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Lysophagy eliminates damaged lysosomes and is crucial to cellular home-
ostasis; however, its underlying mechanisms are not entirely understood. We
screen a ubiquitination-related compound library and determine that the
substrate recognition component of the SCF-type E3 ubiquitin ligase complex,
SCF™®*93(FBX03), which is a critical lysophagy regulator. Inhibition of FBXO3
reduces lysophagy and lysophagic flux in response to L-leucyl-L-leucine methyl
ester (LLOMe). Furthermore, FBXO3 interacts with TMEM192, leading to its
ubiquitination in LLOMe-treated cells. We also identify TAX1BP1 as a critical
autophagic adaptor that recognizes ubiquitinated TMEM192 during lysophagy
and find that TBK1 activation is crucial for lysophagy, as it phosphorylates
FBXO3 in response to lysosomal damage. Knockout of FBXO3 significantly
impairs lysophagy, and its reconstitution with a loss-of-function mutant
(V2211) further confirms its essential role in lysophagy regulation. Collectively,
our findings highlight the significance of the TBK1-FBXO3-TMEM192-TAX1BP1
axis in lysophagy and emphasize the critical role of FBXO3 in lysosomal
integrity.

Lysosomes are organelles bound by a single membrane that playa protect against the acidic luminal environment and maintain

pivotal role in cellular degradation and nutrient recycling. Mature
lysosomes have an acidic internal pH (4.5-5.0), which is gener-
ated and maintained by a proton pumping v-type ATPase'. This
acidic condition optimally activates and stabilizes various lyso-
somal hydrolases®. These unique characteristics regulate lysoso-
mal catabolic functions®. The lysosomal membrane is composed
of numerous membrane proteins, which highlights the critical
role that lysosomes perform in various cellular functions, such as
nutrient sensing, ion signaling, and lipid homeostasis*’. Lysoso-
mal membrane proteins undergo extensive glycosylation to

lysosome integrity®”.

Lysosome dysregulation has been associated with various diseases,
including lysosomal storage disorders, neurodegenerative diseases,
diabetes, and cancer®. Thus, lysosomal integrity is crucial for cellular
health and overall homeostasis. Lysosomotropic agents, such as L-
leucyl-L-leucine methyl ester (LLOMe), induce lysosomal membrane
permeabilization’™ and release lysosomal contents into the cytosol,
which increases cytosolic acidity and triggers apoptotic pathways via the
released lysosomal proteases”. In response to partial injury, the endo-
somal sorting complex required for transport (ESCRT-IIl) machinery is
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recruited to the damaged lysosomal membrane for repair*, then the
transcription factor EB (TFEB) is activated via dephosphorylation and
translocated from the cytosol to the nucleus to enhance lysosomal gene
expression to replace damaged lysosomes™'. However, in cases of
severe injury, damaged lysosomes are subjected to lysosomal selective
autophagy (i.e., lysophagy) for removal.

In selective autophagy, cargo is typically labeled via E3 ligases with
ubiquitin, a small protein recognized by autophagy adaptor proteins,
such as sequestosome 1 (SQSTM1/p62)". During lysophagy, ruptured
lysosomes are selectively labeled with galectins and ubiquitin®.
Galectins, a conserved family of cytosolic lectins with carbohydrate
recognition domains, exhibit a high affinity for p-galactoside
glycoconjugates™. Since most lysosomal membrane proteins are gly-
cosylated, their B-galactosides are exposed to the cytosol following
lysosomal rupture and are recognized by galectins'**>. Among the
galectins, the galectin 3 (Gal3) has emerged as a widely used marker for
lysosomal damage®**. Damaged lysosomes are also marked with ubi-
quitin. It was reported that some lysosomal membrane proteins are
ubiquitinated as substrates in response to lysosomal damage, includ-
ing lysosomal associated membrane protein 1 (LAMP1), LAMP2, and
transmembrane protein 192 (TMEM192)%. Several enzymes contribute
to the ubiquitination of lysosomal membrane proteins during lyso-
phagy. For example, LAMP2 is subject to ubiquitination as a substrate
via the SCF E3 ligase complex SCF™*°7 which consists of S-phase-
kinase-associated protein 1 (SKP1), Cullin-1 (CUL1), and F-box protein
27 (FBX027) and the CUL4A-DDB1-WDFY1 complex®?, In addition, the
ubiquitin-conjugating E2 enzyme (UBE2QL1) participates in the ubi-
quitination of LAMP1 by coordinating with lysophagy effectors”.
Autophagic adaptor proteins, such as SQSTM], tax1 binding protein 1
(TAX1BP1), and calcium binding and coiled-coil domain 2 (CAL-
COCO02), then recognize ubiquitin on the lysosomal membrane and
recruit autophagic machinery to facilitate lysophagy®*~*°. Thus, the
ruptured lysosomes are finally degraded by lysophagy.

The most well-established ubiquitin-dependent mechanism in
selective autophagy is mitochondrial selective autophagy. As a mito-
phagy regulatory mechanism, PTEN-induced kinase 1 (PINK1) and E3
ligase Parkin participate in the ubiquitination of damaged mitochondrial
membrane proteins. Upon mitochondrial damage, PINK1 is stabilized,
accumulates on the mitochondrial membrane, and recruits cytosolic
Parkin®, which mediates the ubiquitination of mitochondrial outer
membrane proteins, such as the voltage dependent anion channel 1
(VDAC1)*. Then, the adaptor proteins (e.g., SQSTMI, optineurin (OPTN)
and CALCOCO?2) recognize the ubiquitination and recruit autophagic
machinery to degrade the mitochondria®. Therefore, in mitophagy,
PINK1 and Parkin serves as a mitochondrial damage sensor kinase and
downstream E3 ligase, respectively. Thus, the PINKI-Parkin-VDACI-
SQSTMI axis is a well-documented scenario for mitophagy.

Although the significance of lysophagy in maintaining cellular
homeostasis and cell fate is well established, the precise regulatory
mechanisms coordinating sensor kinase-E3 ligase-membrane ubiqui-
tination target-adaptor recruitment scenario remain unclear. Thus, we
screened a ubiquitination-related compound library to identify lyso-
phagy regulators. Our results propose a model in which the TBKI-
FBXO03-TMEM192-TAX1BP1 axis orchestrates lysophagy by facilitating
the ubiquitination of damaged lysosomal membranes.

Results

Inhibition of FBXO3 impairs clearance of Gal3 puncta and
lysophagic flux

We developed a cell-based image screening system using enhanced
green fluorescent protein (EGFP)-Gal3 in HepG2 cells (HepG2/GFP-Gal3
cells) and conducted a screening using a ubiquitination compound
library in combination with a lysosomotropic agent, LLOMe to
uncover lysophagy mechanisms. From the screening, we identified BC-
1215 as the most potent lysophagy regulator (Supplementary Fig. 1;

Supplementary Tables 1, 2). To validate these findings, we subjected
HepG2/GFP-Gal3 cells to cotreatment with LLOMe and bafilomycin A;
(Baf), which blocks autophagosome-lysosome fusion. As demon-
strated in Fig. 1la, BC-1215 significantly impeded the clearance of
damaged lysosomes in the LLOMe-treated cells, which was similar to
the Baf treatment; however, BC-1215 treatment alone at various con-
centrations did not affect GFP-Gal3 puncta formation (Fig. 1a; Sup-
plementary Fig. 2a, b), indicating that BC-1215 specifically targets
lysophagy in LLOMe-treated cells. Additionally, LLOMe-induced
damage results in the partial encapsulation of lysosomes, labeled
with LAMP1, within autophagosomes, as labeled with LC3. However,
treatment with BC-1215 reduced this encapsulation, similar to the
effects of Baf (Fig. 1b). As SEpHluorin is more pH-sensitive than EGFP,
we established a lysophagy flux monitoring system using mCherry-
SEpHluroin-Galectin 3 (CH-Gal3) in HepG2 cells (HepG2/CH-Gal3 cells).
Consistently, the mCherry’/SEpHIuorin™Gal3 puncta decreased,
whereas the mCherry*/SEpHIuorin*-Gal3 puncta increased in cells
treated with Baf or BC-1215 (Fig. 1c). Furthermore, LC3-Il protein levels
were higher in cells cotreated with LLOMe and either Baf or BC-1215
than those treated with each compound alone (Supplementary Fig. 3).
BC-1215 is a highly selective inhibitor of FBXO3 that binds to the ApaG
domain of FBXO3 and disrupts its interaction with substrates®**. To
further investigate the role of FBXO3 in GFP-Gal3 puncta clearance
regulation, we transfected HepG2/GFP-Gal3 cells with either scrambled
siRNA or specific siRNA targeting FBXO3 then treated them with
LLOMe. The depletion of FBXO3 resulted in a marked decrease in the
elimination of GFP-Gal3 puncta, comparable to other well-known
lysophagy regulators including FBXO2, CUL4A, UBE2QL1?*?”%, or the
autophagy regulator autophagy-related 5 (ATGS) (Fig. 1d; Supple-
mentary Figs. 4, 5). Taken together, these results indicate that the
inhibition of FBXO3 hinders the clearance of damaged lysosomes and
lysophagic flux in LLOMe-treated cells.

FBXO03 mediates ubiquitination of a lysosomal membrane pro-
tein, TMEM192 in response to lysosomal damage
To further elucidate the involvement of FBXO3 in lysophagy, we
identified potential lysosomal membrane protein targets for ubiquiti-
nation in LLOMe-treated cells via immunoprecipitation assays. We
found that FBXO3 did not directly interact with LAMP1 but that it
exhibited binding affinity toward VAMP3 (Supplementary Fig. 6a, b).
Despite the enhanced interaction between FBXO3 and VAMP3, VAMP3
ubiquitination was only marginally affected in LLOMe-treated cells
(Supplementary Fig. 6¢), suggesting that FBXO3 does not primarily
mediate lysophagy through LAMP1 or VAMP3.

Next, our focus turned to TMEMI192 as a potential target of FBXO3.
As shown in Fig. 2, the interaction between FBXO3 and TMEM192 was
further upregulated in response to LLOMe treatment (Fig. 2a-d).
Remarkably, the ubiquitination of TMEM192 was significantly enhanced
in LLOMe-treated cells compared to in untreated control cells (Supple-
mentary Fig. 6d), which firmly established TMEM192 as a ubiquitinated
target of FBXO3 in LLOMe-treated HepG2 cells. We also found that
deletion of the F-box, SUKH, or ApaG domains of FBXO3 resulted in
minor alterations in the interaction with TMEM192, with the F-box
deletion showing a slight increase (Supplementary Fig. 6e, f). TMEM192
harbors multiple putative ubiquitination lysine residues, including K201,
K211, K237, K246, and K254%. To discern whether the lysine residues of
TMEM192 underwent ubiquitination in response to LLOMe, we gener-
ated a TMEMI192 mutant where all lysine candidates were substituted
with arginine to impede ubiquitination. The mutant with substitutions at
all five lysine sites exhibited reduced TMEM192 ubiquitination in LLOMe-
treated cells (Fig. 2e). Importantly, both chemical and genetic inhibition
of FBXO3 effectively suppressed TMEM192 ubiquitination in LLOMe-
treated cells (Fig. 2f, g). The ubiquitination of TMEM192 modulated by
FBXO3 was identified as K48-linked rather than K63-linked (Supple-
mentary Fig. 6g). Furthermore, the depletion of TMEM192 significantly
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impeded GFP-Gal3 puncta clearance that was induced by LLOMe treat-  Colocalization assay between TMEM192 and the adaptor protein NBR1
ment (Supplementary Fig. 7). Taken together, our findings suggest that or OPTN revealed no substantial changes upon LLOMe treatment
FBXO3 orchestrates the ubiquitination of TMEM192 as a response to  (Supplementary Fig. 8a, b). The interaction between NBR1 and
lysosomal damage. TMEM192 was slightly reduced by LLOMe treatment and TMEM192 did

not exhibit any significant binding to OPTN (Supplementary Fig. 8c, d).
SQSTMI and TAX1BP1 interact with TMEM192 as autophagic These results suggest that NBR1 and OPTN are unlikely to be the pri-
adaptor in response to lysosomal damage mary autophagic adaptors in TMEM192-mediated lysophagy. We fur-
We next investigated the autophagic adaptors involved in the recog- ther investigated other potential adaptors and found that the
nition of ubiquitinated TMEM192 in response to lysosomal damage. interaction between SQSTM1 or TAX1BP1 and TMEM192 was enhanced
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Fig. 1| Inhibition of FBXO03 reduces clearance of Gal3 puncta and lysophagic
flux in HepG2 cells. a HepG2/GFP-Gal3 cells were cotreated with LLOMe (750 uM),
along with either bafilomycin A; (Baf) at 10 nM or BC-1215 (BC) at 50 uM for 2 h. After
the 2-h treatment, the cells were washed with fresh medium and further incubated
with normal culture media containing either Baf or BC for 24 h. Subsequently, the
number of punctate structures expressing GFP-Gal3 per cell was quantified.

b HepG2 cells were cotreated with LLOMe, along with either Baf or BC for 2 h.
Following treatment, the cells were washed with fresh medium and subsequently
incubated with normal culture media containing either Baf or BC for an additional
24 h. Then, the cells were stained with anti-LAMP1 and anti-LC3 antibodies and
imaged using confocal microscopy. Scale bar: 5 um. ¢ HepG2/CH-Gal3 cells were
cotreated with LLOMe and either Baf or BC-1215 for 2 h. After the 2-h treatment,
LLOMe was removed, and the cells were incubated with normal cell media in the

presence of either Baf or BC-1215 for 24 h. The number of mCherry- and SEpHIluorin-
double-positive-Gal3 puncta (mCherry*/SEpHIluorin®) or mCherry-positive/SEpH-
luorin-negative-Gal3 puncta (mCherry*/SEpHIluorin®) per cell was counted. A total
of 300 individual HepG2 cells were counted. d HepG2/GFP-Gal3 cells were trans-
fected with either scrambled siRNA (Sc), siRNA targeting FBXO3 (siFBX03), or siRNA
targeting ATGS (SiATGS) for a period of 48 h. Following transfection, the cells were
treated with LLOMe for 2 h. After the 2-h treatment, the cells were washed and
incubated with normal cell culture media for 24 h. The number of GFP-Gal3 puncta
per cell was counted. Data in all panels are presented as the mean + SEM. Sig-
nificance was calculated by two-tailed unpaired t-test (*p < 0.0001). Data were
obtained from at least three independent experiments, with each dot in the plot
representing an individual HepG2 cell (n =300). Scale bar: 10 um. Source data are
provided as a Source Data file.

upon LLOMe treatment (Fig. 3a, b). Moreover, both SQSTM1 and
TAX1BP1 exhibited significantly increased colocalization with
TMEM192 WT, whereas colocalization with TMEM192 ubiquitin-
defective mutant (MT) was reduced in LLOMe-treated cells
(Fig. 3¢, d), implicating their involvement as autophagic adaptors in
TMEM192-mediated lysophagy. Additionally, GFP-Gal3 puncta clear-
ance was impaired in cells expressing the TMEM192 mutant (Fig. 3e),
and the knockdown of SQSTMI and TAXIBPI resulted in reduced GFP-
Gal3 puncta clearance induced by LLOMe (Supplementary Fig. 9).
Thus, either SQSTMI1 or TAXIBP1 acts as autophagic adaptor that
recognize ubiquitinated TMEM192 in response to lysosomal damage.

TBK1 activation in response to LLOMe mediates FBXO3
phosphorylation
To explore the upstream regulatory mechanisms governing FBXO3, we
focused on TBK1 in LLOMe-mediated lysophagy using the TBK1 inhi-
bitors MRT67307 and GSK8612. Treatment of inhibitors resulted in the
reduced clearance of the GFP-Gal3 puncta induced by LLOMe (Fig. 4a).
Moreover, LLOMe treatment highly enhanced phosphorylation of
TBK1, which was abrogated by cotreatment with TBK1 inhibitors
(Fig. 4b). Notably, the depletion of TBK1 also led to the decreased
clearance of GFP-Gal3 puncta (Supplementary Fig. 10). Together, these
results suggest that TBK1 activation is essential for efficient lysophagy.
Next, we investigated the possibility that TBK1 mediates FBXO3
activity as an upstream regulator. Coimmunoprecipitation studies
demonstrated an interaction between TBK1 and FBXO03, which was
further enhanced upon lysosomal damage (Fig. 4c, d). To investigate
FBXO3 phosphorylation, we utilized a Phos-tag™ SDS-PAGE assay.
Notably, FBXO3 underwent phosphorylation upon LLOMe treatment,
which was diminished upon cotreatment with the TBKI1 inhibitor
(Fig. 4e). These observations indicate that TBK1 regulates FBXO3
phosphorylation in response to lysosomal damage.

Effect of TBK1-FBX03-TMEM192-TAX1BP1 axis on LLOMe-
induced lysophagy

Since TBK1 played a pivotal role in mediating the phosphorylation of
FBXO3 in response to lysosomal damage (Fig. 4) and the FBXO3
facilitated the interaction with and subsequent ubiquitination of
TMEMI192 followed by the recruitment of the autophagic adaptor
TAXI1BP1 (Figs. 2, 3), we investigated the significance of the TBK1-
FBXO3-TMEM192-TAXI1BP1 axis in lysophagy. In response to LLOMe
treatment, FBXO3 was found to localize to damaged lysosomes, as
indicated by Gal3. Moreover, activated TBK1, detected by p-TBK1
staining, also colocalized with both FBXO3 and Galectin 3 on these
damaged lysosomes, suggesting that TBK1 and FBXO3 can be activated
on damaged lysosomes (Supplementary Fig. 11a). Remarkably, the
enhanced interaction between FBXO3 and TMEMI92 by LLOMe
treatment was decreased by the FBXO3 or TBK1 inhibitor (Supple-
mentary Fig. 11b, c). Correspondingly, the increased ubiquitination of
TMEM192 triggered by LLOMe was diminished upon TBK1 inhibitor
treatment (Fig. 5a). Furthermore, the recruitment of TAXIBP1 to

TMEMI192 was reduced by both the FBXO3 and TBK1 inhibitors (Fig.
5b). We also investigated whether the axis influenced the recruitment
of autophagic machinery. After LLOMe treatment, LC3 colocalized
with TMEM192; however, the chemical inhibition of FBXO3 and TBK1
decreased the recruitment of LC3 to TMEM192 (Fig. 5c). Taken toge-
ther, these findings strongly indicate the critical importance of the
TBK1-FBXO3-TMEM192-TAX1BP1 axis in lysophagy regulation.

Association of FBXO3 with LLOMe-induced lysophagy in FBXO3
knockout HepG2 cells

We utilized CRISPR/Cas9 technology to generate FBXO3 knockout
(KO) cell lines in HepG2 cells (Fig. 6a). We subjected FBXO3 wildtype
(WT) and KO HepG2 cells transiently expressing GFP-Gal3 to LLOMe
treatment. Our findings revealed decreased clearance of GFP-Gal3
puncta by LLOMe in FBXO3 KO cells compared to the WT cells
(Fig. 6b). Additionally, the LLOMe-induced increase in TMEM192 ubi-
quitination was significantly lower in FBXO3 KO cells (Fig. 6¢), which
subsequently led to a diminished recruitment of TAX1BP1 to TMEM192
in FBXO3 KO cells compared to WT cells (Fig. 6d). These results indi-
cate that FBXO3 KO disrupts the lysophagy by inhibiting the ubiqui-
tination of TMEM192 and the recruitment of TAX1BP1. We additionally
analyzed the human SNP database and identified a naturally occurring
polymorphism in FBXO3 at Val221lle (V221l) that represents a loss-of-
function mutation®*. To assess the relevance of this FBXO3 mutant
in lysophagy, we reintroduced either WT or FBXO3 V221l into FBXO3
KO cells and found that the delayed clearance of the Gal3 puncta
observed in the KO cells was rescued by FBXO3 WT reconstitution;
however, the clearance was still reduced when FBXO3 V221l was
reintroduced (Fig. 6e). Furthermore, TMEM192 ubiquitination was
restored in cells reconstituted with FBXO3 WT but remained impaired
in FBXO3 V221l reconstituted cells (Fig. 6f). Collectively, these results
further support the critical role of FBXO3 in the degradation of
damaged lysosomes.

Association of TBK1-FBX03-TMEM192-TAX1BP1 axis with
LLOMe-induced lysophagy in Drosophila model

To examine lysophagy activity in the Drosophila model system, we
generated a pUAST-mCherry-SEpHIuorin-Gal3 transgenic fly line. This
reporter system can be used to monitor lysophagy quality control,
which changes its fluorescence signals as lysophagy progresses.
mCherry-SEpHIuorin-Gal3 was overexpressed using the Dcg-Gal4 to
drive in the larval fat body. To induce lysophagy, third-instar stage
larvae were fed for 2 h with LLOMe treated fly food and transferred to
normal fly food vial for each time period for (4 h and 8 h) or dissected
immediately (O h after LLOMe treatment). After LLOMe treatment for
2 h, mCherry- and SEpHluorin-double positive Gal3 puncta (mCherry*/
SEpHIuorin®) were observed. 4 h after transferred to normal food,
mCherry*/SEpHIluorin~ Gal3 puncta were increased, and those puncta
almost disappeared after 8 h (Supplementary Fig. 12). To test the effect
of inhibitors (i.e., BC-1215, GSK8612 and Baf), the larvae were cotreated
with LLOMe for 2 h, and transferred to only inhibitors-treated food for
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next 4h. Consistent with in-vitro data, cotreatment of BC-1215, To investigate whether lysophagy induced by LLOMe is acti-

GSK8612 or Baf with LLOMe showed decrease of mCherry*/
SEpHIuorin® Gal3 puncta in larva fat body. The ratio of mCherry*/
SEpHluorin® and mCherry*/SEpHIluorin® Gal3 puncta were counted and
quantified (Fig. 7a). These results suggest that BC-1215, GSK8612 and
Baf also downregulate clearance of Gal3 puncta induced by LLOMe in
Drosophila in vivo model.

vated by FBXO3 also in Drosophila, we utilized UAS-SImb-RNAi to
knockdown SI/mb, a homolog of F-box proteins, employing the fat
body driver Dcg-Gal4. The larval fat body was costained with anti-
ubiquitin and anti-LAMP1 antibodies. In comparison to control flies
subjected to LLOMe treatment, where ubiquitin and LAMP1 exhibited
partial colocalization, SImb knockdown resulted in a significant
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Fig. 2 | FBXO03 interacts with TMEM192 and mediates ubiquitination of
TMEM192 in LLOMe-treated HepG2 cells. a, b HepG2 cells transiently expressing
both HA-FBX03 and TMEM192-FLAG were treated with LLOMe (750 uM) for 2 h and
immunoprecipitated with agarose beads-conjugated anti-HA or anti-FLAG antibodies.
The immunoprecipitates were analyzed by western blotting. Data in panel a are
presented as the mean (n=2), and data in panel b are presented as the mean + SEM
(n=3,* p=0.0002). ¢, d HepG2 cell lysates treated with LLOMe (750 uM) were
immunoprecipitated using either anti-FBXO3 or anti-TMEM192 antibodies. Then, the
immune complexes were analyzed by western blotting. Data in panel ¢ are presented
as the mean + SEM (n=3, *p <0.0001), and data in panel d are presented as the
mean + SEM (n =3, *p = 0.0438). e HepG2 cells expressing TMEM192-FLAG wild type
(WT) or a mutant (TMEM192 K201,211,237,246,254R) along with HA-ubiquitin were
treated with LLOMe for 2 h. And then, the cells were subjected to immunoprecipi-
tation using agarose-conjugated anti-FLAG antibody. The immunoprecipitates were

analyzed by western blotting. Data are presented as the mean + SEM (n=3,
*p=0.0044, *p = 0.0023). f HepG2 cells overexpressing both HA-ubiquitin and
TMEMI192-FLAG were pretreated with BC-1215, and then cotreated with LLOMe for an
additional 2 h. Subsequently, the cells were immunoprecipitated using anti-FLAG
antibody conjugated to agarose beads. The immunoprecipitates were further ana-
lyzed by western blotting. Data are presented as the mean + SEM (n =3, *p = 0.0015).
g HepG2 cells were transfected with either scrambled siRNA or siRNA targeting
FBXO03 siRNA in combination with HA-ubiquitin and TMEM192-FLAG for 72 h. After
72 h, the cells were treated with LLOMe for 2 h and subjected to immunoprecipitation
using agarose-conjugated anti-FLAG antibody. The immune complexes were ana-
lyzed by western blotting. Data are presented as the mean = SEM (n =3, *p = 0.0005,
*p =0.0001). All experiments were replicated three times except a (twice replicates).
Two-tailed unpaired t-test were used to analyzed the data. Source data are provided
as a Source Data file.

reduction in the colocalization of LAMP1 and ubiquitin (Fig. 7b). This
suggests that SiImb mediates lysophagy induced by LLOMe. Collec-
tively, these findings provide compelling evidence that the FBXO3-
TMEM192 axis plays a crucial role in LLOMe-induced lysophagy in
Drosophila.

Discussion

Maintaining lysosomal integrity is vital for cellular homeostasis and
physiological functions. This integrity is tightly controlled by biogen-
esis, repair and degradation. Upon lysosomal injury, TFEB and ESCRT-
Il complex are activated to replace damaged lysosomes and repair
lysosomal membrane. In cases of severe damage, ruptured lysosomes
are eliminated through lysophagy. However, the precise regulatory
mechanisms governing lysophagy are still not fully understood. A
scenario of damage sensor kinase-E3 ligase-membrane protein
ubiquitination-adaptor protein recruitment is well documented in
mitophagy. In this process, PINK1 kinase recognizes mitochondrial
damage and recruits an E3 ligase parkin, resulting in polyubiquitina-
tion of some mitochondrial membrane proteins, including VDAC1 and
recruitment autophagy adaptor proteins such as SQSTM1. However, a
cascade scenario, similar to PINKI-Parkin-VDACI-SQSTM1, remains
uncharacterized in lysophagy. In our study, we conducted a screening
of ubiquitination-related compounds and discovered a regulatory
mechanism of lysophagy, TBKI-FBXO3-TMEM192-TAX1BP1 axis sce-
nario (Fig. 8). This lysophagy pathway is similar to mitophagy. Our
findings emphasize the pivotal role of this axis in the degradation of
ruptured lysosomes.

TMEMI192 has been widely used to purify lysosomes due to its
superior localization to lysosomes compared to other proteins®®,
Notably, a previous study showed TMEM192 as a potential ubiquiti-
nated transmembrane protein in response to lysosomal damage, with
specific lysine residues®. Protein structure topology has shown that
both the N-terminus and C-terminus tails of TMEM192 are situated on
the cytosolic side of the membrane®. The implicated 5 lysine residues
(201, 211, 237, 246, and 254) are positioned on the C-terminus of
TMEMI192. To uncover the critical polyubiquitin lysine residues
involved in lysophagy, we conducted point mutagenesis, replacing
each lysine with arginine to prevent ubiquitination. Notably, when all
the lysine residues were mutated simultaneously, TMEM192 ubiquiti-
nation was entirely halted (Fig. 2e). From these results, it becomes
evident that ubiquitination of TMEM192, as part of the lysophagy
process, relies on multiple lysine residues. In addition to TMEM192,
several lysosomal membrane proteins, such as LAMP1 and LAMP2, are
also implicated as ubiquitination targets during lysophagy. Thus, these
findings underscore the complexity and redundancy of the ubiquiti-
nation process, highlighting its crucial role in recognition and degra-
dation of damaged lysosomes.

Recently, organelle membrane rupture has been elucidated as a
stress factor that causes the release of cytotoxic contents, such as
acidic lysosomal luminal compartments, and cell death'?. This makes

the ability to recognize membrane damage critical for cellular
homeostasis. It was demonstrated that TBK1 plays an essential role as
a membrane damage sensor kinase®. During adenovirus infection,
adenovirus enters the cell through endocytosis and reaches the
cytosol by disrupting the endosomal membrane®. Then, TBKI is
activated via phosphorylation at Serl72 and accumulates at the
penetration site of the endosome to activate the selective autophagy
of the invading pathogen (i.e., xenophagy)*’. Gal8 primarily recog-
nizes pathogen-induced endosomal rupture and is critical in the local
activation of TBK1". It was reported that TBKI is also highly asso-
ciated with lysophagy. In response to lysosomal damage, activated
TBK1 accumulates on ruptured lysosomes and the inhibition of TBK1
reduces lysophagic flux®®. Thus far, studies on TBK1 functions have
been focused on its regulation of adaptor proteins during autop-
hagy; however, recent reports have demonstrated that TBK1 is the
upstream sensor kinase for membrane damage®~*. Although the
mechanism by which TBK1 senses signals from damaged lysosomes
remains unclear, our study has identified TBK1 as a kinase that acts as
a sensor of lysosomal damage and recruits FBXO3 (Fig. 4; Supple-
mentary Fig. 11). As a kinase, TBK1 regulates FBXO3 activity via
phosphorylation and FBXO3-mediated lysophagic flux. Based on the
in silico analysis, we identified several potential phosphorylation
sites on FBXO3, including Ser26, Ser166, Ser356, and Thr82. There-
fore, further analysis to identify TBK1-dependent phosphorylated
sites on FBXO3 is needed to understand the underlying mechanisms
of lysophagy.

The F-box protein has a pivotal role in recognizing specific
substrates*>**. Only a few of them including FBX027, FBXO2 and
FBX06 have been suggested as lysophagy regulators®™. These
F-box proteins are markedly characterized with the ability to bind
specifically glycoproteins modified with high-mannose-N-glycans,
enable to recognize damaged lysosomes. Nevertheless, considering
that over 70 F-box proteins are activated upon various stimuli, other
F-box proteins also could become potential lysophagy regulators.
Among them, we highly proposed that FBXO3, which structurally
lacks a glycoprotein binding domain®***, acts as a crucial lysophagy
regulator. While some substrates of these F-box proteins, such as
LAMP1, are modified with N-glycans**¢, TMEM192, despite bioin-
formatics predictions indicating two consensus sites for N-glycosy-
lation, has not been shown to undergo N-Glycan modification in
murine model*’. These findings lead us to hypothesize that FBXO3-
mediated ubiquitination of TMEM192 may not depend on glycan
modifications, unlike FBXO27. Nonetheless, considering the com-
plexity of glycan modification in humans, further research is
necessary to elucidate the relationship between TMEM192 mod-
ification and its ubiquitination. According to Human SNP database
analysis, FBXO3 has non-synonymous C/T polymorphism, naturally
occurring mutation in Val221lle (V221I). The FBXO3 V221l variant, a
loss of function, strikingly reduces the ability in substrate
polyubiquitination®. This loss of function mutation also reduced
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lysophagy flux and ubiquitination of lysosomal membrane protein
compared to WT upon lysosomal rupture, suggesting that FBXO3 is
critical regulator in TMEM192-mediated lysophagy (Fig. 6).
Drosophila has its own set of F-box proteins, including SImb
(also known as B-TrCP), one of the most well-known F-box proteins.
SImb is essentially conserved component of Skp—Cullin-F-box (SCF)
E3 ubiquitin ligase complex, and it plays a crucial role in regulating
protein degradation through the ubiquitin-proteasome pathway in
Drosophila*®. Several evidence demonstrate that Drosophila Slmb
contributes in a variety of cellular processes regulating multiple

signaling pathways such as Wnt-TCF signaling pathway and Hedge-
hog signaling pathway*’. Recently, SImb has been identified as a
tumor suppressor gene which negatively regulates Hippo signaling,
suggesting its essential role in development and organ growth®.
Here, we revealed for that SImb is involved in lysophagy quality
control in Drosophila model system. To study lysophagy in vivo, we
generated mCherry-SEpHIuorin-Gal3 transgenic reporter Drosophila
line. Drosophila is an excellent system for monitoring changes of
lysophagy activity in vivo due to its simple tissue structures and ease
of dissection. Further research using these approaches in animal
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Fig. 3 | TMEM192 interacts with SQSTM1 and TAX1BP1 as autophagic adaptors
in response to lysosomal damage. a, b HepG2 cells expressing TMEM192-FLAG
were treated with LLOMe (750 uM, 2 h) and immunoprecipitated with an anti-FLAG
antibody conjugated with agarose beads. Then, the cells were analyzed by western
blotting. Data in the panel a are presented as the mean + SEM, with each dot in the
plot representing independent replicates of the experiment (n =3, *p=0.0021).
Data in the panel b are presented as the mean + SEM, with each dot in the plot
representing independent replicates of the experiment (n =3, *p = 0.0452).

¢ HepG2 cells transiently expressing pEGFP-SQSTM1 in combination with
TMEMI192-FLAG wild type (WT) or ubiquitination-defective mutant (MT) were
treated with LLOMe. The cells were stained with an anti-FLAG antibody and imaged
using confocal microscopy. The colocalization extent of TMEM192 with SQSTM1
was analyzed using Pearson’s correlation coefficients. Data are presented as the
mean = SEM (n =20, *p <0.0001). d HepG2 cells were transiently transfected with

pTAXIBPI-EGFP in combination with TMEM192-FLAG WT or MT and then treated
with LLOMe. Following treatment, the cells were stained with an anti-FLAG anti-
body and imaged using confocal microscopy. The degree of colocalization between
TMEMI192 and TAX1BP1 was quantified using Pearson’s correlation coefficients.
Data are presented as the mean + SEM (n =20, *p = 0.0025, *p = 0.0004). e HepG2/
GFP-Gal3 cells transiently expressing TMEM192-FLAG WT or MT and treated with
LLOMe for 2 h. After treatment, cells were washed and incubated with fresh culture
medium for an additional 24 h. Then, the cells were stained with an anti-FLAG
antibody and imaged using fluorescence microscopy. The number of GFP-Gal3
puncta per cell expressing TMEM192-FLAG WT or MT was counted. Data are pre-
sented as the mean + SEM (n =300, *p < 0.0001). Scale bar: 10 um. All experiments
were replicated three times. Each dot in the plot ¢, d, and e represents an individual
HepG2 cell. Two-tailed unpaired t-test were used to analyzed all the data. Source
data are provided as a Source Data file.
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Fig. 4 | TBK1 is activated and mediates phosphorylation of FBX03 in LLOMe-
treated HepG2 cells. a, b HepG2/GFP-Gal3 cells were treated with either
MRT67307 (2 uM) or GSK8612 (10 uM) in combination with LLOMe (750 uM). After
the 2-h treatment, LLOMe was washed out with normal cell culture media, and the
cells were further incubated with either MRT67307 or GSK8612 for 24 h. The
number of GFP-Gal3 puncta was quantified, and the cells were further analyzed by
western blotting using the indicated antibodies. Data are presented as the

mean + SEM, with each dot in the plot representing an individual HepG2 cell
(n=300, *p < 0.0001). Scale bar: 10 um. ¢ HepG2 cells transiently expressing both
GFP-TBK1 and HA-FBXO3 were treated with LLOMe. Subsequently, the cells were
subjected to immunoprecipitation using an anti-HA antibody conjugated with
agarose beads. The immunoprecipitates were further analyzed by western blotting

using the indicated antibodies. Data in all panels are presented as the mean (n =2).
d HepG2 cells were treated with LLOMe and subsequently lysed. The cell lysates
were subjected to immunoprecipitation using an anti-FBXO3 antibody. Then, the
immunoprecipitates were analyzed by western blotting using the indicated anti-
bodies. Data are presented as the mean + SEM, with each dot in the plot repre-
senting independent triplicate replicates of the experiment (n =3, *p=0.0212).

e HepG2 cells overexpressing either HA or HA-FBXO3 were pretreated with
MRT67307 (2 uM) for 2 h, followed by cotreatment with LLOMe. The cells were then
subjected to analysis by Phos-tag™ SDS-PAGE and western blotting using the
indicated antibodies. All experiments were replicated three times except c (twice
replicates). Two-tailed unpaired t-test were used to analyzed all the data. Source
data are provided as a Source Data file.

models could investigate the intricate molecular mechanisms
underlying lysophagy, contributing significantly to developing tar-
geted interventions and therapies for lysophagy-associated pathol-
ogies and disorders.

In conclusion, this study provides valuable insights into the
molecular pathways that safeguard lysosomal integrity and cellular
health and offers potential targets for therapeutic disease interven-
tions associated with impaired lysophagy and lysosomal dysfunction.
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Fig. 5 | Effect of TBK1-FBX03-TMEM192-TAX1BP1 axis on LLOMe-induced
lysophagy. a HepG2 cells were transfected with both HA-ubiquitin and TMEM192-
FLAG and pretreated with either MRT67307 (2 uM) or GSK8612 (10 uM). LLOMe was
cotreated for an additional 2 h. Subsequently, the cells were immunoprecipitated
with agarose bead-conjugated anti-FLAG antibody and further analyzed by western
blotting using the indicated antibodies. Data are presented as the mean + SEM, with
each dot in the plot representing independent triplicate replicates of the experi-
ment (n=3, *p =0.0446, *p =0.0257, **p = 0.0088). b HepG2 cells overexpressing
both GFP-TMEM192 and TAX1BP1-FLAG were pretreated with either BC-1215 or
GSK8612. LLOMe was cotreated for an additional 2 h. The cells were then pulled
down with an anti-GFP antibody conjugated with agarose beads and further

b
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analyzed by western blotting using the indicated antibodies. Data are presented as
the mean + SEM, with each dot in the plot representing independent triplicate
replicates of the experiment (n=3, *p = 0.0171, *p =0.0006, **p = 0.0002).

¢ HepG2 cells transiently expressing GFP-LC3 and TMEM192-FLAG were pretreated
with either BC-1215 or GSK8612 and cotreated with LLOMe. Subsequently, the cells
were stained with an anti-FLAG antibody and imaged by confocal microscopy. The
colocalization extent of TMEM192 with LC3 was analyzed using Pearson’s correla-
tion coefficients. Data are presented as the mean + SEM, with each dot in the plot
representing an individual HepG2 cell (n =15, *p = 0.0031, **p < 0.0001). Scale bar:
10 um. All experiments were replicated three times. Two-tailed unpaired t-test were
used to analyzed all the data. Source data are provided as a Source Data file.

Methods

Reagents

Bafilomycin A; (B1793) and L-leucyl-L-leucine methyl ester (LLOMe,
L7393) were purchased from Sigma-Aldrich (St. Louis, MO, USA). BC-
1215 (HY-117937), GSK8612 (HY-111941) and MRT67307 (HY-13018)
were purchased from MedChemExpress (Monmouth Junction, NJ,
USA). The short interfering RNA (siRNA) specifically targeting human
ATGS (5-CAGGUAAGUCAAGCCUACAUU-3); FBXO3 (#1, 5-CUGUCUA
AUCACUAUCGUU-3), (#2, 5-GAAGAUACAUUGACCAUUA-3); TMEM
192 (#1, 5-CCAGUAUCACCACAGCAAA-3), (#2, 5-CUAUUUCAAG

CCUAGAAGA-3); SQSTM1 (5-GCAUUGAAGUUGAUAUCGAUUU-3);
TAXIBPI (#1, 5-CAAAGAAAUUGCUGACAAA-3), (#2, 5-CUGGAAUGU
CAUUACACCUUA-3), (#3, 5-AAGAAGAACTGTTAAAGTTAA-3); TBKI
(#1, 5-CCAUGUGGGAGUUUAUACA-3), (#2, 5-GCAGUUUGUUUC
UCUGUAU-3'); FBXO2 (#1, 5’-GATGAGAGCGTCAAGAAGT-3), (#2, 5’-C
AGTTCTACTTCCTGAGCA-3'); CUL4A (#1, 5-GCACAGAUCCUUCCG
UUUA-3), (#2, 5-GAAGAUUAACACGUGCUGG-3"); UBE2QL1 (5-AA
GCUGAAGCUACCUUU-3); and negative scrambled siRNA (5-CC
UACGCCACCAAUUUCGU-3) were synthesized by Genolution
(Seoul, Korea).
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Plasmids

Dr. Peter K. Kim (Toronto University, Canada) provided pLAMP1-GFP
and mCherry-NBR1. pEGFP-SQSTM1 was gift from Dr. Li Yu (Tsinghua
University, China). We purchased pEGFP-VAMP3, pmCherry-Gal3,
pRKS5-HA-Ubiquitin-K6, and pOPTN-EGFP from Addgene (42310,
85662, 22900 and 27052; deposited by Dr, Thierry Galli, Dr. Hemmo
Myer, Dr. Sandra Weller, and Beatrice Yue, respectively). TBKI-FLAG
and TAX1BP1-FLAG were obtained from GenScript. HA-FBXO3 wild-
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type (WT), AF-box, ASUKH, and AApaG were provided by Dr. Zhi-Xiong
Jim Xiao (Sichuan University, China). Both pTMEMI192-FLAG and
pEGFP-TMEM192 were kindly provided by Dr. Fu-Ming Tsai (Taipei
Tzuchi Hospital, Taiwan). mCherry-SQSTM1 was provided by
Dr. Masaaki Komatus (Juntendo University, Japan). For mCherry-
SEpHIuorin-Galectin 3, Galectin 3 was subcloned onto a mCherry-
SEpHIuorin (Addgene, 32001). TBK1 and FBXO3 were subcloned onto a
PEGFP-C1 vector. TAX1BP1 was subcloned into pEGFP-N1 vector. To
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Fig. 6 | Association of FBX03 with LLOMe-induced lysophagy in FBX03
knockout HepG2 cells. a FBXO3 wild-type (WT) and knockout (KO) HepG2 cells
were analyzed using western blotting with an FBXO3 antibody. Data are presented
as the mean (n=2). b FBXO3 WT and KO HepG2 cells expressing GFP-Gal3 were
treated with LLOMe (2 mM, 3 h), washed, and incubated with fresh medium. The
number of GFP-Gal3 puncta per cell was counted. Data are presented as the
mean + SEM, with each dot representing an individual HepG2 cell (n =470,

*p <0.0001). Scale bar: 10 um. ¢ FBXO3 WT and KO HepG2 cells expressing HA-
ubiquitin and TMEM192-FLAG were treated with LLOMe. The cells were immuno-
precipitated with anti-TMEM192 antibody and analyzed by western blotting. Data
are presented as the mean + SEM (n =3, *p = 0.0174, **p = 0.0011). d FBXO3 WT and
KO HepG2 cells expressing EGFP-TMEM192 and TAX1BP1-FLAG were treated with
LLOMe. Then, the cells were immunoprecipitated with anti-EGFP antibody con-
jugated with agarose beads and analyzed by western blotting. Data are presented as

the mean (n=2, *p =0.0355, *p =0.0066). e FBXO3 WT and KO HepG2 cells tran-
siently expressing mCherry-Gal3 were reconstituted with empty EGFP, EGFP-FBXO3
WT, or EGFP-FBXO3 V221I. The cells were treated with LLOMe, washed, and incu-
bated with fresh culture medium for 24 h. The number of mCherry-Gal3 puncta per
cell was counted. Data are presented as the mean + SEM, with each dot representing
an individual HepG2 cell (n =200, *p <0.0001). Scale bar: 10 um. f FBXO3 WT and
KO HepG2 cells expressing HA-ubiquitin in combination with empty EGFP, EGFP-
FBXO3 WT, or V221l were treated with LLOMe. The cells were then immunopreci-
pitated with anti-TMEMI192 antibody and analyzed by western blotting. Data are
presented as the mean + SEM (n = 3, *p = 0.0161, *p = 0.0039). All experiments were
replicated three times except d (twice replicates). Each dot in the plot a, ¢, d, and
f represents independent replicates of the experiment. Two-tailed unpaired t-test
were used to analyzed all the data. Source data are provided as a Source Data file.

create the TMEMI192K20121237246354R  gnd  FBX03Y?2! mutants, site-
directed mutagenesis was performed using the Muta-Directed Muta-
genesis Kit (Intron Biotechnology). The specificity of the mutagenesis
was confirmed via direct sequencing. The TMEM192 mutant was sub-
cloned into PCR3.1-Flag vector, and the FBXO3 mutant was subcloned
onto the pEGFP-C1 vector.

Cell culture and establishment of stable cell lines

HepG2 cells (HB-8065) were purchased from the American Type Cul-
ture Collection. To generate stable cell lines, HepG2 cells were trans-
fected with either GFP-Gal3 or CH-Gal3 using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. Stable transfectants were selected using 1 mg/ml of G418 for
10 days (Invitrogen). After seeding the individual cells, the stable
clones were selected under a fluorescence microscope (Olympus,
Tokyo,Japan). All cells were cultured at 37 °Cin a 5% CO, incubator and
maintained in Dulbecco’s modified Eagle’s medium (DMEM; WELGENE,
Gyeongsan, Korea) that was supplemented with 10% FBS (WELGENE)
and 1% penicillin-streptomycin (WELGENE).

Generation of FBXO3 knockout cell line with CRISPR/Cas9

The FBXO3 knockout HepG2 cell line produced by UBIGENE
(Guangzhou, China). CRISPR/Cas9 technology was used to specifically
edit the exon 1 region of FBXO3 gene. To target the region, insert
oligonucleotides for human FBXO3 (gRNAIR: 5-AGTCCAAAAAGG
ATAAGATGAGG-3; gRNA2R: 5-TAGGGTCAGCGGCGCCGTCTCGG-3)
were annealed and ligated to YKO-RPOO3 vector (UBIGENE). Then, the
YKO-RPOO3-hFBXO3[gRNA] plasmids containing target sgRNA
sequences were transfected onto the HepG2 cells using Neon™
Transfection System (Thermo Fisher Scientific). The transfected cells
were selected using puromycin for 2-3 days. After antibiotic selection,
the cells were seeded individually. Single FBXO3 KO clones were
selected 2-4 weeks later and validated by Sanger sequencing.

Cell-based ubiquitination compound library screening

For the cell-based ubiquitination compound library screening, HepG2/
GFP-Gal3 cells were seeded in a 96-well plate. After 24 h, ~-5-100 uM of
the TargetMol Ubiquitination Compound Library (TargetMol, Well-
esley Hills, MA, USA), including 78 ubiquitination-related small mole-
cules targeting proteasomes, the E1/E2/E3 enzymes, DUB and p97, was
cotreated with LLOMe to each well. GFP-Gal3 puncta in the cells were
monitored via fluorescence microscopy (Olympus) and Operetta
CLS™ High-content analysis system (Perkin Elmer, MA, USA). The
experiments were performed in triplicate.

Western blotting

For immunoblotting, the cells were lysed using a cell lysis buffer, with 2x
Laemmli sample buffer added to the lysate (Bio-Rad, Hercules, CA, USA).
The total protein was quantified using the Bradford solution (Bio-Rad)
according to the manufacturer’s instructions. The samples were

separated by SDS-PAGE and transferred to a PVDF membrane (Bio-Rad).
After blocking with 4% skim milk (MBcell, Seoul, Korea) in TBST (25 mM
Tris-base, 140 mM NaCl, and 0.05% Tween® 20 [Sigma-Aldrich]), the
membrane was probed with the following primary antibodies: anti-LC3
(NB100-2220, 1:3000), purchased from NOVUS Biologicals (Centennial,
CO, USA); anti-FLAG (2368, 1:3000), anti-p-TBK1 Ser172 (5483, 1:1000),
anti-TBK1 (3013, 1:1000) and anti-SQSTM1 (5114, 1:1000) antibodies
purchased from Cell Signaling Technology (Danvers, MA, USA); anti-GFP
(5€-9996; 1:1000), anti-FBXO3 (sc-514625, 1:1000), and anti-HA (sc-7392,
1:1000) antibodies purchased from Santa Cruz Biotechnology (Dallas,
TX, USA); anti-TMEM192 (28263-1-AP, 1:3000) and anti-TAX1BP1 (14424-
1-AP, 1:1000) antibodies purchased from Proteintech (Rosemont, IL,
USA); anti-a-ACTIN (ACTAIL, MAB1501, 1:10,000) and anti-FLAG (F18804-
IMG, 1:3000) antibodies purchased from Sigma-Aldrich. The mem-
branes were incubated with HRP-conjugated secondary antibodies (Cell
Signaling Technology). The signals were detected using Luminograph |
(ATTO, Tokyo, Japan).

Immunoprecipitation

For the immunoprecipitation assay, cells were homogenized in a RIPA
buffer (50 mM Tris-HCI, pH 7.5, 150 mM sodium chloride, 0.5% sodium
deoxycholate, 1% Triton X-100, 0.1% SDS and 2 mM EDTA; Intron Bio-
technology, Seoul, Korea) containing protease inhibitors (GenDEPOT)
for 1h at 4°C. For the exogenous IP assays, the supernatant was
immunoprecipitated with the following antibodies: anti-GFP-agarose (sc-
9996 AC, 3ug) and anti-HA-agarose antibodies (sc-7392 AC, 3ug)
acquired from Santa Cruz Biotechnology; and anti-FLAG-agarose anti-
bodies (ab1240, 1.5pg) obtained from Abcam. For the endogenous IP
assay, the supernatant was immunoprecipitated with the following
antibodies: anti-FBXO3 antibodies (sc-514625, 3 ug) obtained from Santa
Cruz Biotechnology; and anti-TMEM192 antibodies (28263-1-AP, 3 ug)
acquired from Proteintech with a protein G plus/protein A agarose
suspension (Santa Cruz Biotechnology, sc-2003) overnight at 4 °C. After
incubation, the samples were washed with a RIPA buffer twice at 4 °C and
added with 2x Laemmli sample buffer (Bio-Rad). All samples were ana-
lyzed by western blotting as described in the western blotting section.

Phos-tag™ SDS-PAGE

For Phos-tag™ SDS-PAGE, Phos-tag™ Acrylamide (Wako, Osaka, Japan)
with Mn?* was used. Phos-tag Acrylamide (35uM) and MnCl, (7 uM)
were added to the separating gel before polymerization. Electro-
phoresis was performed (25mA/gel) under constant-current condi-
tions. After electrophoresis, the gel was gently washed four times with
transfer buffer containing 10 mM EDTA for 20 min each. After washing,
the gel was immersed in the transfer buffer without EDTA for 20 min
and transferred to PVDF membrane (Bio-Rad).

Fluorescence microscopy
Cells were treated with various chemicals or siRNA and fixed with 4%
paraformaldehyde for 10 min. Samples were then observed using a
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Fig. 7 | Association of TBK1-FBX03-TMEM192-TAX1BP1 axis with LLOMe-
induced lysophagy in Drosophila model. a Cotreatment of Baf, BC-1215, or
GSK8612 with LLOMe showed decrease of mCherry*/SEpHluorin” Gal3 puncta in
larva fat body. The number of mCherry/SEpHIluorin puncta per cell was quantified.
Data are presented as the mean + SEM (n =150, *p = 0.0003, **p < 0.0001). A total of
150 individual larva fat body cells were counted. Scale bar: 20 um. b Feeding third-
instar larvae of control (Dcg-Gal4/+) and SImb knockdown (Dcg>SImb Ri) flies were
fed with normal fly food containing LLOMe. After a 2-h feeding period, larvae in the

wandering stage were dissected, costained with anti-ubiquitin and anti-LAMP1
antibodies, and subsequently imaged using confocal microscopy. The colocaliza-
tion of LAMP1 and ubiquitin staining was analyzed by Pearson’s correlation coef-
ficient and line colocalization. The fluorescence intensities of both LAMP1 and
Ubiquitin were quantified. Data are presented as the mean + SEM, with each dot in
the plot representing an individual fat body cell (n =30, *p < 0.0001). Scale bar:
20 um. All experiments were replicated three times. Two-tailed unpaired ¢-test were
used to analyzed all the data. Source data are provided as a Source Data file.

fluorescence microscope (Olympus). The number of Gal3 puncta was
analyzed using Image J software (NIH, Bethesda, MD, USA). The data
analyses were performed using GraphPad Prism 10 (GraphPad Soft-
ware, San Diego, CA, USA).

Identification of lysophagic cells

To quantify cells with lysophagy, HepG2/CH-Gal3 cells were cotreated
with LLOMe and either Baf or BC-1215 for 2h. Afterward, LLOMe
was washed out with fresh medium and incubated with either Baf or
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Fig. 8 | Schematic diagram of a lysophagy regulatory mechanism by TBK1-

FBX03-TMEM192-TAXI1BP1 axis. Lysosomotropic agents, such as LLOMe, induce
lysosomal damage. With severe damage, the ruptured lysosomes are degraded by
lysosome selective autophagy, lysophagy. In response to lysosomal rupture, TBK1is
activated via phosphorylation on S172 and mediates phosphorylation of FBX03, a

component of SCF E3 ligase complex. Subsequently, the FBXO3 mediates ubiqui-
tination of lysosomal membrane protein TMEM192. This ubiquitination promotes
the recruitment of autophagy adaptor protein SQSTM1 or TAX1BP1 and other
autophagic machineries, leading to the degradation of damaged lysosomes. Some
icons were created in BioRender. Jo, D. (2025) https://BioRender.com/g56j185.

BC-1215 for 24 h. The fluorescence images were obtained using a
fluorescence microscope (Olympus). The number of mCherry-and
SEpHluorin-double-positive-Gal3 puncta (mCherry*/SEpHIuorin®) and
mCherry-positive/SEpHluorin-negative-Gal3  puncta  (mCherry*/
SEpHIuorin™) were counted using Image J (NIH). The obtained data
were analyzed using GraphPad Prism 10.

Confocal microscopy

HepG2 cells were grown on a cover-glass and cotransfected with the
plasmids. For colocalization studies, cells were transfected with
pTMEMI92-FLAG in combination with either pEGFP-SQSTM1 or
PTAXIBP1-EGFP, or with pEGFP-TMEM192 and either mCherry-NBR1 or
POPTN-EGFP. After 24 h, the cells were treated with LLOMe for another
2h. Next, the cells were washed with phosphate-buffered saline (PBS)
and fixed with 4% paraformaldehyde for 20 min. For permeabilization,
the cells were incubated with 0.1% Triton X-100 for 2 min and blocked
with 2% BSA in PBS for 1 h at RT. After blocking, the cells were incubated
with anti-FLAG antibodies (Sigma-Aldrich) overnight. The cells were
then washed with PBS and incubated with Alexa Fluor 555 Goat anti-
mouse IgG antibodies (Thermo Fisher, Waltham, MA, USA) overnight.
The fluorescence images of TMEM192 colocalized with TAX1BP1 were
obtained using a confocal laser scanning microscope (Carl Zeiss,
LSM 800).

Drosophila genetics

All Drosophila strains were grown and maintained at 25 °C. The fol-
lowing Drosophila strains were used: Dcg-Gal4 (a gift from Dr. K. Yu,
KRIBB, Korea), UAS-simb RNAi (# 31056, Bloomington Drosophila
Stock Center) (Bloomington, IN, USA). For generation of UAS-
mCherry-SEpHIluorin-Gal3, cDNA sequence of mCherry-SEpHluorin-

Gal3 was cloned into the pUAST vector. We used the microinjection
service provided by Korea Drosophila Resource Center (KDRC, Korea)
to create a UAS-mCherry-SEpHluorin-Gal3 transgenic fly with the
transgene inserted on the second chromosome.

Drosophila LLOMe treatment

To induce lysophagy in Drosophila, LLOMe was administered in stan-
dard food at a concentration of 5mM. The inhibitor treatments in
LLOMe-containing food included BC-1215 (5mM), Baf (15uM) and
GSK8612 (1mM). All the mentioned treatments were dissolved in
99.9% ethanol. For the lysophagy experiments, third-instar stage larvae
were first washed in PBS to eliminate any residual food and then
transferred to food containing LLOMe. After a 2-h exposure, larvae
were either immediately dissected or transferred to normal/inhibitor-
containing food for specific time intervals.

Drosophila immunostaining

Larval fat body tissues were dissected in 1X PBS, fixed for 20 min in
4% paraformaldehyde, and washed 3 times with PBS. After fixation,
tissues were blocked for 30 min with blocking solution (1X PBS, 0.1%
Triton X-100, 4% BSA) in room temperature. Then, tissues were
incubated in antibody solution overnight at 4 °C and washed six
times with PBST (1X PBS, 0.1% Triton X-100). Next, tissues were
incubated in secondary antibody solution overnight at 4 °C (or room
temperature for 2 h). The tissues were mounted in the Vectashield
Antifade Mounting Medium with DAPI (H-1200-10, Vector Labora-
tories, USA) and fluorescence images were acquired by the confocal
Microscope (Leica, STELLARIS 5, Germany). The following primary
and secondary antibodies were used: rabbit anti-Lampl (1:200,
NY2403, a gift from Dr. Andreas Jenny), anti-ubiquitinylated proteins
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clone FK2 (1:200, Sigma-Aldrich, 04-263), IgG anti-rabbit IgG Alexa
488 (1:500, Bioacts, Korea) were used.

Statistical analysis

Data were obtained from at least three independent experiments and
presented as means+SEM All statistical analyses were performed
using GraphPad Prism 10 software. The results were statistically eval-
uated using two-tailed unpaired t-test. Differences of P<0.05 were
considered significant.

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

Data availability

The main data supporting the findings of this study are available within
the article and its Supplementary information. The source data for all
figures in this paper are provided in the accompanying Source data file.
Source data are provided with this paper.
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