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CELL BIOLOGY

Pellino 3 E3 ligase promotes starvation-induced
autophagy to prevent hepatic steatosis

Srinivasa P. KoIapaIIi’, Carsten J. Beese'?, Steven E. Reid’, Sélveig H. Brynjélfsdéttir1,
Maria H. Jargensen1, Ashish Jain3?, Joyceline Cuenco®, Monika Lewinska®®, Ahmad Abdul-Al",
AidaR. L6pez1, Marja Jaitteld”®, Kei Sakamoto®, Jesper B. Andersen?, Kenji Maeda’,

Tor E. Rusten®#, Anders H. Lund?, Lisa B. Frankel'%*

Nutrient deprivation is a major trigger of autophagy, a conserved quality control and recycling process essential
for cellular and tissue homeostasis. In a high-content image-based screen of the human ubiquitome, we here
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identify the E3 ligase Pellino 3 (PELI3) as a crucial regulator of starvation-induced autophagy. Mechanistically,
PELI3 localizes to autophagic membranes, where it interacts with the ATG8 proteins through an LC3-interacting
region (LIR). This facilitates PELI3-mediated ubiquitination of ULK1, driving ULK1’s subsequent proteasomal deg-
radation. PELI3 depletion leads to an aberrant accumulation and mislocalization of ULK1 and disrupts the early
steps of autophagosome formation. Genetic deletion of Peli3 in mice impairs fasting-induced autophagy in the
liver and enhances starvation-induced hepatic steatosis by reducing autophagy-mediated clearance of lipid drop-
lets. Notably, PELI3 expression is decreased in the livers of patients with metabolic dysfunction-associated stea-
totic liver disease (MASLD), suggesting its role in hepatic steatosis development in humans. The findings suggest
that PELI3-mediated control of autophagy plays a protective role in liver health.

INTRODUCTION

During evolution, cells have developed mechanisms to monitor and
respond to fluctuations in nutrient abundance. Conditions of nutri-
ent scarcity demand for a tightly coordinated adaptive response to
safeguard cellular integrity (I, 2). Macroautophagy (hereafter re-
ferred to as autophagy) is highly up-regulated in response to starva-
tion, where it plays a crucial role in maintaining cellular and tissue
homeostasis through the delivery of cytoplasmic components for ly-
sosomal degradation and recycling (3). During autophagy initiation,
double-membrane structures form in close contact with the endo-
plasmic reticulum, giving rise to the early autophagosomal mem-
brane, also known as the phagophore (4, 5). Phagophores expand
through a highly controlled process to form mature autophagosomes
that fuse with lysosomes to degrade the engulfed cargo. In response
to starvation in animals, autophagy is a critical mechanism for inter-
nal energy generation and vital for survival (3). Tissues with high
metabolic activity, including muscle, brain, and liver, are particularly
vulnerable to autophagy dysfunction (6). During conditions of nutri-
ent scarcity, the liver is a major site of excess lipid accumulation with-
in lipid droplets (LDs) (7). Here, autophagy-mediated degradation of
LDs plays a crucial role in the catabolism and mobilization of intra-
cellular lipids to meet energy requirements (7, 8). Autophagy has
therefore been attributed an important role in protection against he-
patic steatosis, with relevance in liver pathologies such as metabolic
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dysfunction-associated steatotic liver disease (MASLD), where aber-
rantlipid accumulation represents a central pathological hallmark (9).

A master coordinator of the early steps of phagophore formation
is the unc-51-like autophagy-activating kinase 1 (ULK1) complex,
comprising ULK1 and its adaptor proteins autophagy-related protein
13 (ATG13), ATG101, and focal adhesion kinase (FAK)-interacting
protein of 200 kDa (FIP200) (10-12). ULK1 senses and integrates
upstream signals of nutrient and energy availability and initiates
autophagy through recruitment of the vacuolar protein sorting 34
(VPS34) complex to the phagophore (13). The subsequent genera-
tion of phosphatidylinositol 3-phosphate (PI3P) serves as a platform
for the further recruitment of PI3P-binding proteins, such as WD
repeat domain phosphoinositide-interacting protein 2 (WIPI2B)
and double FYVE containing protein 1 (DFCP1), essential for mem-
brane nucleation and expansion (14, 15). During phagophore ex-
pansion, the LC3 and GABARAP subfamily members (orthologs of
the yeast ATG8 protein) are conjugated to the inner and outer sur-
face of the phagophore by lipidation. These proteins participate in
crucial steps of phagophore expansion, cargo recruitment, and au-
tophagosome closure (16, 17).

Upon autophagy induction, the steady-state levels of core au-
tophagy machinery proteins are fine-tuned through the coordinated
balance of protein production and degradation, serving to restrain
or potentiate a highly adaptable response to fluctuating demands.
Contributing to this, autophagy proteins undergo turnover through
degradation pathways such as autophagy itself or the proteasome,
most often controlled by posttranslational modifications such as
ubiquitin (18-20). For instance, oscillations of ULK1 protein levels
during the starvation response are regulated by a tight interplay be-
tween its degradation and renewed production. Contributing to this
are E3 ligases such as neural precursor cell expressed developmentally
down-regulated gene 4-like (NEDD4L) and cullin 3 (CUL3)-kelch-
like protein 20 (KLHL20), which ubiquitinate ULK1 to mediate its
timely degradation by the proteasome (21, 22). Likewise, WIPI2 is
directed for proteasomal degradation by the E3 ligase HECT, UBA,
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and WWE domain containing E3 ubiquitin protein ligase 1 (HUWE1)
(23),and ATG16L1, a key player in phagophore expansion and LC3/
GABARAP lipidation, is ubiquitinated and targeted for autophagic
and proteasomal degradation by the E3 ligase Gigaxonin (24). Inter-
ference with the timely degradation of these key factors can lead to
their mislocalization and/or to the accumulation of dysfunctional
autophagy machinery, causing impairment of autophagosome for-
mation (24). Degradation of autophagy machinery further partici-
pates in a positive feedback regulation to permit the rapid onset of
new rounds of autophagosome formation (19).

To elucidate players in the ubiquitin-mediated regulation of au-
tophagy, we performed a high-content live-cell image-based screen of
the human ubiquitome. Among the top candidates, we identify Pelli-
no 3 (PELI3) as a crucial regulator of starvation-induced autophagy.
PELI3 is an E3 ligase, previously implicated in inflammatory signal-
ing pathways including Toll-like receptor signaling, tumor necrosis
factor (TNF), and nucleotide binding oligomerization domain con-
taining 2 (NOD2) pathways (25-27), while its role in autophagy regu-
lation remains uncharacterized. We describe how PELI3 is recruited
to autophagic membranes where it interacts directly with ATGS8 pro-
teins through an LC3-interacting region (LIR). By controlling ULK1
steady-state levels during nutrient deprivation, we find that PELI3 is
required for the early steps of autophagy. We further report that abla-
tion of Peli3 leads to defective autophagy in the liver of mice chal-
lenged by nutrient deprivation, resulting in the accumulation of
autophagy substrates including p62 aggregates and ubiquitinated pro-
teins. Moreover, we find that deletion of Peli3 exacerbates starvation-
induced hepatic steatosis by reducing autophagy-mediated clearance
of LDs. We identify a reduced expression of Peli3 in livers from pa-
tients with MASLD, suggesting its potential implication in the devel-
opment of hepatic steatosis in humans.

RESULTS

A high-content image-based ubiquitome screen identifies
regulators of starvation-induced autophagy

To identify regulators of starvation-induced autophagy, we per-
formed a high-content image-based screen in which we targeted a
total of 1192 ubiquitin-modifying proteins, including ubiquitin in-
teractors, E1, E2, and E3 ligases, as well as deubiquitinases (Fig. 1A
and table S1). Each gene was targeted with three independent small
interfering RNAs (siRNAs) during bulk autophagy induction by
long-term starvation without amino acids and with reduced levels
of glucose [24 hours in Hanks’ balanced salt solution (HBSS)]. We
monitored the autophagic degradation of ribosomes, which are
known to comprise a major cargo substrate for bulk autophagy dur-
ing a prolonged starvation response (28). We utilized human Tig3
fibroblasts expressing doxycycline-inducible ribosomal protein 10A
(RPL10A) coupled to the pH-sensitive mKeima fluorophore that
emits red fluorescence in an acidic environment (29). As a readout,
we monitored RPL10A recruitment to acidified lysosomes by auto-
mated quantification of red mKeima puncta by live-cell microscopy
(Fig. 1A). Confirming the specificity of this readout, we observed a
clear colocalization of mKeima puncta with lysosomes (fig. S1A).
The use of an inducible mKeima-RPL10A expression, which was
turned off during the 24-hour autophagy induction, allowed us to
exclusively monitor the degradation of a preexisting pool of mature
ribosomes as a bulk autophagic cargo (Fig. 1A). For further details
on the screen setup, see Materials and Methods.
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Two independent repetitions of the primary screen showed high
reproducibility (fig. S1B), and the positive screen controls spotted
on each plate (siBECN1 and siULK1) showed a robust effect win-
dow relative to the negative siControl (Fig. 1A and fig. S1C). For
candidate selection, we performed a redundant siRNA activity
(RSA) analysis to rank the siRNAs by effect potency and addition-
ally prioritize candidates with multiple scoring siRNAs (30). By set-
ting significance thresholds of P < 0.05 and at least two siRNAs
scoring outside the RSA boundaries (fig. S1C), we identified 79 can-
didates. Among these, the knockdown of 60 caused a reduction in
lysosomal mKeima puncta, while the knockdown of the remaining
19 resulted in an up-regulation of puncta (Fig. 1B). Among 79 can-
didates, 5 were excluded due to extensive cell death and the remain-
ing 74 were subjected to a validation screen using the two best of
three original siRNAs per gene. In addition to the original Tig3
mKeima-RPL10A cells, the validation screen was also performed in
Tig3 mKeima-LC3B-expressing cells to assess an independent re-
porter of bulk autophagic flux (Fig. 1A). This screen validated 57 of
74 candidates for the Keima-RPL10A cell line, while 35 were vali-
dated in the Keima-LC3B cells, suggesting that these candidates ro-
bustly affect bulk autophagy flux without selectivity for ribosomes
(Fig. 1C). Qualifying the screen, several known autophagy regula-
tors were found among the top candidates including VPS11, OTU
domain-containing protein 7B (OTUD7B), RING finger protein 31
(RNF31), and ubiquitin-specific peptidase 10 (USP10) (31-34). We
narrowed our focus to candidates for which depletion resulted in a
reduction of mKeima puncta by at least 50% in both reporter cell
lines relative to siControl [fold change (FC) < 0.5], leading to a se-
lection of 19 lead candidates (Fig. 1, C and D).

The E3 ligase Peli3 promotes starvation-induced autophagy
Among the top 19 candidates identified from the validation screen
(Fig. 1D), the candidate with both the strongest and most consistent
effect between independent siRNAs was the E3 ubiquitin ligase
PELI3. Intrigued by the limited information on this protein, mainly
characterized in the context of innate immune signaling, we decided
to explore its role in autophagy regulation. Representative images
from the validation screen demonstrate the reduction in mKeima-
LC3B and mKeima-RPL10A puncta after PELI3 depletion in Tig3
cells (fig. S1, D and E). This was further confirmed by a reduction in
lysosomal processing of mKeima, as evidenced by a decrease in the
25-kDa cleavage product in both cell lines after PELI3 depletion (fig.
S1, F and G). Verifying the block in autophagic flux, we observed an
accumulation of the p62 cargo protein and a reduction in LC3B
lipidation after PELI3 knockdown (fig. SIH). As in the screen, de-
pletion of ULK1 was included as a positive control in these valida-
tions, resulting in comparable effects (fig. S1, F to H). Knockdown
efficiencies of >90% for each PELI3 siRNA were confirmed by re-
verse transcription quantitative polymerase chain reaction (RT-
qPCR) (fig. S1I).

Because the screen and associated validations were performed af-
ter long-term starvation (originally chosen due to a robust effect win-
dow for ribosomal cargo), we investigated whether PELI3 also had an
impact on early autophagy signaling events after 2-hour starvation.
Using immunofluorescence microscopy, we observed a significant de-
crease in the number of starvation-induced LC3B and ATG16L1
puncta in Tig3 cells after Peli3 depletion (Fig. 1, E and F). Likewise,
using transmission electron microscopy (TEM), we observed that
PELI3-depleted cells contained significantly fewer autophagic vesicles
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Fig. 1. High-content screen identifies PELI3 as a regulator of starvation-induced autophagy. (A) Schematic of primary and validation screens. Readout is based on
quantification of red mKeima puncta per cell. Representative images of siControl and siULK1 demonstrate image segmentation and feature collection of perinuclear
mKeima puncta from acid pH (excitation ~586 nm). (B) Screening results plotted as log, of the mean FC of the three siRNAs for each gene relative to the negative control
against the —logo of the combined P value. Selected candidates (RSA analysis) are annotated in red. (C) Venn diagram depicts overlap of significant hits from both cell
lines of the validation screen with the FC criteria <0.5. (D) Lysosomal mKeima puncta for 19 candidates fulfilling the selection criteria from (C). Data are depicted as the
mean of two siRNAs from two independent repetitions. Data normalized to positive (ULK1) and negative (Control) control siRNAs. (E and F) Representative images (60x)
of Tig3 cells (72-hour transfection) in full medium (FM) or starved in HBSS for 2 hours, immunostained for LC3B (E) or ATG16L1 (F). Nuclear stain with Hoechst 33342. Mag-
nified inserts of highlighted areas on the right. Scale bar, 5 pm. The number of puncta was quantified from >100 cells, and the data represent mean + SD number of
puncta per cell. ATG16L1 (n = 2) and LC3B (n = 3). ****P < 0.0001. (G) TEM analysis of Tig3 cells (72-hour transfection) starved for 2 hours (HBSS) in the presence of
200 nM BafA1 before fixation. Representative images are shown. Scale bar, 1 pm. Images displayed on the right are cropped and magnified from the highlighted area. Red
arrows denote autophagic vesicles. Quantification of mean number of autophagic vesicles + SD per cross section (n > 25 cross sections). Statistical analysis [(E) to (G)] was
performed by unpaired Student'’s t test. **P < 0.01, ****P < 0.0001.
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(Fig. 1G). These data suggest a more immediate role for PELI3 at the
early steps of autophagosome formation, also during short-term
starvation.

Reduced autophagy in the liver of Peli3-deficient mice
results in the accumulation of autophagic substrates

Having established a role for PELI3 in the regulation of autophagy at
the cellular level, we proceeded to investigate the effects of Peli3 on
autophagy in mice. We generated whole-body Peli3 knockout (KO)
mice where the critical exon 3, which is present in all isoforms, was
removed (see Materials and Methods for details) (fig. S2A). We con-
firmed the mouse genotypes by PCR-based detection of wild-type
(WT) or mutant alleles (fig. S2B), and we further confirmed a lack of
Peli3 mRNA expression by RT-qPCR in Peli3 KO mouse livers (fig.
S2C). Mouse embryonic fibroblasts (MEFs) from day 13.5 Peli3 KO
or WT embryos were subjected to 2-hour starvation in the presence
or absence of the lysosomal acidification inhibitor bafilomycin Al
(BafAl). Assessment of lipidated LC3B and p62 levels suggested a
reduction of starvation-induced autophagic flux in Peli3-deficient
MEFs, most prominent after BafA1 treatment (fig. S2D). In addition
to starvation as a stimulus for autophagy, a similar reduction in
LC3B lipidation was observed after treatment with the mTOR in-
hibitor PP242 (fig. S2E).

Peli3 KO mice fed on a standard chow diet develop normally,
are fertile, and do not display any overt phenotypes (https://www.
mousephenotype.org/data/genes/MGI:1924963). To assess the
effects of Peli3 in the context of the starvation response, we subjected
6-week-old mice to an overnight starvation period (16 hours) fol-
lowed by analysis of tissue from a selection of organs known to have a
high dependency on autophagy including liver, brain, muscle, heart,
and lung (Fig. 2, A to D, and fig. S2F). We investigated total levels of
autophagic cargos p62 and ubiquitinated proteins, commonly used to
report on changes in autophagy in tissue (35, 36). While there were no
clear trends in the muscle, brain, heart, or lung tissues (fig. S2F), the
livers of Peli3-deficient mice displayed consistently enhanced levels of
p62 and ubiquitin (Fig. 2, B and C), suggestive of a defect in autopha-
gic flux resulting in cargo accumulation. We focused on the liver due
to previous implications for Peli3 in liver pathologies (37, 38) as well as
the major importance of hepatic autophagy during acute starvation
for maintenance of liver homeostasis (39, 40). Through immunohisto-
chemical analysis of cross-sectioned livers from starved mice, we con-
firmed increased levels of both p62 and ubiquitin in Peli3 KO relative
to WT mice (Fig. 2D). The accumulation of these cargos coincided
with reduced levels of lipidated LC3B as well its family member GAB-
ARAP in the Peli3 KO livers, suggestive of an inhibition of autophagy
(Fig. 2, B and C). Notably, we did not detect any clear alterations in
p62 or LC3B lipidation in the livers of Peli3-deficient mice fed on a
chow diet, suggesting that the observed phenotypes were starvation
dependent (fig. S2G).

The assessment of temporal autophagy dynamics is limited in
fixed tissues. To overcome this issue and to gain a more comprehen-
sive understanding of autophagy flux dynamics, we isolated primary
hepatocytes from PELI3 KO or WT mice and cultured them in full
medium or starved them in the presence or absence of BafAl. These
experiments confirmed a block in starvation-induced lipidation of
LC3B in Peli3 KO hepatocytes (Fig. 2, E and F). p62 levels were not
significantly changed in whole-cell lysates from PELI3 KO hepato-
cytes (Fig. 2, E and F). To investigate this further, we analyzed the
insoluble fractions from the hepatocytes, where we detected p62 at
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its expected size as well as at higher molecular weight forms, likely
reflecting its oligomerization in insoluble aggregates (Fig. 2G) (36).
The WT hepatocytes displayed an expected clearance of p62 upon
induction of autophagy by HBSS treatment, which was partially re-
versed by BafAl. However, p62 remained elevated in response to
starvation in the Peli3 KO hepatocytes, further supporting an abro-
gated autophagic flux (Fig. 2G). Similar dynamics were observed for
total ubiquitin levels in the insoluble fraction (Fig. 2H). Supporting
these data, the number of p62 puncta remained elevated after star-
vation of Peli3-deficient primary hepatocytes in contrast to WT cells
(Fig. 2, T and J). Together, these data suggest that Peli3 plays an im-
portant role in promoting the autophagic response to starvation in
the mouse liver, and that its absence leads to a defect in autophagic
flux and a subsequent accumulation of autophagic substrates.

PELI3 is present at autophagic membranes where it binds to
LC3/GABARAP proteins
Several core autophagy machinery proteins localize to autophagic
membranes where they participate in the regulation of autophago-
some formation, expansion, maturation, and fusion (41). Because of
its regulatory role in autophagy, we asked whether PELI3 may local-
ize at autophagic membranes. To address this, we performed se-
quential fractionation by differential centrifugation after autophagy
induction by starvation and analyzed the supernatants and pellets
from the 3000g (3K), 25K, and 100K fractions (fig. S3A) (42). In
contrast to the green fluorescent protein (GFP) control, which was
mainly detected in the supernatants, GFP-PELI3 was highly en-
riched in the 25K and 100K membrane-containing pellets (fig. S3B).
To further investigate the nature of the membrane sources, we per-
formed a membrane floatation assay by resolving the membranes on
an OptiPrep gradient (Fig. 3A) (43). By this method, we found that
PELI3 codistributed in the top two light-density fractions together
with the highest levels of lipidated LC3B (Fig. 3B). Additionally en-
riched in these two fractions was the phospholipid-interacting early
autophagy initiation factor WIPI2B, suggesting PELI3’s presence on
early autophagic membranes (Fig. 3B). The enhanced presence of
GFP-PELI3 in the middle-density fractions (6 and 7), also positive
for the endosomal markers RAB7 and EEA1, suggests that PELI3
may also localize to endolysosomal membranes (Fig. 3B).

Confirming the membrane fractionation results, we found that
MYC-PELI3 colocalized with GFP-LC3B at several distinct puncta
by immunofluorescence microscopy after starvation (Fig. 3C). Like-
wise, a similar colocalization was observed between PELI3 and en-
dogenous WIPI2B (Fig. 3D). To investigate whether PELI3 localized
within the lumen of autophagic vesicles, we performed a protease
protection assay, in which luminal proteins remain protected from
proteinase K-mediated digestion (44, 45). PELI3 was not protected
from proteinase K digestion, in contrast to known autophagosomal
cargo proteins p62 and tax1-binding protein 1 (TAX1BP1), suggest-
ing that Peli3 is not itself a substrate for autophagic degradation dur-
ing a 2-hour starvation (Fig. 3E). The protease protection assay
additionally confirmed that overexpression of MYC-PELI3, relative
to a MYC empty vector control, was sufficient to enhance the pro-
tection of autophagosomal cargo proteins p62 and TAX1BP1, sug-
gesting PELI3’s ability to promote the formation of mature and
properly sealed autophagosomes (Fig. 3E).

In Tig3 cells, stably expressing a doxycycline-inducible GFP-
tagged PELI3 or a corresponding GFP control, we observed that GFP-
PELI3 co-immunoprecipitated (co-IPed) with endogenous LC3B and
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Fig. 3. PELI3 localizes to autophagic membranes and binds to LC3/GABARAP proteins via a LIR domain. (A) Schematic of density gradient fractionation and mem-
brane floatation assay by OptiPrep gradient. P, pellet; S, supernatant. (B) Tig3 cells expressing GFP-PELI3 (starvation and BafA1, 2 hours) analyzed by membrane floatation
assay (A). Protein lysates from indicated fractions were subjected to Western blotting. A representative experiment is shown (n = 2). (C and D) Confocal microscopy analy-
sis of GFP-LC3B and MYC-PELI3 (C) or endogenous WIPI2B and GFP-PELI3 (D) in HeLa cells treated as in (B). Scale bars, 5 pm. Line scans indicate the degree of colocalization
between proteins of interest (magnified inserts, top right). Intensity profiles (right) are presented as arbitrary units (a.u.). (E) HEK293T cells expressing MYC-EV or MYC-
PELI3 were treated with dimethyl sulfoxide (DMSO) or BafA1 for 2 hours. A protease protection assay was performed (see Materials and Methods), and lysates were sub-
jected to Western blotting. A representative experiment is shown (n = 3). (F and G) Co-IP from Tig3 cells expressing GFP or GFP-PELI3 in full medium or starved (HBSS,
2 hours) (F) or from HEK293T cells expressing indicated GFP-tagged ATG8s and MYC-PELI3 (G). Western blot analysis of inputs and IP fractions from a representative ex-
periment (n = 3). (H) GST pulldowns of radiolabeled (°S) MYC-PELI3 with indicated GST-ATG8s. GAB""S (LIR docking site mutant). A representative experiment is shown
(n =2). () Top: Features of four potential LIR motifs in PELI3 predicted by iLIR. Bottom: Schematic representation of PELI3 domain composition and experimentally identi-
fied LIR motif. Highlighted in red is the LIR motif and the mutational strategy for generating the mutant PELI3""R. (J) Co-IP from HEK293T cells expressing GFP-LC3B with
MYC-PELI3 T, MYC-PELI3"® (LIR mutant), or MYC-EV (empty vector). Western blot of input and IP are shown from a representative experiment (n = 3). [(F), (G), and (J)] Gel
stain is used as a loading control.
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that this interaction was enhanced after 2-hour starvation (Fig. 3F).
PELI3 consists of an N-terminal forkhead associated domain (FHA)
and a C-terminal RING domain that mediates substrate ubiquitina-
tion (46). Both the FHA and RING domains alone displayed a re-
duced binding to LC3B, relative to the full-length PELI3, suggesting
that both parts of the protein contribute to LC3B binding (fig. S3C).
Because LC3B belongs to a family of six different ATGS8 proteins, we
investigated the ability of PELI3 to bind to each of these. By co-IP of
GFP-tagged ATGS proteins transiently expressed in human embry-
onic kidney (HEK) 293T cells, we found that MYC-PELI3 interacted
with all six ATGSs, albeit with the strongest interactions among the
GABARAP family members (Fig. 3G).

Assessing this in vitro through pull-downs of glutathione S-
transferase (GST)-tagged ATGS8s confirmed that this binding was
direct, and except for GABARAPL2 that showed a weak interaction
in the in vitro assay, these experiments confirmed a similar trend as
the co-IPs (Fig. 3H). An LDS (LIR motif docking site) mutated ver-
sion of GABARAP displayed a strongly reduced interaction with
PELI3 relative to WT GABARAP (Fig. 3H), suggesting that PELI3
interacts with ATG8 family members through a canonical LIR motif.

We analyzed the PELI3 amino acid sequence for the presence of
a potential LIR motif based on established criteria (47), additionally
considering recent indications that a >3-residue overlap with an in-
trinsically disordered region, as predicted by ANCHOR software,
may increase the potential for stabilization upon binding to a target
molecule (48). Among four predicted LIRs, only one site fulfilled
the anchor criteria, located in the N-terminal region within the
Peli3 FHA domain (Fig. 3I). Mutation of two residues in this motif
(PELI3"™®) led to a strongly reduced interaction with LC3B, as well
as with GABARAP (Fig. 3,1and J, and fig. S3D). Further confirming
the functionality of this site, we observed a reduced recruitment of
PELI3"™ to the 25K membrane-containing pellet, relative to the
PELI3"" or a PELI3 mutant deficient of E3 ligase activity, PELI3™
(fig. S3E) (25). The LIR mutation in PELI3 did not reduce the stability
of the protein or alter its ability to bind to its known interaction part-
ner TRAF6 (fig. S3F) (38).

Depletion of PELI3 leads to the accumulation,

mislocalization, and reduced activity of ULK1

In our initial screen validation experiments, we noted a consistent
up-regulation of ULK1 protein levels upon Peli3 depletion in starved
Tig3 cells (fig. S1, F to H). Moreover, our data indicate that PELI3
functions at a relatively early step of autophagosome formation.
ULKI is the immediate upstream kinase that acts as a bridge be-
tween nutrient sensing and induction of the autophagic response
(49). The timely degradation of ULK1 is required to maintain prop-
er oscillations of autophagy during starvation, and abnormally in-
creased levels of ULK1 can inhibit autophagy (22, 50). Assessing
ULKI levels further in Tig3 cells, we found that while ULK1 under-
goes a time-dependent decrease during a starvation time course,
this was clearly abrogated after siRNA-mediated depletion of PELI3
(Fig. 4, A and B). Similar findings in a cycloheximide chase assay
suggested that ULK1 was stabilized posttranslationally in the ab-
sence of PELI3 (Fig. 4, C and D). We next asked whether the abro-
gated autophagic flux in the livers of Peli3-deficient mice (Fig. 2)
could be related to alterations in ULK1 levels. We detected signifi-
cantly increased ULK1 expression levels in the livers of starved Peli3
KO relative to WT mice, as determined by Western blotting (Fig. 4,
E and F) and by immunohistochemistry (Fig. 4G). Of note, there
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were no changes in ULK1 expression in livers from mice fed on a
standard chow diet (fig. S4A), which also did not display any overt
defects in autophagy (fig. S2G). Despite the increase in total ULK1
expression levels, Peli3 KO cells displayed significantly fewer ULK1
puncta in response to starvation while simultaneously presenting
with an aberrant accumulation of ULK1 into larger cytoplasmic de-
posits, together suggesting its potential mislocalization away from
canonical autophagy initiation sites (Fig. 4, H and I). To understand
whether this could affect ULK1’s ability to phosphorylate its down-
stream targets for autophagy initiation, we determined the phos-
phorylation status of the ULK1 substrate ATG14. We found that
despite an accumulation of ULKI in Peli3 KO hepatocytes, the
starvation-induced phosphorylation of ATG14 on Ser® by ULK1
was significantly reduced (Fig. 4, ] and K). A similar trend was
observed in the liver tissues (fig. S4, B and C). The mTORCI1-
mediated inhibitory phosphorylation on ULK1 Ser”” (51) was not
enhanced, suggesting that the decrease in ULK1 activity was not due
to its upstream inhibition through mTORC1 signaling (Fig. 4] and
fig. S4B). Likewise, there were no marked changes in phosphorylated
ribosomal protein S6 kinase (P-S6K) or phosphorylated AMP-
activated protein kinase (P-AMPK) levels in the livers of Peli3 KO
mice (fig. S4D). Together, these data suggest that depletion of PELI3
leads to the stabilization, accumulation, and mislocalization of
ULK1 during starvation. This results in a reduction of ULKI1-
mediated phosphorylation of ATG14, likely due to its reduced
presence at canonical autophagy initiation sites, contributing to a
global decrease in autophagy.

PELI3 forms a complex with ULK1 to promote its
ubiquitination and proteasomal degradation

To address whether ULK1 may be a substrate of PELI3, we first as-
sessed whether they interact. Following transient coexpression of
tagged PELI3 and ULK1 constructs in HEK293T cells and co-IPs in
both directions, we found a clear interaction between these proteins
(fig. S5, A and B). We validated this interaction with endogenous
ULK1 in Tig3 cells by stably expressing GFP-PELI3 or a correspond-
ing GFP vector control and found that the interaction was enhanced
in response to starvation (Fig. 5A). Co-IPs with a panel of ULK1
truncations revealed that the mid- and C-terminal regions of ULK1
were important for the interaction with PELI3. A short extension of
the ULK1 N-terminal region, allowing inclusion of the ULK1 LIR
domain (52), was also sufficient to retain binding to PELI3 (Fig. 5B).
Reverse co-IPs with truncations of PELI3 showed that the FHA do-
main of PELI3 was sufficient to bind ULK1, albeit with a lower effi-
ciency than the full-length PELI3 (PELI3-FL), while the RING
domain alone did not bind to ULK1 (Fig. 5C). Since the PELI3 FHA
domain contains the PELI3 LIR motif (Fig. 3I), we investigated the
interaction between the MYC-Peli3"™ mutant and hemagglutinin
(HA)-ULK1, which we found to be clearly reduced, suggesting that
PELI3’s binding to ATG8 proteins is important for its recruitment to
ULK1 (Fig. 5D). Supporting these data, MYC-PELI3 colocalized
with endogenous ULK1 after starvation, at puncta that also colocal-
ize with GFP-LC3B (fig. S5C).

Since PELI3 binds to ULK1 and since its absence promotes ULK1
stability, we speculated whether PELI3 can ubiquitinate ULK1 to
regulate its turnover. IP of ULK1 followed by analysis of its ubiquiti-
nation status after expression of GFP-PELI3 or GFP alone suggested
that PELI3 primarily mediates K48-linked ubiquitination of ULK1
(fig. S5D). This was only induced by WT PELI3 (PELI3""), while the
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Fig. 4. Depletion of PELI3 leads to the aberrant accumulation of ULK1. (A and C) Tig3 cells (72-hour transfection) were starved for indicated intervals in HBSS (A) or
starved for 16 hours before treatment with cycloheximide (CHX) (100 ng/ml) for indicated intervals (C). A representative Western blot is shown (n = 3). (B and D) Densio-
metric quantifications relating to (A) and (C). Data represent relative ULK1 expression normalized to time point zero and total loading and are depicted as the mean + SEM
from three independent experiments. Statistical analysis was performed by two-way ANOVA. *P < 0.05 (B) and P = 0.0685 (D). (E) Western blot of liver tissue lysates from
starved WT and KO mice. A representative blot from three mice of each genotype is shown. [(A), (C), and (E)] Gel stain is used as a loading control. (F) Densiometric quan-
tification relating to (E). The graph depicts relative expression of ULK1 normalized to total loading. The data represent mean + SD (n = 6). Statistical analysis was performed
by unpaired Student’s t test. **P < 0.01. (G) Representative images from immunohistochemistry of starved mouse livers stained for ULK1. Scale bar 100 pm. (H) Represen-
tative images (60x) of WT and Peli3 KO cells starved for 2 hours in HBSS and immunostained for ULK1. Nuclear stain with Hoechst 33342. Magnified inserts shown on the
right. Scale bar, 5 pm. (I) Quantifications relating to (H). ULK1 puncta quantified from >120 cells. Data represent the mean + SD from three independent experiments.
Statistical analysis was performed by unpaired Student’s t test. ****P < 0.0001. (J) Representative Western blot of primary hepatocytes from Peli3 WT and KO mice. Starva-
tion and BafA1 treatments were for 4 hours (n = 3). (K) Densiometric quantification of phospho-ATG14 (P-ATG14) (Ser®®) and total ATG14 (T-ATG14) relating to (J). Data
depict the mean + SD from four independent experiments. Statistical analyses by one-way ANOVA. *P < 0.05.
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Fig. 5. PELI3 binds to and ubiquitinates ULK1, leading to its proteasomal degradation. (A) Co-IP from Tig3 cells expressing GFP or GFP-PELI3 in full medium or starved
(HBSS, 2 hours). Western blot of inputs and IP fractions are shown from a representative experiment (n = 3). (B and C) Top: Schematic of ULK1 (B) or PELI3 (C) domain or-
ganization and relevant deletion constructs. Bottom: Co-IP from HEK293T cells expressing indicated constructs. Western blot analysis of inputs and IP fractions are shown
from a representative experiment (n = 3). (D) Co-IP from HEK293T cells expressing indicated constructs. Western blot analysis of inputs and IP fractions are shown from a
representative experiment (n = 3). L.E, low exposure; H.E, high exposure. (E) Left: Co-IP from HEK293T cells expressing indicated constructs. Western blot analysis of inputs
and IP fractions are shown from a representative experiment (n = 3). Right: Corresponding densiometric quantification of ubiquitin levels normalized to bait. The data
represent mean + SD (n = 3). Statistical analysis performed by unpaired Student’s t test. **P < 0.01. (F) Co-IP from HEK293T cells expressing indicated constructs and
treated with BafA1 or MG132 as indicated (2 hours). Western blot analysis of inputs and IP fractions are shown from a representative experiment (n = 3). (G) Co-IP of en-
dogenous ULK1 from starved WT and Peli3 KO mouse liver tissue. Western blot analysis of inputs and IP fractions are shown from a representative experiment (n = 3).
(H) Left: Co-IP of endogenous ULK1 from WT and Peli3 KO mouse-derived primary hepatocytes in full medium or starved. Western blot analysis of inputs and IP fractions
are shown from a representative experiment (n = 3). Right: Corresponding densiometric quantification of ubiquitin levels normalized to bait from starved samples. The
data represent mean =+ SD (n = 3). Statistical analysis performed by unpaired Student’s t test. *P < 0.05.
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PELI3*® mutant failed to do so (Fig. 5E). This suggests the depen-
dency on the intrinsic activity of PELI3 for promoting ULK1 ubiqui-
tination. The PELI3"™ mutant was also unable to ubiquitinate ULK1
(Fig. 5E), suggesting that PELI3’s binding to ATG8 proteins can fa-
cilitate its ubiquitination of ULK1, potentially by mediating its cor-
rect positioning at autophagic membranes. Supporting the role of the
ATGSs as facilitators of the PELI3-ULKI interaction, HeLa cells
lacking all six ATG8 proteins (Hexa KO) displayed a reduced inter-
action between PELI3 and ULK1 relative to corresponding control
cells (fig. S5E). Moreover, PELI3-mediated ubiquitination and deg-
radation of ULK1 was clearly also reduced in the Hexa KO cells (fig.
S5, F and G). We found that PELI3 did not ubiquitinate the ATG8
proteins themselves (fig. SSH). Both the interaction between PELI3
and ULK]1, as well as the PELI3-mediated ubiquitination of ULK1
were clearly increased by MG132 treatment, suggesting that PELI3-
mediated ubiquitination of ULK1 leads to its degradation by the
proteasome (fig. S5I and Fig. 5F). To substantiate these data in a
physiological context, we immunoprecipitated endogenous ULK1
from mouse-derived liver tissues and from primary hepatocytes and
assessed ULK1’s ubiquitination status in the presence or absence of
Peli3. We found that the levels of endogenous ubiquitinated ULK1
were reduced in liver tissue derived from starved Peli3 KO relative to
WT mice (Fig. 5G). Comparison of full medium and starvation con-
ditions in primary hepatocytes revealed that while basal ULK1 ubig-
uitination levels were mildly enhanced in Peli3 KO cells grown in full
medium, the starvation-dependent increase in ULK1 ubiquitination
was abolished in the absence of Peli3 (Fig. 5H). In sum, the data sug-
gest that in the context of starvation in cells and in mouse liver,
PELI3 ubiquitinates ULK1, leading to ULK1’s degradation by the
proteasome. In absence of PELI3, ULKI1 is stabilized, leading to its
aberrant accumulation, mislocalization, and hence reduced activa-
tion of starvation-induced autophagy.

Peli3 regulates hepatic lipid stores in vivo
through autophagy
The livers from starved Peli3 KO mice showed a pronounced hepa-
tocyte swelling, as well as an increase in steatotic areas devoid of
staining (Fig. 6A). A BODIPY stain was used to assess the content of
LDs, known to be a major autophagic substrate in the liver in re-
sponse to starvation. We detected a clear accumulation of LDs in
Peli3 KO relative to WT livers derived from mice subjected to
16-hour starvation (Fig. 6B). This phenotype was additionally
confirmed with a Nile red stain (fig. S6A). TEM analysis of the livers
demonstrated both an increase in the amount and size of LDs when
Peli3 was ablated (Fig. 6C). To further confirm these alterations, liver
homogenates were subjected to mass spectrometry-based shotgun
lipidomics to determine the absolute quantities of triacylglyceride
(TAG) and cholesterol ester (CE) storage lipids, which are the main
components of LDs (53). The analysis revealed a significant increase
in the abundance of total TAGs in livers of starved KO mice in com-
parison to WT (Fig. 6D). Further investigation of individual TAG
species revealed the most significant differences within the subgroup
of TAG species with total acyl carbon atoms between 50 and 56 (fig.
S6B). The CE content was similarly increased in the Peli3 KO mouse
livers (Fig. 6D), although the total CE abundance was generally low-
er than the TAGs in mice of both genotypes.

To investigate the starvation response dynamics as well as the un-
derlying cause of LD accumulation in more detail, we turned to the
mouse-derived primary hepatocytes. The BODIPY signal was weak in
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hepatocytes cultured in full medium; however, the signal was clearly
enhanced in response to starvation (Fig. 6E). Here, Peli3 KO hepato-
cytes presented with a significant increase in the number of LDs per
cell, as well as an enhanced mean LD size, in comparison to WT cells
(Fig. 6, E and F). The extent of LD processing by the autophagic system
is commonly estimated by a quantification of the proximity between
LDs and lysosomes (8, 54). By costaining for the lysosomal marker
lysosome-associated membrane protein 2 (LAMP2) and BODIPY, we
observed a significant decrease in the proximity between lysosomes
and LDs in Peli3 KO hepatocytes (Fig. 6, G and H). This suggests that
the accumulation of LDs, as well as their enhanced size may be related
to a decreased capacity for their lysosomal digestion. Further support-
ing this, we observed a decreased presence of LDs in the vicinity of
and/or engulfed by autophagic vesicles in Peli3 KO liver tissue by TEM
analysis, suggesting a decreased uptake of LDs by the autophagic-
lysosomal system (Fig. 6, I and J, and fig. S6C). Together, these data
suggest that deletion of Peli3 worsens starvation-induced hepatic ste-
atosis in mice due to defective autophagic processing of LDs.

Hepatic steatosis in humans is a common pathological feature
shared within a large group of diseases classified under the term
MASLD. To explore the potential implications for PELI3 in hepatic
steatosis in humans, we compiled and analyzed gene expression data
from a collection of MASLD patients relative to control samples
(55, 56). We found PELI3 expression levels to be significantly de-
creased in MASLD (Fig. 6K), suggesting a potential role for PELI3 in
MASLD-associated hepatic steatosis in humans. Moreover, a single
sample gene set enrichment analysis (ssGSEA) using curated lists of
autophagy genes (table S3) suggested a significant decrease in au-
tophagy gene expression, and thus an overall reduction in autopha-
gy levels in the MASLD samples (fig. S6, D and E).

DISCUSSION

The dynamic nature of the autophagy response poses the require-
ment for tightly regulated fine-tuning of the autophagy machinery
proteins at several levels. This includes their localization, activity,
and interaction networks, but additionally involves the constant ad-
justment of their steady-state protein levels (5, 41). Major players in
this regard include E3 ubiquitin ligases, which target their substrates
for ubiquitin-mediated degradation, either by autophagy itself or by
the proteasome (20, 21, 23, 24).

Here, we identify the E3 ligase PELI3 as a crucial regulator of
starvation-induced autophagy. We find that PELI3 is recruited to au-
tophagic membranes in response to starvation, where it binds directly
to LC3/GABARAP proteins. This in turn facilitates PELI3’s binding to
and ubiquitination of ULK1. We show that PELI3-mediated K48-
linked polyubiquitination of ULKI1 leads to its degradation by the pro-
teasome, comprising an important step in the control ULKI levels
during starvation (Fig. 7). As ULK1 is a positive regulator of autophagy,
it may at first glance seem counterintuitive that its degradation is re-
quired for autophagosome formation. However, it is known that ULK1
levels continuously oscillate and that enhanced levels of ULK1 have an
inhibitory effect on autophagy (22, 50). Beyond ULKI, it is similarly
known that overexpression of other core components of the autophagic
machinery, including ATG12 and ATG16L1, leads to a potent autopha-
gy inhibition (24, 57). While the exact cause of this remains unknown,
this is likely due to the formation of incomplete or nonfunctional com-
plexes caused by unbalanced subunit stoichiometry, protein mislocal-
ization, and/or aggregation into abnormal structures. In line with this,
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puncta/cell from >140 starved cells from each experiment (n = 2). (H) Quantification related to (G). Nearest-neighbor analysis counts the number of LAMP2 objects
adjacent (<5-pixel proximity) to each BODIPY object. Quantifications from >140 cells; mean proximity + SD is shown (n = 2). [(F) and (H)] Unpaired Student’s t test.
*P < 0.1 and *##*P < 0.0001. (I) Representative TEM images (mouse liver, 16-hour starvation). Magnified inserts (bottom). Red arrows depict autophagic/lysosomal
vesicles in contact with/containing LDs. Scale bars, 1 or 2 pm. (J) Quantification relating to (I). Mean number of autophagic/lysosomal vesicles in contact with/
containing LDs + SD per 1-um area (n = 2). Unpaired Student’s t test. **P < 0.01. (K) Peli3 mRNA expression in 23 livers from healthy individuals and 44 livers from
MASLD patients. Dunn’s multiple comparisons test ***P < 0.001. TPM, transcripts per million.
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Fig. 7. PELI3 regulates autophagy and lipid homeostasis. In response to nutri-
ent deprivation, PELI3 safeguards ULK1 homeostasis through ubiquitination of
ULK?1. This is facilitated by PELI3’s interaction with ATG8 proteins. In the absence of
PELI3, ULK1 accumulates, leading to a disruption of autophagy and a decreased
degradation of LDs in the liver, causing enhanced hepatic steatosis. Created with
BioRender (Frankel, 2023; https://BioRender.com/a71f180).

the data presented here suggest that in absence of Peli3, ULK1’s accu-
mulation and mislocalization reduce its availability at canonical au-
tophagy initiation sites, leading to a defect in starvation-induced
autophagosome formation both in cells and in the mouse liver (Fig. 7).

We found that the PELI3 LIR mutant displayed a decreased mem-
brane recruitment and a reduced binding to LC3/GABARAP (ATGS)
proteins, as well as an inability to bind to and ubiquitinate ULK1. The
data therefore suggest that PELI3 may be correctly positioned at
autophagic membranes, at least in part, through its binding to ATG8
proteins. This would in turn allow it to complex with ULK1 and target
it for degradation during nutrient deprivation. In support of this find-
ing, the LC3/GABARAP proteins have previously been suggested to
act as scaffolds for the assembly of autophagy complexes, by facilitating
or maintaining their attachment to the phagophore surface (58). Since
deletion of the C-terminal RING domain also reduced PELI3’s binding
to LC3B, it is possible that additional determinants or binding partners
may facilitate this interaction. Hexa KO cells lacking all six ATG8 pro-
teins displayed a diminished interaction between PELI3 and ULKI1, sup-
porting the importance of ATGS in facilitating the interaction while also
suggesting the potential involvement of additional factors.

PELI3 is a member of the Pellino protein family composed of PELI],
PELI2, and PELI3, all of which contain an N-terminal FHA- and a
C-terminal RING-like domain with E3 ligase activity (46). These pro-
teins are versatile regulators in innate immune signaling, yet despite
their structural similarities, the individual family members are involved
in distinct signaling pathways (59, 60). In line with this, depletion of
PELI1 or PELI2 did not affect autophagy (table S1), suggesting the
functional specificity of PELI3 in this context. PELI3 itself was pre-
viously suggested to be an autophagy substrate in the context of lipo-
polysaccharide (LPS) treatment (61). However, we did not observe
any protection of Peli3 in protease protection experiments, in contrast
to the known cargo proteins p62 and TAX1BP1, suggesting that Peli3
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is not located within the autophagosome lumen under conditions of
starvation. PELI3 may rather exert its functions at the outer limiting
membrane of autophagic structures; however, the precise details of
its positioning remain to be elucidated. It is also noteworthy that
both the colocalization and fractionation data clearly suggested that
beyond autophagic vesicles, Peli3 likely localizes at additional intra-
cellular membranes, including endosomes. This suggests potential
broader functions of PELI3 in vesicular trafficking and membrane
dynamics.

Different types of cargo degraded by autophagy can include or-
ganelles, aggregates, pathogens, and lipids (62-64). While cargo spec-
ification can be directed through signals for selective autophagy,
cargo preference is also influenced by the nature of the tissue in ques-
tion. In response to long-term starvation, enhanced fatty acid uptake
by the liver leads to an accumulation of surplus lipids within LDs
(65). This phenomenon is conserved from flies to humans and, like
overfeeding, can lead to lipotoxicity and liver atrophy. LDs therefore
encompass a major autophagy substrate in hepatocytes during star-
vation, the breakdown of which plays a vital role in fulfilling energy
demands (8, 66). Defects in ULK1 function, including its reduced
ability to phosphorylate ATG14, were previously implicated in the
development of hepatic steatosis (67). Supporting this, our study
demonstrates that fasting-induced hepatic steatosis in mice is exacer-
bated in the absence of Peli3 and that this can be attributed, at least in
part, to dysregulation of ULK1 and autophagic malfunction. While a
potentially more specific role for ULK1 in the degradation of LDs
cannot be excluded, our data rather suggest that Peli3’s role in regu-
lating early steps of starvation-induced bulk autophagy would affect
the degradation of multiple substrates, including LDs. Peli3 was pre-
viously suggested to protect against obesity-induced inflammation
with an impact on hepatic steatosis, although the mechanism linking
Peli3 to lipid homeostasis remained unclear (38). Together with our
findings, this suggests consistent effects of Peli3 in the liver indepen-
dent of the model or initiating stimulus. Comparatively, inhibition of
autophagy through depletion of ATG7, ATG14, or transcription fac-
tor EB (TFEB) also enhanced starvation-induced hepatic steatosis
(8, 68, 69). However, independent reports of an opposite phenotype
also exist (36, 70), underlining complexities in autophagy dynamics
or potential autophagy-independent effects. Hepatic steatosis is the
central pathological hallmark in the chronic liver disease MASLD. This
umbrella term, previously recognized as nonalcoholic fatty liver
disease (NAFLD), encompasses a variety of different conditions as-
sociated with LD accumulation in the liver with varying etiologies
including unhealthy diet, high-fat diet, or malnutrition (71). Au-
tophagy impairment is implicated in the development and progres-
sion of MASLD, and pharmacological treatments that enhance
autophagic flux have shown promising results by alleviating hepatic
steatosis in mice (72, 73). We found Peli3 expression levels to be
significantly decreased in livers of MASLD patients relative to
healthy controls, suggesting a potential contribution to the under-
lying disease pathology.

Together, we reveal a critical regulatory layer for starvation-
induced tuning of ULK1 protein levels to facilitate the early steps of
autophagosome formation. The physiological importance of this
mechanism is substantiated by the consequences of Peli3 ablation in
mice as well as by alterations in Peli3 expression from MASLD pa-
tients. On the basis of these findings, we propose a critical role for
Peli3 in the control of liver lipid metabolism through autophagy,
suggesting its protective role in liver health.
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MATERIALS AND METHODS

Mice

The Peli3™~ mouse line C57BL/6N-Peli3<tm1b(KOMP)Mbp>/Tcp
was generated at The Toronto Centre for Phenogenomics (TCP) and
obtained from the Canadian Mouse Mutant Repository. The reposi-
tory was made as part of the KOMP2-DTCC project from KOMP ES
cells (74). Briefly, Peli3™~ mice were generated by crossing mice
holding the tm1a allele with a constitutive Cre-expressing mouse line.
Recombination of loxP sites results in the tm1b allele removing the
loxP flanked critical exon 3 found in all isoforms of Peli3 (fig. S2A). A
frameshift is introduced producing a null allele (Peli3™'7). Mice were
genotyped by PCR analysis of DNA isolated from ear punches using
primers WT-F: AGCAGCAATCAAGGCAATGGCTCACC, WT-R:
ACAAGTCAAGCACACACAAGGCCCAG, KO-F: CCATTAC-
CAGTTGGTCTGGTGTC, KO-R: ATCACATCCCACTCTTG-
GAGCGTTG, Control-F: CACCGGAGAATGGGAAGCCGAA,
and Control-R: TCCACACAGATGGAGCGTCCAG. To assess au-
tophagy, mice were separated into individual cages and starved
overnight with access to water for 16 hours. The next day, tissues
were harvested and processed for experiments. Mice were housed
at the animal facility at the Danish Cancer Institute (Copenhagen,
Denmark), approval number 2023-15-0206-00074. Mice experiments
were approved by the Danish animal experiments inspectorate
(Dyreforsogstilsynet, 2023-15-0201-01392).

MEF isolation

MEFs were isolated as previously described (75). Briefly, 6 to 10 Peli3
KO or WT mouse embryos of undetermined sex were aseptically
dissected at embryonic day 13.5. Heads and internal organs were
discarded; bodies were rinsed twice with phosphate-buffered sa-
line (PBS) and thoroughly minced using a razor blade, and cells
were dissociated by incubating in 10 ml of 0.05% trypsin-EDTA
at 37°C for 5 min, followed by neutralization of trypsin by addition
of fresh Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing L-glutamine, penicillin-streptomycin, and fetal bovine se-
rum (FBS). Cells were pelleted by centrifugation at 200g for 5 min,
and the cells were washed again with fresh medium, plated on
150-mm plastic culture dishes, and incubated at 37°C with 5% CO..

Mouse primary hepatocyte isolation

Peli3 KO or WT mice were anesthetized via intraperitoneal injection
of avertin, prepared from a stock of tribromoethanol (1 g/ml) in
2-methyl-2-butanol, diluted 1:20 in saline, and dosed as 10 pl/g body
weight. Hepatocytes were isolated by collagenase perfusion as previ-
ously described (76). Hepatocytes were seeded in medium Eagle-199
(MEM-199) containing penicillin G (100 U/ml), streptomycin (100 pg/
ml), and 10% (v/v) FBS. Hepatocytes were left for attachment (3 to
4 hours) and cultured overnight at 37°C with 5% CO, in MEM-199
supplemented with penicillin G (100 U/ml), streptomycin (100 pg/
ml), 10 nM insulin, and 100 nM dexamethasone.

Cell culture and treatments

Tig3 (provided by K. Helin), HeLa, HEK293T (from the Ameri-
can Type Culture Collection), and MEFs were cultured in DMEM
supplemented with 10% FBS and penicillin/streptomycin (10,000 U/
ml). Hepatocytes were cultured as described above. Hexa KO and
WT HelLa cells were provided by M. Lazarou (77). All cell lines
were maintained in a 5% CQO, incubator at 37°C. The induction of
autophagy by nutrient starvation was achieved by washing the cells
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with PBS and incubating with HBSS for the indicated time periods.
Treatments with PP242 (500 nM) were used for indicated time points.
BafAl treatments were 2 to 4 hours as indicated (200 nM). For cyclo-
heximide chase experiments, cells were treated with cycloheximide
(100 pg/ml) for indicated time points. All cell lines were regularly
tested and verified to be mycoplasma negative by sequencing.

Antibodies

Antibodies used in this study with dilutions used for Western blot are
mentioned here. Mouse monoclonal anti-MYC-Tag (1:1000, 2276),
rabbit monoclonal anti-HA-Tag (1:1000, 3724), rabbit monoclonal
anti-ATG14 (1:1000, 96752), rabbit monoclonal anti-Ser?”’-ATG14
(1:1000, 3979), rabbit polyclonal anti-Ser””’-ULK1 (1:500, 6888),
rabbit monoclonal anti-rabbit polyclonal anti-p70 S6 kinase (1:1000,
9202), mouse monoclonal anti—Thr389-p7O S6 kinase (1:1000, 9206),
rabbit monoclonal anti-AMPKa (1:1000, 4150), rabbit monoclonal
anti-Thr'”>-AMPKa (1:1000, 4188), and rabbit monoclonal anti-
ubiquitin (1:2000, 43124) were from Cell Signaling Technology. Rabbit
polyclonal anti-LC3B was from Cell Signaling Technology (1:2000,
2775), and mouse monoclonal anti-LC3B was from Nanotools
(1:2000, 0260-100/LC3-2G6). Rabbit monoclonal anti-ULK1 was
from Cell Signaling Technology (1:1000, 8054). Rabbit polyclonal
anti-ULK1 was from Proteintech (1:500, 20986-1-AP). Rabbit poly-
clonal anti-GABARAP (N term) (1:1000, AP1821a) was from Ab-
gent. Rabit polyclonal anti-p62 (1:2000, PM045) and mouse
monoclonal anti-monomeric Keima-Red (1:1000, M126-3 M) were
from MBL International. Rabbit polyclonal anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:3000, 25778) and mouse
monoclonal anti-GFP (1:2000, sc-9996) were from Santa Cruz Bio-
technology. Mouse monoclonal anti-vinculin (1:5000, V9131) and
mouse monoclonal anti-Flag M2 (1:1000, F1804) were from Sigma-
Aldrich. Rat monoclonal anti-LAMP2 (ab13524) was from Abcam.

Reagents and inhibitors

LysoTracker Deep Red (L12492), Bodipy 493/503 (D3922), and PowerUp
SYBR Green Master Mix (A25742) were obtained from Thermo
Fisher Scientific (D3922). MYC-trap (ytma-100) and GFP-trap (gtma-
100) beads were obtained from ChromeTek. Anti-Flag M2 magnetic
beads (M8823-1ML) were from Sigma-Aldrich. HA magnetic beads
were from Pierce (88836). Gateway BP Clonase II Enzyme mix
(11789020), Gateway LR Clonase IT Enzyme mix (11791020), Nile red
(N1142), and Protein G magnetic beads (10004D) were from Invitro-
gen. QuikChange II XL Site-Directed Mutagenesis Kit (200521) was
from Agilent Technologies. Blasticidin S (SBR00022) was from Santa
Cruz Biotechnology. Doxycycline hyclate (D9891), mTOR Inhibitor
ITI, PP242 (475988), HBSS (H8264), and Insulin (19278) were from
Sigma-Aldrich. Cycloheximide (C7698), Protease Inhibitor (P8340),
OptiPrep Density Gradient Medium (D1556), and tribromoethanol
(T48402) in 2-methyl-2-butanol (152463) were obtained from Sigma-
Aldrich. Torin1 was from Selleck Chemicals (S2827). BafA1 was from
Santa Cruz Biotechnology (sc-201550B). 26S proteasome inhibitor
MG132 (tlrl-mg132) and NP-40 (FNN0021) were from Invitrogen.
Enhanced chemiluminescence system (RPN2236) was from Amersham.
M-MLV Reverse Transcriptase (M1705) was from Promega. Mounting
medium (S3025), horseradish peroxidase (HRP)-labeled Polymer
Anti-Rabbit (K4003), and liquid 3,3’-Diaminobenzidine (DAB)
substrate (K3468) were from Dako. For cell culturing, FBS (10270106),
penicillin/streptomycin (15140122), and Medium-199 (31150022) were
from Gibco.
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Plasmids, siRNA, and transfection

pRK5-HA-Ubiquitin-K48 (#17605), HA-Ubiquitin (#18712), pRK5-
HA-Ubiquitin-K63 (#17606), HA-hULK1 (#31963), and Flag-TRAF6
(#21624) were from Addgene. All six human ATG8s were derived
from N-terminal myc-AP2-tagged hATG8s shared by C. Behrends
(Ludwig-Maximilians-Universitit) (78) and were recloned into the
pCDH-EF1-GFP backbone. All six GST-ATG8s constructs were gifts
from T. Johansen (University of Tromse), and the GST-GABARAP
LDS mutant was provided by C. Behrends. The mKeima fluorophore
was provided by A. Miyawaki (RIKEN Brain Science Institute, Japan).
Using In-Fusion cloning (TaKaRa, 638943), mKeima was fused with
RPL10A or LC3B for the assembly into the pLVX-TetOne-inducible
lentiviral plasmid backbone (TaKaRa, 638144). RPL10A was amplified
from a GFP-RPL10A plasmid provided by R. Agami (Netherlands
Cancer Institute). PELI3 was amplified from Tig3 cDNA and integrat-
ed into the pLVX-TetOne-GFP backbone for inducible expression us-
ing NEBuilder HiFi DNA Assembly kit (NEB, E2621L). The Peli3 and
ULKI truncates were generated by gateway cloning. Gateway vectors
were gifts from S. Geley (Innsbruck Medical University) (79). Point
mutations were created by using a site-directed mutagenesis kit
(200523; Agilent Technologies). Plasmid constructs were verified by
conventional restriction enzyme digestion and/or by DNA sequencing.
For screen validations, PELI3 siRNAs (4392420, 4392420), Control
siRNA (4390844), and ULK1 siRNA (s15963) were purchased from
Thermo Fisher Scientific. Transient transfections were performed with
RNAIMAX (Invitrogen) or Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. Regarding siRNA transfections
for the screen, please see separate screen description.

Lentivirus and cell line production

HEK293T cells were transfected with the respective lentiviral ex-
pression plasmid together with envelope and packaging vectors,
pCMV-VSVG and PAXS, using Lipofectamine 2000 (Thermo Fisher
Scientific). After 24 hours, the supernatant containing virus was fil-
tered through a 0.45-pum filter and mixed with polybrene (8 pg/ml)
(Sigma-Aldrich, #107689) to infect target cells. Transduced cells
were selected by antibiotic selection.

High-content screening procedure

The screening library primarily consisted of the predesigned Silencer
Select human ubiquitin siRNA library (Thermo Fisher Scientific,
A30140), which targets 981proteins. We updated the library by adding
additional identified E2 and E3 enzymes, as well as deubiquitinating
enzymes (80, 81). The final library targeted 1192 genes listed in table
S1. Each gene was targeted with three independent siRNAs. The plate
design of the library (384-well) was chosen so that each of the three
siRNAs targeting a gene were on different plates and at different posi-
tions of the plates to exclude plate and positional bias. Each plate was
spotted with positive (siULK1, siBECN1) and negative (siControl)
controls. Cells were reverse-transfected in a total volume of 50 pl of full
medium supplemented with doxycycline (100 ng/ml). Twenty-four
hours after transfection, 50 pl of new medium containing doxycycline
was added. Forty-eight hours after transfection, cells were washed and
starved for 24 hours in HBSS without doxycycline. All liquid handling
was performed by the Microlab STARIet Liquid Handling robot
(Hamilton). The primary as well as the validation screen were each per-
formed in two independent biological replicates. Before imaging, cells
were incubated with Hoechst 33342 (1.67 pg/ml) for 15 min. Imaging
was performed by the ImageExpress microscope (Molecular Devices)
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at 37°C with 5% CO, using the 40X objective. Hoechst 33342 was im-
aged using the DAPI (4',6-diamidino-2-phenylindole) filter set. Acid
Keima was imaged using the Texas Red filter set with a digital confocal
correction of 0.17. Nine images for 96-well plates (validation screen)
and six images for 384-well plates (primary screen) were acquired per
well. Image analysis was performed using MetaExpress software using
a pipeline developed for identification and quantification of perinu-
clear puncta.

Screen data analysis

Data normalization

Following image acquisition and analysis, the obtained data were
further analyzed using R. Data from single cells were averaged for
each well to reduce noise, resulting in the quantification of average
mKeima puncta per cell for each well. Each acquired plate was nor-
malized and scaled independently as follows: Average mKeima
puncta per cell were normalized by the median of the siControl
wells. Next, to reduce effect variation of the positive controls be-
tween plates and between cell lines, the normalized average mKeima
puncta per cell were scaled to the positive control (siULK1) for each
plate following the function

flx)=exp lln&

X ln(O.l)] forx<1
ln(HULm)

fx)=x for x>1

This scaling function uses the median signal of the positive con-
trol siULK1 (pULK1) and sets it to 0.1 while keeping the siControl
median at 1.0 and scaling all other siRNA effects relative to the pos-
itive and negative control, making the inhibition effect of siRNAs
more comparable across plates and cell lines.

Primary screen scoring

RSA analysis was used to rank the effect of screened siRNAs from
the primary screen (30). In brief, RSA analysis uses a cumulated hy-
pergeometric distribution function to rank siRNAs by effect poten-
cy while also prioritizing genes with multiple hitting siRNAs. RSA
analysis was performed using the “runRSA” function within the
“staRank” package for both down- and up-regulation of lysosomal
Keima puncta. Boundaries for down-regulation were set to 0.6 and
0.5. Boundaries for up-regulation were set to 1.4 and 1.5. The P values
from the two repetitions of the screen were combined using Fisher’s
method. The mean effect of all siRNAs per gene, together with the
combined P value, is summarized in table S1.

Validation screen scoring

The two strongest siRNAs for each significant hit from the primary
screen were selected and further used in the validation screen. In the
validation screen, selected siRNAs were tested in Tig3 cells expressing
mKeima-RPL10A and mKeima-LC3B, respectively. The validation
screen was performed, and the acquired data were normalized, as
described above. The RSA algorithm assumes a large population of
siRNAs with a normal distribution and a mean close to 1. Because of
the reduced number of siRNAs and the induced bias toward functional
siRNAs, the RSA analysis is not feasible to score functional gene
targets in the validation screen. Thus, for each cell line, the mean of
the two siRNAs per gene was tested against the mean of siControl using
Dunnett’s test. The P values were adjusted using the Benjamini-Hochberg
method. Selection criteria included an adjusted P value of <0.01 and an

140f 19



SCIENCE ADVANCES | RESEARCH ARTICLE

FC of <0.5 relative to siControl. The mean effect of all siRNAs per gene
and their P values are summarized in table S2 for each cell line.

Protein lysate

The cell or tissue lysates were prepared in NP-40 or radioimmuno-
precipitation assay (RIPA) buffer [20 mM tris (pH 8.0), 1 mM
EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 150 mM NaCl,
1% IGEPAL (Sigma-Aldrich), 10% glycerol] supplemented with
protease inhibitor cocktail and phosphatase inhibitors. Protein
concentration was measured by DC protein assay kit (Bio-Rad).
For insoluble fractions, the lysate pellets were dissolved in RIPA
containing 2% SDS.

Co-IP assay

Co-IPs were performed as previously described (82). Briefly, cellu-
lar or tissue lysates were incubated with the indicated antibody at
4°C for 2 hours on a Rotospin rotary mixer followed by incubation
with Protein G magnetic beads (Invitrogen, #10004D) for 2 hours at
4°C. Co-IPs for exogenously expressed proteins were performed by
incubating the lysates with antibody-conjugated magnetic beads for
1 hour at 4°C. The beads were washed with 3X ice-cold PBS. The
proteins were eluted from washed beads by boiling for 5 min in 2x
SDS gel loading dye before immunoblot analysis.

Western blotting

Protein lysates were diluted in Laemmli buffer [4%, Invitrogen,
0.093 mg/ml dithiothreitol (DTT)] and boiled at 95°C for 5 min.
Proteins were resolved on 4 to 15% Criterion TGX Stain-Free Pro-
tein Gels (Bio-Rad) and blotted to a polyvinylidene difluoride
membrane by semidry transfer, using a Trans-Blot Turbo Transfer
System (Bio-Rad). Next, the membranes were incubated in primary
antibody overnight at 4°C, washed with 3x PBS/PBST followed by
incubation with HRP-conjugated secondary antibody for 1 hour at
room temperature. After washing with 3x PBS/PBST, the blots were
developed using an enhanced chemiluminescence system. The sig-
nal was captured using a ChemiDoc MP System (Bio-Rad) provided
with the Image Lab 6.0.1 Software (Bio-Rad). Densiometric quanti-
fications of the immunoblots were analyzed with the Image Lab
6.1 software.

GST pull-down assay

GST pulldown assay was performed as previously described (82).
GST or GST-ATG8 proteins were expressed in SoluBL21 (Ams-
bio), and the proteins were purified on Glutathione Sepharose 4
Fast-Flow beads (GE Healthcare). [*°S]-labeled MYC-PELI3 pro-
tein was in vitro translated using TnT T7-coupled reticulocyte
lysate system (Promega). GST or GST-ATGS8s were incubated
with [*°S]-labeled MYC-PELI3 in 250 ml of NETN-E buffer [50 mM
tris (pH 8.0), 100 mM NaCl, 6 mM EDTA, 6 mM EGTA, 0.5%
NP-40, and 1 mM DTT supplemented with complete mini EDTA-
free protease inhibitor cocktail (Roche)] for 2 hours at 4°C. Then,
GST beads were added and the mixture was incubated for 30 min
at room temperature. The beads were washed with NETN-E buf-
fer five times, boiled with loading buffer, and subjected to SDS-
PAGE (polyacrylamide gel electrophoresis). The gel was stained
with Coomassie Blue and vacuum-dried. GST or GST-ATG8s
was detected by staining with Coomassie Blue, whereas the [*°S]-
labeled MYC-PELI3 was detected in PharosFX imager (Bio-Rad
Laboratories).
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Proteinase K protection assay

Proteinase K protection assay was performed according to Zhang
et al. (83). HEK293T cells were treated as indicated, scraped in PBS,
and centrifuged at 500g. The cells were then resuspended in 250 pl
of lysis buffer containing 20 mM Hepes-KOH (pH 7.2), 1 mM
EDTA, 400 mM sucrose, and 0.3 mM DTT. Next, cells were homog-
enized by passing through 22-gauge needle to achieve 90% cell lysis,
tested by trypan blue exclusion. Samples were centrifuged at 1000g
for 5 min at 4°C. Supernatants were collected, and the protein con-
tent was measured. Equal amounts of proteins were treated with
proteinase K (10 mg/ml) with or without 0.5% Triton X-100 on ice
for 20 min. Reaction was stopped by addition of protease inhibitor,
and the samples were boiled in 4x SDS sample buffer followed by
Western blot analysis.

Immunofluorescence confocal microscopy

For immunofluorescence, cells cultured on coverslips were washed
with PBS and fixed in 4% paraformaldehyde for 10 min. Next, cells
were permeabilized with 0.1% Triton X-100 for 10 min, followed by
blocking with 1% bovine serum albumin (BSA) for 30 min at room
temperature. Further, cells were incubated with primary antibody
overnight at 4°C and washed thrice with PBS followed by 1-hour
incubation with Alexa Flour-conjugated secondary antibody. Cells
were counterstained with Hoechst 33342. Cells were washed thrice
with PBS, mounted using antifade mounting medium (Dako), and
air-dried. For neutral lipids, cells were stained using with Bodipy
493/503 (10 pg/ml) for 20 min at room temperature. Images were
acquired on LSM 800 (oil objective ~63 A/1.4; Carl Zeiss) confocal
microscopes, and the representative images were prepared using
Image] Fiji. Colocalization analysis was performed using Zen soft-
ware (Zeiss). Puncta quantification was performed using Cell Pro-
filer software. Here, cells were segmented based on nuclear stain and
expanded to the size of the cytoplasm to approximate the whole cell
and a number of puncta were counted and plotted for each individ-
ual cell. For BODIPY and Lamp2 proximity analysis, puncta were
segmented and nearest-neighbor analysis used to count the number
of Lamp2-positive objects immediately adjacent/in 5-pixel proxim-
ity to each BODIPY object. For puncta quantifications related to the
high-content screen, see separate screen description.

Immunohistochemistry

Freshly isolated mouse tissues were fixed in 4% paraformaldehyde
for 2 days. For paraffin embedding, tissues were dehydrated in in-
creasing alcohol concentrations, followed by xylene and finally in
paraffin using the automatic spin tissue processor (Thermo Fisher
Scientific, #STP120). Paraffin-embedded tissues were sectioned at a
thickness of 5 pm. The sections were deparaffinized in xylene, rehy-
drated with a gradient (100% to 70%) of ethanol, and washed in
distilled water. Sections were stained with hematoxylin and eosin
(H&E) stain (Sigma-Aldrich, GHS116 and HT110116). For anti-
body staining, endogenous peroxidase activity was blocked at room
temperature by H,O,. Antigen retrieval was performed in a steam
microwave with sodium citrate buffer (pH 6.0) for 10 min followed
by permeabilization with PBS (pH 7.4) containing 0.25% Triton X-
100, blocked in FBS, and incubated overnight with indicated anti-
bodies. The next day, the sections were washed twice with PBS
(pH 7.4) containing 0.1% Triton X-100, followed by incubation with
either Alexa Fluor-conjugated immunoglobulin G (IgG) or HRP-
conjugated anti-rabbit IgG. Sections were washed and developed
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with DAB peroxidase substrate kit. Sections were finally counter-
stained with hematoxylin stain (VectorLabs, #H-3502) followed by
dehydration through an alcohol gradient and mounted with perma-
nent mounting medium (Dako). The slides were visualized under a
Leica ICC50 microscope. For cryosectioning, freshly harvested
tissues were fixed in 4% paraformaldehyde overnight followed by
30% sucrose. Next, tissues were frozen in Tissue-Tek optimum cut-
ting temperature compound (OCT) and sectioned at a thickness of
10 pm using cryostat (Leica).

Transmission electron microscopy

Cells were seeded on Thermanox coverslips to reach 80% confluen-
cy. The next day;, cells were starved in HBSS in the presence of 200 nM
BafAl for 2 hours. Cells were washed with PBS and fixed with 2%
(v/v) glutaraldehyde in 0.05 M sodium phosphate buffer (pH 7.2)
for 24 hours. Subsequently, specimens were processed for TEM as
described previously (84, 85). For tissues, mice were perfused with
2% (v/v) glutaraldehyde in 0.05 M sodium phosphate bufter (pH 7.2),
followed by incubation in 2% glutaraldehyde for 24 hours before pro-
cessing the samples for TEM. All TEM imaging was performed on a
CM-100 transmission electron microscope (Philips). Autophagic
vesicles per cross section were quantified by applying the following
criteria: Vesicles with double/multiple membranes ranging between
0.3 and 0.7 pm, luminal density similar to cytosol/containing organ-
elles or partial organelles, were considered as autophagic vesicles.
Quantification of LD contacts with or engulfment by autophagic/
lysosomal membranes or vesicles was performed using classification
as described previously (86). Quantifications were performed per
1- pmz area.

RNA isolation and quantitative real-time PCR
RNA isolation and qRT-PCR were performed as previously de-
scribed (85). Briefly, total RNA was extracted using TRIzol reagent
according to the manufacturer’s protocols (Invitrogen). RNA (1 pg)
was used for reverse transcription using an M-MLV reverse tran-
scriptase, and qQRT-PCR was performed using Power SYBR Green
PCR master mix. The FC in expression was calculated by the 2744
method. mRNA expression profiles were normalized to levels of
housekeeping genes GAPDH or HPRT in each sample. The primers
used in qRT-PCR are listed below.

Human GAPDH-FAACGGATTTGGTCGTATTGG

Human GAPDH-RCTTCCCGTTCTCAGCCTT

Human PELI3-FIACTTGCTGATAGCCACTATGGG

Human PELI3-RITGAAGCCGTGTTGCCATTTG

Human PELI3-F2ATCTCGGTCTGTGGGAATGTG

Human PELI3-R2AGCACGTTGGACTCGTTTTC

Mouse HPRT TCAGTCAACGGGGGACATAAA

Mouse HPRT TCCAACACTTCGAGAGGTCC

Mouse PELI3 GAGAGCCCCAGAACGCCG

Mouse PELI3 TAGAGCGGCCAATCTGGAACA

Membrane fractionation

Membrane fractionation was performed as previously described
(42, 43). Briefly, Tig3 cells expressing GFP or GFP-PELI3 cells were plat-
ed in 15-cm” dishes (two dishes per sample). The next day, cells were
starved for 2 hours in HBSS in the presence of BafA1. For the sequential
centrifugation, cells were harvested, and the cell pellet was resuspended
in B1 buffer containing 20 mM Hepes-KOH (pH 7.2), 400 mM sucrose,
and 1 mM EDTA, protease inhibitors, and 0.3 mM DTT. Resuspended
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cell pellet was passed through 22-gauge needle to achieve 90% lysis.
Homogenates were subjected to sequential centrifugation at 3000g for
10 min, and the supernatant was collected and centrifuged at 25,000g for
20 min. Next, the supernatant from the 25,000¢ fraction was centrifuged
at 100,000¢ for 30 min. Inputs from each step of centrifugation were
collected. Pellets were dissolved in 2x Laemmli buffer, boiled for 5 min,
and analyzed by Western blotting. For OptiPrep membrane floating
assays, B1 buffer homogenates were centrifuged at 3000g for 10 min
and the supernatant was mixed with equal volume of OptiPrep. Dis-
continuous gradients were prepared in SW41 tubes (Beckman Instru-
ments) by overlaying 2.4 ml of diluted supernatant in 30% OptiPrep,
2.4 ml of 25% OptiPrep, 2 ml of 15%, 2 ml of 10%, 0.5 ml of 0.5%,
and 0.5 ml of 0%. The gradients were centrifuged at 150,000¢ for
2 hours, and subsequently; 11 fractions (0.85 ml) were collected. Fractions
were diluted in equal volume of homogenization buffer, and membranes
were enriched by centrifugation at 100,000¢ for 40 min. The pellets were
dissolved in 2x Laemmli buffer and analyzed by Western blotting.

Quantification and statistical analysis

All data are expressed as mean + SD or mean + SEM. Statistical
analysis was performed using GraphPad Prism 10. Unless otherwise
stated, comparisons of two groups used a two-t ailed unpaired
Student’s ¢ test. For experiments in which more than two groups
were compared, ordinary one-way analysis of variance (ANOVA)
was performed followed by the Brown-Forsythe and Bartlett’s test.
P value of 0.05 or less was deemed statistically significant in all of
these statistical tests. Statistical details and results of experiments
are described in the relevant figures and figure legends.

Shotgun lipidomics

Shotgun lipidomics analysis was performed as described previously
(87) to determine the TAG and CE contents of liver homogenates. In
brief, 20 pl of liver homogenate was diluted with 180 pl of 155 mM
ammonium bicarbonate and spiked with a series of internal lipid
standards. Lipids were extracted using a modified Bligh and Dyer
protocol (88) by the addition of 1 ml of chloroform/methanol 2:1
(v/v) and infused into the Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, United States) using a ro-
botic system of TriVersa NanoMate (Advion Biosciences, Ithaca, NY,
USA). Mass spectra were acquired in both the positive and negative
ionization modes and processed with the Python-based software Lip-
idXplorer (89) to identify lipid species fulfilling a set of criteria de-
fined in the molecular fragmentation query language (MFQL) files
(90). Ion intensities of identified lipid species and spiked internal
standards reported by LipidXplorer were used to determine the abso-
lute quantities of species in the TAG and glycerophospholipid (GPL)
classes (phosphatidylcholine, phosphatidylethanolamine, phosphati-
dylserine, phosphatidylinositol, phosphatidylglycerol, phosphatidic
acid, cardiolipin, and their ether and lyso variants) with LipidQ, an
in-house built R-based software (https://github.com/ELELAB/
lipidQ). The total molar quantities of TAGs, CEs, and GPLs were
calculated and used to determine the relevant ratios.

PELI3 and autophagy gene set expression analysis from
control and MASLD patients

Gene expression data from 23 individuals with normal weight and
44 individuals with MASLD were obtained from GSE126848 (55)
and Lewinska et al. (56). Fastq files were trimmed with Trimmomatic-
0-2.36 (TruSeq3-PE illumina adapters cut). Reads were annotated
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with STAR-2.5.1a to hg38 canonical genome assembly 1 pass mode,
with default parameters. Gene reference (Gencode.v30) was used
for gene abundancy estimation and normalized by gene length
[transcript per million (TPM)]. ssGSEA was used to associate cu-
rated lists of autophagy genes (table S3) with the Lewinska et al. (56)
dataset using GenePattern 2.0 (91). Enrichment scores between the
groups were compared using nonparametric Kruskal-Wallis test and
plotted using GraphPad Prism 10.1.0. Only samples expressing all
autophagy genes were included in the analysis.

Supplementary Materials
The PDF file includes:

Figs. S1to S6

Legends for tables S1 to S3

Uncropped blots

Other Supplementary Material for this manuscript includes the following:
Tables S1to S3
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