNA ON-TARGETplus SMART Pool mouse
TBK1

See Tables S3 and S4

Dharmacon

Dharmacon

Cat# D-001810-10

Cat# L-063162-00

Recombinant DNA

Plasmid: FUGW-PK-hLC3

Plasmid: mVenus-C1

Plasmid: pBABE-neo largeT cDNA

Plasmid: pCDH-Cuo-MCS-EF1a-CymR-T2A-Puro

Plasmid: pEGFP-flag-APEX2-a-tubulin

Plasmid: pEGFP-VPS4-E228Q

Plasmid: pMRX-1B-HaloTag7-mGFP

Plasmid: lentiCRISPRv2 puro

Plasmid: lentiCRISPR v2 targeting hVPS37A #1-3

Plasmid: lentiCRISPR v2 targeting mATG7
Plasmid: pCDH1-Ubc-HT-LC3

Plasmid: pCDH-mVenus-Hygro

Plasmid: pPCDH1-mVenus-hVPS37A WT
Plasmid: pCDH1-mVenus-hVPS37A K382D
Plasmid: pPCDH1-mVenus-mVPS37A WT
Plasmid: pCDH1-mVenus-mVPS37A K382D
Plasmid: pPCDH-FLAG-APEX2-LC3B

Plasmid: pPCDH-TRE3G-GFPDNVPS4-tet-on-3G

Tanida et al.200
Koushik et al.101

Hahn et al 102
System Biosciences

Lam et al.”®
Votteler et al.103
Yim et al.8
Stringer et al.104

Takahashi et al.”
This study
This study
This study
This study
This study
This study
This study
This study
This study

Addgene Plasmid #61460;
RRID:Addgene_61460

Addgene Plasmid #27794;
RRID:Addgene_27794

Addgene Plasmid #1780; RRID:Addgene_1780
Cat#QMB800A-1;

Addgene Plasmid #66171;
RRID:Addgene_66171

Addgene Plasmid #80351;
RRID:Addgene_80351

Addgene Plasmid #184903;
RRID:Addgene_184903

Addgene Plasmid #98290;
RRID:Addgene_98290

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Software and algorithms
Image Studio software version 5.2 LI-COR Biosciences RRID:SCR_015795

GraphPad Prism 7.0
Leica Application Suite X
Huygens

\Volocity

Imaris

ImageJ

Fragpipe v.19.0
MSFragger v.3.7

Scaffold Proteome Software

GraphPad Prism

Leica

Scientific Volume Imaging
PerkinElmer

Bitplane

Schneider et al.105
Nesvizhskii lab
Nesvizhskii lab106

Proteome Software, Inc.

RRID:SCR_002798
RRID:SCR_013673
RRID:SCR_014237
RRID:SCR_002668
RRID:SCR_007370
RRID:SCR_003070
RRID:SCR_022864
N/A

RRID:SCR_014345
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