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Rpl12 is a conserved ribophagy receptor
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Ribophagy is a selective autophagic process that regulates ribosome 
turnover. Although NUFIP1 has been identified as a mammalian receptor 
for ribophagy, its homologues do not exist in yeast and nematodes. Here 
we demonstrate that Rpl12, a ribosomal large subunit protein, functions 
as a conserved ribophagy receptor in multiple organisms. Disruption 
of Rpl12–Atg8s binding leads to significant accumulation of ribosomal 
proteins and rRNA, while Atg1-mediated Rpl12 phosphorylation enhances 
its association with Atg11, thus triggering ribophagy during starvation. 
Ribophagy deficiency accelerates cell death induced by starvation and 
pathogen infection, leading to impaired growth and development and 
a shortened lifespan in both Caenorhabditis elegans and Drosophila 
melanogaster. Moreover, ribophagy deficiency results in motor impairments 
associated with ageing, while the overexpression of RPL12 significantly 
improves movement defects induced by starvation, ageing and Aβ 
accumulation in fly models. Our findings suggest that Rpl12 functions as a 
conserved ribophagy receptor vital for ribosome metabolism and cellular 
homeostasis.

Ribosome turnover is a vital cellular process allowing rapid adap-
tation to environmental changes for survival in the most efficient 
manner1. During nutrient abundance, ribosome synthesis increases, 
enabling the translation of numerous proteins to support cell growth 
and proliferation. Conversely, nutrient deprivation inhibits protein 
translation, leading to ribosome degradation and subsequent utiliza-
tion of resulting amino acids and nucleotides for essential protein 
and RNA synthesis, crucial for cell survival. In this process, autophagy 
plays a pivotal role in ribosome turnover2,3. In Saccharomyces cerevi-
siae, the ubiquitin protease Ubp3p/Bre5p and its partners Cdc48 and 
Ufd3 have been found to be specifically required for the selective 
autophagy of the 60S ribosomal subunit but not the 40S ribosomal 
subunit under nitrogen starvation conditions4. However, the recep-
tor for ribophagy in yeast remains unidentified. In mammals, NUFIP1 
has been identified as a ribophagy receptor for starvation-induced 

ribophagy. During amino acid starvation, NUFIP1 translocates from 
the nucleus to the autophagosome via binding with LC3B, along with 
ribosome. Deficiency in NUFIP1–LC3B binding impairs the degrada-
tion of ribosomal proteins and rRNAs5. Nevertheless, a recent report 
revealed that NUFIP1 is involved in rRNA degradation, not ribosomal 
protein degradation, in mouse cancer-associated fibroblast (mCAF) 
cells under conditions of glutamine deprivation6, suggesting the 
potential involvement of other ribophagy receptor(s) in ribosome 
turnover.

In this study, we uncovered the critical role of Rpl12 in ribophagy. 
Rpl12 promotes autophagosome incorporation and ribosome degrada-
tion via binding Atg8s. Further research reveals that Rpl12-mediated 
ribophagy is required for various physiological processes. Our findings 
demonstrate that Rpl12 is a conserved ribophagy receptor required 
for ribosome turnover and the maintenance of cellular homeostasis.
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acid substitutions within the two identified regions for Y2H screening. 
The results showed that the P3 and E21 residues of Rpl12 are crucial for 
binding to Atg8 (Fig. 1h and Extended Data Fig. 1l,m). Subsequently, the 
Rpl12P3N-E21L mutant was tested for its Atg8 binding capability using GST 
pull-down assays. The results revealed a complete loss of Rpl12–Atg8 bind-
ing in the His–TF–Rpl12P3N-E21L mutant (where TF is trigger factor) (Fig. 1i). 
To rule out potential artefacts, we expressed WT Rpl12 and Rpl12P3N-E21L 
mutant with a smaller His–small ubiquitin-like modifier (SUMO) tag and 
performed a Ni-NTA pull-down assay using untagged Atg8. The results 
confirmed that Rpl12 directly interacts with Atg8 and that this interaction 
is specifically dependent on the P3 and E21 residues (Fig. 1j). Furthermore, 
co-immunoprecipitation (co-IP) assays confirmed almost complete 
inhibition of Rpl12–Atg8 binding in the Rpl12P3N-E21L mutants (Fig. 1k).

For a protein to function as a ribophagy receptor, it is crucial 
that it is situated on the ribosome’s surface, with its Atg8 binding site 
exposed and free from interaction with ribosome-associated proteins 
or rRNA during ribophagy. To assess if Rpl12 meets these prerequisites, 
we examined the crystal structure of yeast ribosomes. Our analysis 
revealed that Rpl12 resides on the outer surface of the yeast 80S ribo-
some, with its N-terminal domain remaining unbound, showing no 
interaction with ribosome-associated proteins or rRNA (Fig. 1l). Fur-
thermore, using cross-linking MS and genetically encoded chemical 
cross-linking, we confirmed that the peptide segment containing P3 
and E21 directly interacts with Atg8 (Extended Data Fig. 1n,o).

Rpl12 is a ribophagy receptor in yeast
We next investigated whether Rpl12 functions as a ribophagy recep-
tor. Since double knockout (KO) of RPL12A and RPL12B is lethal for cell 
viability, we utilized an auxin-inducible degron system to degrade the 
endogenous Rpl12a in rpl12b∆ yeast cells13. As shown in Fig. 2a, the 
Rpl12a protein degraded rapidly upon treatment with indoleacetic 
acid (IAA). Nevertheless, a spotting assay showed severely impaired 
growth in rpl12b∆ cells expressing Rpl12a–mini-AID–3×FLAG (hereafter 
referred to as Rpl12a–AID), regardless of IAA treatment, indicating that 
the mini-AID–3×FLAG tag at the C-terminal of Rpl12a may affected its 
structure or its binding to ribosomes (Extended Data Fig. 2a). Using 
this yeast strain, we investigated whether Rpl12a is degraded under 
starvation conditions and whether its degradation depends on the 
activity of vacuolar acid hydrolases. The results demonstrated that 
Rpl12a–AID is degraded in WT cells during starvation, while its deg-
radation is significantly inhibited in pep4Δ cells, indicating that the 
degradation of Rpl12a–AID relies on the vacuolar pathway (Extended 
Data Fig. 2b,c). Subsequent tests showed that KO of RPL12B with IAA 
treatment almost completely blocked the cleavage of multiple ribo-
somal proteins fused with GFP tags (Extended Data Fig. 2d–k), high-
lighting the importance of Rpl12 in ribophagy. To further confirm the 
pivotal role of Rpl12 in ribophagy, we generated specific antibodies 
targeting yeast ribosomal proteins. Western blot analysis showed 
marked degradation of ribosomal proteins in WT yeast cells under 

Results
Rpl12 binds directly to both Atg8 and Atg11
Given the highly conserved nature of ribophagy from yeast to humans, 
we aimed to identify potential NUFIP1 homologues across various spe-
cies. Bioinformatic analysis revealed the absence of a homologue in 
yeast and Caenorhabditis elegans7, suggesting the existence of alterna-
tive ribophagy receptor(s) in these organisms (Fig. 1a). To identify the 
yeast ribophagy receptor, we performed in vitro pull-down experiments 
by incubating purified yeast wild-type (WT) glutathione S-transferase 
(GST)–Atg8 or GST–Atg8Y49A-L50A protein (the latter mutant unable to 
bind receptors) from Escherichia coli with starvation-treated yeast 
lysates8 (Fig. 1b). Mass spectrometry (MS) analysis revealed that riboso-
mal proteins Rpl12, Rpl8, Rpl3, Rps22, Rpl17, Rpl32 and Rps3 bind to WT 
Atg8 but not to Atg8Y49A-L50A (Extended Data Fig. 1a and Supplementary 
Tables 1–3). Yeast two-hybrid (Y2H) assays were then used to determine 
which of these proteins could directly interact with Atg8. The results 
showed that only Rpl12 could directly interact with WT Atg8, failing 
to do so with Atg8Y49A-L50A (Fig. 1c and Extended Data Fig. 1b). Further-
more, a nickel-nitrilotriacetic acid (Ni-NTA) pull-down experiment con-
firmed that Rpl12 binds directly with WT Atg8, but not with Atg8Y49A-L50A 
(Fig. 1d). In yeast, Rpl12 has two paralogues, Rpl12a and Rpl12b, possess-
ing distinct promoters but encoding identical proteins9. In this study, 
we focused on Rpl12a as the candidate ribophagy receptor. To confirm 
the Rpl12–Atg8 interaction in yeast cells, we co-expressed haemagglu-
tinin (HA)–Rpl12 along with green fluorescent protein (GFP)–Atg8 or 
GFP–Atg8Y49A-L50A in atg8∆ cells. Immunoprecipitation assays consist-
ently showed that GFP–Atg8 binds to Rpl12, with substantially reduced 
association in the GFP–Atg8Y49A-L50A mutant under starvation (Fig. 1e). 
Another characteristic of receptors involves their interaction with 
Atg11 through its CC4 domain10. Y2H, immunoprecipitation and GST 
pull-down assays demonstrated that Atg11 directly binds to Rpl12 via its 
CC4 domain (Fig. 1f,g and Extended Data Fig. 1c–e). Altogether, these 
findings suggest that Rpl12 interacts directly with both Atg8 and Atg11.

Next, we aimed to explore the specific region(s) on Rpl12 required 
for its association with Atg8. Previous studies have shown that 
LC3-interacting region motifs or Atg8-interaction motifs (AIM) are cru-
cial for selective autophagy receptors to bind to the LC3-interacting 
region docking site of Atg8/LC3 (ref. 11). Bioinformatic analysis identified 
two potential AIM regions in Rpl12: Y12-LY-L15 and F53-KG-I56 (ref. 12). 
However, Y2H assay revealed that mutations in these two motifs did not 
disrupt the Rpl12–Atg8 interactions (Extended Data Fig. 1f), suggesting 
that the binding of Rpl12 to Atg8 is independent of the classic AIM region. 
To delineate which regions of Rpl12 are responsible for Atg8 binding, 
we generated a series of Rpl12 deletion variants (Extended Data Fig. 1g). 
Y2H assays indicated that the region 2–30 amino acid (aa) of Rpl12 is 
required for its binding with Atg8 (Extended Data Fig. 1h). Further Y2H 
analysis using specific deletions within this region demonstrated that 
both the 2–4aa and the 21–23aa regions are required for Rpl12 binding 
to Atg8 (Extended Data Fig. 1i–k). We next introduced a series of amino 

Fig. 1 | Rpl12 directly interacts with Atg8 and Atg11. a, Orthologues of human 
NUFIP1 gene were identified using the PANTHER database (version 17.0). b, A 
flowchart illustrating the process of identifying the yeast ribophagy receptor. 
c, The AH109 strain was transformed with Rpl12-activation domain (AD) and 
either Atg8-binding domain (BD) or Atg8Y49A-L50A-BD, followed by growth on 
SD-Leu-Trp or SD-Leu-Trp-Ade agar plates at 30 °C for 3 days. d, Ni-NTA pull-
down assays were performed with purified His-tagged TF or His–TF–Rpl12 
protein, and GST, GST–Atg8 or GST–Atg8Y49A-L50A from E. coli. Protein samples 
were separated by SDS–PAGE and visualized using Coomassie blue staining. 
e, atg8∆ yeast cells co-expressing HA–Rpl12a with either GFP–Atg8 or the GFP–
Atg8Y49A-L50A were subjected to nitrogen starvation (SD-N) for 1 h. Cell lysates were 
immunoprecipitated using anti-GFP agarose beads and analysed by western blot 
with an anti-HA antibody. f, Yeast cells co-expressing HA–Rpl12 with Atg11–
3×FLAG were subjected to SD-N for 1 h. Cell lysates were immunoprecipitated 
using anti-FLAG agarose beads and analysed by western blot with an anti-HA 

antibody. g,h, The AH109 strain was co-transformed with the Rpl12-AD and 
Atg11-BD (g) plasmids or the indicated Rpl12 variants and Atg8-BD (h) plasmids, 
followed by growth on the indicated agar plates at 30 °C for 3 days. Ade, adenine. 
i, GST pull-downs were performed using purified His–TF, His–TF–Rpl12, or its 
variants with GST or GST–Atg8 from E. coli. Protein samples were separated by 
SDS–PAGE and visualized using Coomassie blue staining. j, Ni-NTA pull-downs 
were performed using purified His-tagged SUMO, His–SUMO–Rpl12 or His–
SUMO–Rpl12P3N-E21L protein with Atg8 from E. coli. Protein samples were separated 
by SDS–PAGE and detected using Coomassie blue staining. k, Yeast cells co-
expressing either HA-Rpl12 or HA-Rpl12P3N-E21L with GFP–Atg8 were subjected to 
SD-N for 1 h. Cell lysates were immunoprecipitated using anti-GFP agarose beads 
and analysed using western blot with an anti-HA antibody. l, The spatial positions 
of the P3 and E21 residues in yeast Rpl12 within the ribosome (PDB 4V88). The 
data presented in c–j are representative of three independent experiments. 
Unprocessed blots and gels are provided.
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starvation, whereas both ATG1 KO and Rpl12 knockdown (KD) yeast 
cells exhibited substantial inhibition in ribosomal proteins degrada-
tion (Extended Data Fig. 2l,m). Consistently, a significant decrease 
in rRNA levels was observed in WT cells under starvation, whereas 

ATG1 KO or Rpl12 KD yeast cells exhibited a marked inhibition of rRNA 
degradation (Extended Data Fig. 2n,o).

To validate the unique role of Rpl12 in ribophagy, we randomly 
selected a ribosomal large subunit protein, Rpl34, and a small subunit 
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protein, Rps9, to examine their involvement in this process. Using the 
auxin-induced protein degradation system, we successfully induced 
degradation of Rpl34 and Rps9 proteins (Extended Data Fig. 2p,q). 
However, western blotting and rRNA analysis indicated that Rps9 
and Rpl34 did not participate in ribophagy (Extended Data Fig. 2r–t), 
indicating the specificity and significance of Rpl12 in ribophagy. To 
investigate whether the reduction of ribosomal proteins and rRNA 
under starvation is dependent on the vacuole, we conducted a series 
of experiments, including testing for accelerated turnover, PEP4 KO14, 
the use of the translation inhibitor cycloheximide (CHX) and the KO 
of RNY1 (ref. 15). The results showed that the reduction in ribosomal 
proteins and rRNA under starvation is indeed primarily due to vacuolar 
degradation (Extended Data Fig. 3a–j).

Next, we investigated whether the binding of Rpl12–Atg8 is 
required for ribophagy. WT Rpl12a, Rpl12aP3N-E21L(M) or empty vec-
tor (EV) plasmids were separately transformed into rpl12b∆ Rpl12a–
AID yeast cells. A spotting assay showed that the introduction of 
Rpl12a WT or the P3N-E21L mutant plasmid rescued the growth defect 
(Fig. 2b). Fluorescence microscopy revealed that, under nitrogen 
starvation, Rpl10–GFP and Rps27a–GFP failed to enter the vacuoles 
in atg1∆, Rpl12 KD or the Rpl12P3N-E21L mutation cells, whereas a sig-
nificant amount entered the vacuoles of WT Rpl12 cells (Fig. 2c–f ). 
Correspondingly, GFP cleavage efficiency assays indicated that 
Rpl12P3N-E21L mutant cells generated minimal free GFP, whereas WT 
Rpl12 cells restored the production of free GFP (Fig. 2g–i). In addition, 
the Rpl12P3N-E21L mutation almost entirely blocked the production 
of free GFP in other GFP-tagged ribosomal proteins (Fig. 2j,k and 
Extended Data Fig. 3k–n). Furthermore, the degradation of endog-
enous ribosomal proteins and rRNA was suppressed in yeast cells 
with the Rpl12P3N-E21L mutation (Fig. 2l–o). Cumulatively, our results 
suggest that Rpl12 functions as a receptor for yeast ribophagy in 
response to starvation.

Atg1-mediated Rpl12 phosphorylation triggers ribophagy
Next, we explored the signalling pathway that initiates ribophagy, 
focusing on the involvement of TOR, Snf1 and Atg1, the three primary 
protein kinases known to regulate autophagy in yeast16–18. Through 
in vitro kinase assays19, we found that only Atg1 displayed the capability 
to phosphorylate Rpl12 (Fig. 3a and Extended Data Fig. 4a,b). Subse-
quent MS analysis identified two specific amino acid residues, namely 
Ser79 and Ser101, as the targets of Atg1-mediated phosphorylation on 
Rpl12 (Extended Data Fig. 4c,d). Moreover, purified Rpl12 protein from 
nitrogen-starved yeast cells also exhibited phosphorylation at these 
two sites. To confirm these sites as specific targets of Atg1-mediated 
phosphorylation on Rpl12, we individually purified four proteins—WT 
Rpl12, S79A, S101A and S79A-S101A (2A) mutants—from E. coli. Using 
these variants as substrates with Atg1–3×FLAG as the kinase, in vitro 
kinase assays showed that mutations at S79A, S101A and 2A substan-
tially hindered Atg1-mediated phosphorylation of Rpl12 (Fig. 3b). These 
results provided direct evidence that Rpl12 is a phosphorylation sub-
strate of Atg1 in vitro.

We then investigated the function of Atg1-mediated Rpl12 phos-
phorylation in ribophagy. WT Rpl12, Rpl122A or EV plasmid were sepa-
rately transformed into rpl12b∆ Rpl12a–AID yeast cells. Spotting 
assays showed that the introduction of either WT Rpl12a or 2A mutant 
plasmids rescued the growth defect (Extended Data Fig. 4e). Subse-
quently, we assessed whether Atg1-mediated Rpl12 phosphorylation 
is required for ribophagy. Fluorescence microscopy revealed that, 
under nitrogen starvation, Rpl10–GFP and Rps27a–GFP failed to 
localize to vacuoles in cells with the Rpl122A mutation (Fig. 3c–f). 
Western blot analysis further confirmed that Rpl10–GFP and Rps27a–
GFP in these cells produced hardly any free GFP, whereas WT Rpl12 
restored the generation of free GFP (Fig. 3g–i). Similarly, the Rpl122A 
mutation inhibited the production of free GFP in other ribosomal 
proteins tagged with GFP under starvation (Fig. 3j,k and Extended 

Fig. 2 | Rpl12 functions as a ribophagy receptor in yeast. a, rpl12b∆ cells 
expressing Rpl12a–mini-AID–3×FLAG were treated with 0.5 mM IAA treatment for 
2 h and the expression of Rpl12a–mini-AID–3×FLAG was detected using an anti-
FLAG antibody. The data are representative of two independent experiments. 
b, The indicated yeast cells were grown on Yeast extract Peptone Dextrose (YPD) 
with or without IAA agar plates for 2 days at 30 °C. c,d, The indicated yeast cells 
co-expressing GFP-tagged Rpl10 (c) or Rps27a (d) with Vph1–mCherry were 
treated with IAA for 2 h, followed by SD-N for 0 h or 6 h. Images of cells were 
obtained using fluorescence microscopy. Scale bars in differential interference 
contrast (DIC) panels, 2 µm. e,f, Cells from c (e) and d (f) were quantified for the 
vacuolar localization of Rpl10–GFP or Rps27a–GFP. n = 300 cells were pooled 
from three independent experiments. g, The indicated proteins were detected 
by anti-Rpl12 antibody. Data are representative of two independent experiments. 
h–k, BY4741, atg1∆ and rpl12b∆ Rpl12a–AID yeast cells, carrying either WT Rpl12a 
or the Rpl12aP3N-E21L(M) mutant and expressing Rpl10–GFP (h), Rps27a–GFP (i), 

Rpl3–GFP (j) or Rps20–GFP (k), were treated with IAA for 2 h and then subjected 
to SD-N for 6 h. The ribophagic activity was analysed by western blot for the 
cleavage of the GFP fusion protein. deg.%, percentage of degradation. The results 
were quantified (Methods). l, The indicated yeast cells were treated with IAA for 
2 h and then subjected to SD-N for 12 h. Protein samples were analysed by western 
blot using the indicated anti-ribosomal protein antibodies. m, The degradation 
ratios of the indicated proteins from l were quantified. n, The indicated yeast 
cells were treated with IAA for 2 h and then subjected to SD-N for 6 h. Five OD600 
yeast cells were collected and total RNA was extracted to detect the expression 
level of yeast rRNA. o, Yeast rRNA from n was quantified. The data presented 
in b–d, h–l and n are representative of three independent experiments. Pgk1 
served as a loading control. The data in e, f, m and o are presented as mean ± s.d. 
(n = 3 biologically independent experiments). ***P < 0.001; n.s., no significance; 
two-tailed Student’s t-tests were used. Exact P values, source numerical data and 
unprocessed blots or gels are provided.

Fig. 3 | Atg1-mediated Rpl12 phosphorylation triggers yeast ribophagy under 
starvation. a,b, In vitro kinase assays were performed using His–TF–Rpl12a  
(a and b) or its variants (b) from E. coli as substrates, with purified Atg1–3×FLAG 
(a and b) or Atg1–3×FLAG D211A (a) from nitrogen-starved yeast cells as protein 
kinases. Phosphorylation of His–TF–Rpl12 was detected using an anti-thioP 
antibody. c,d, The indicated yeast cells co-expressing GFP-tagged Rpl10 or 
Rps27a with Vph1–mCherry were treated with IAA for 2 h and then subjected to 
SD-N for 0 h or 6 h. Images of cells were obtained using fluorescence microscopy. 
Scale bar, 2 µm. e,f, Quantification of vacuolar localization of Rpl10–GFP or 
Rps27a–GFP in c (e) and d (f); n = 300 cells pooled from three independent 
experiments. g, The indicated proteins were detected by anti-Rpl12 antibody. 
Data are representative of two independent experiments. h–k, BY4741, atg1∆ and 
rpl12b∆ Rpl12a–AID yeast cells, carrying either WT Rpl12a or Rpl12aS79A-S101A(2A) 
mutant and expressing Rpl10–GFP (h), Rps27a–GFP (i), Rpl3–GFP (j) or Rps20–
GFP (k), were treated with IAA for 2 h and subjected to SD-N for 6 h, and were 
analysed for ribophagic activity via western blot by detecting GFP fusion protein 

cleavage. Results were quantified (Methods). l, The indicated yeast cells were 
treated with IAA for 2 h and then subjected to SD-N for 12 h. Ribophagic activity 
was analysed by western blot using the indicated anti-ribosomal antibodies.  
m, The degradation ratios of the indicated proteins from l were quantified. n,o, The 
changes in RNA content presented using different data display types (images 
(n) or statistical graphs (o)). The indicated yeast cells were treated with IAA for 
2 h and then subjected to SD-N for 6 h. Total RNA of five OD600 yeast cells was 
extracted to measure rRNA expression levels. Quantification of rRNAs is shown in 
o. p, Yeast cells co-expressing HA–Rpl12 or HA–Rpl12 2A with Atg11–3×FLAG were 
subjected to SD-N for 1 h. Cell lysates were immunoprecipitated using anti-FLAG 
beads and analysed by western blot with anti-HA antibody. The data presented 
in a–d, h–l, n and p are representative of three independent experiments. Pgk1 
served as a loading control. Data in e, f, m and o are shown as mean ± s.d. (n = 3 
biologically independent experiments). ***P < 0.001; two-tailed Student’s t-tests 
were used. Exact P values, source numerical data and unprocessed blots or gels 
are provided.
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Data Fig. 4f–i). In addition, the degradation of endogenous ribosomal 
proteins and rRNA was suppressed in yeast cells with the Rpl122A muta-
tion (Fig. 3l–o), indicating that Atg1-mediated Rpl12 phosphorylation 
is required for ribophagy.

We proceeded to explore the molecular mechanism behind 
Atg1-mediated Rpl12 phosphorylation and its regulation of ribophagy. 
Considering that Rpl12 binds directly to both Atg8 and Atg11, we inves-
tigated whether Atg1-mediated Rpl12 phosphorylation regulates its 
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association with Atg8 or Atg11 under nutrient-rich and starvation 
conditions. Co-IP experiments revealed a substantial increase in the 
binding of Rpl12 to both Atg8 and Atg11 under starvation compared 
with nutrient-rich conditions. However, the HA–Rpl122A mutation sub-
stantially impaired the interaction between Rpl12 and Atg11, without 
affecting its binding to Atg8 (Fig. 3p and Extended Data Fig. 4j). In addi-
tion, in vitro Ni-NTA pull-down assays indicated that the Rpl122A mutant 
maintained its binding to Atg11 CC4, suggesting that the 2A mutant 
does not impair the binding of Rpl12 to Atg11 CC4 in vitro (Extended 
Data Fig. 4k). Furthermore, the phospho-mimic Rpl12S79D-S101D (2D) 
mutant enhanced ribophagy induced by starvation (Extended Data 
Fig. 5a–f). Taken together, these results suggest that Atg1-mediated 
Rpl12 phosphorylation triggers ribophagy by enhancing its association 
with Atg11 under starvation.

Ribophagy is crucial for cell survival during starvation
Next, we assessed whether the Rpl12P3N-E21L mutation affected its ribo-
somal function. Polysome profiling experiments revealed no notable 
differences in the polysome profiles between Rpl12P3N-E21L and WT Rpl12 
under both nutrient-rich and starvation conditions20 (Fig. 4a). Simi-
larly, the polysome profile of Rpl122A showed no notable differences 
compared with WT Rpl12 (Fig. 4a). To further confirm the pivotal role 
of Rpl12 in ribophagy, we performed transmission electron microscopy 
(TEM) assays and observed that both the Rpl12P3N-E21L and 2A mutations 
almost completely inhibited yeast ribophagy under nitrogen starvation, 
using Rpl10 and Rps27a tagged with APEX2 as markers21 (Fig. 4b and 
Extended Data Fig. 5g). These findings suggest that the Rpl12P3N-E21L and 
2A mutations block ribophagy by impairing its association with Atg8 
or Atg11, rather than affecting its ribosomal function.

We also investigated whether Rpl12 plays a role in bulk autophagy 
or other selective autophagy. Western blot analysis showed that the 
Rpl12P3N-E21L mutation did not impact bulk autophagy or the matura-
tion of Pro-Ape1, nor the cleavage of marker proteins associated with 

other types of selective autophagy, including Om45–GFP (mitophagy), 
Sec63–GFP (endoplasmic reticulum (ER)-phagy), Faa4–GFP 
(lipophagy) and Pex14–GFP (pexophagy) (Fig. 4c–f and Extended Data 
Fig. 5h,i). This suggests that Rpl12 is not involved in these processes, 
emphasizing its specific role as a ribophagy receptor.

Since ribosomes associate with the ER for mRNA translation, 
we investigated whether ribophagy is influenced by the absence 
of ER-phagy. Analysis of ribophagy in yeast cells with double KOs 
of the ER-phagy receptors ATG39 and ATG40 under nitrogen star-
vation conditions revealed that ribophagy proceeded unaffected14 
(Fig. 4g,h and Extended Data Fig. 5j–m), indicating that ribophagy 
is independent of ER-phagy. We then evaluated whether ribophagy 
contributes to cell survival during such conditions14,22. The results 
indicated that the Rpl12P3N-E21L and 2A mutations significantly increased 
starvation-induced cell death (Fig. 4i,j). Altogether, these data high-
light the critical role of ribophagy in maintaining cell survival during 
starvation.

RPL-12 is a conserved ribophagy receptor in C. elegans
Next, we explored whether Rpl12 functions as a conserved ribophagy 
receptor across species. Blasting the amino acid sequence of Rpl12 from 
yeast to human revealed highly conserved proline and glutamine resi-
dues at the 3rd and 21st positions (P3 and E21, respectively) (Extended 
Data Fig. 6a), suggesting a potential conserved role as a ribophagy 
receptor. We next examined whether RPL-12, the C. elegans homologue 
of yeast Rpl12, regulates ribophagy to control ribosome turnover. We 
initially investigated whether RPL-12 binds to LGG-1 or LGG-2, the C. 
elegans homologues of Atg8 (ref. 23). In vitro pull-down assays showed 
that only LGG-1 interacts with RPL-12 (Extended Data Fig. 6b). We then 
examined the binding capabilities of WT RPL-12 and the P3N-E21L 
mutant proteins, which were purified from E. coli, to LGG-1 using GST 
pull-down assays. The results demonstrated that WT RPL-12 robustly 
binds to LGG-1, while the RPL-12 P3N-E21L mutant fails to bind (Fig. 5a). 

Fig. 5 | The function of RPL-12 as a ribophagy receptor is conserved in 
C. elegans. a, GST pull-down assays using purified His–TF–RPL-12 or TF–
RPL-12P3N-E21L with GST–LGG-1 from E. coli. The experiments were repeated 
independently three times with similar results. b, Co-IP between GFP–LGG-1 
and either endogenous WT RPL-12 or RPL-12P3N-E21L (from syb7750[P3N-E21L]) 
using worm lysates. c, Western blotting analysis of ribophagic activity in N2, 
rpl-12(syb7750[P3N-E21L]) and atg-3(bp412). Animals were subjected to starvation 
for 0 h or 24 h. Tubulin served as a loading control. d, Quantification of protein 
degradation ratios from c. e, Total RNA extracted from the indicated worms 
starved for 0 h or 24 h, analysed on a formaldehyde agarose gel. Total DNA 
served as a loading control. f, Quantification of rRNAs from e. g, A flowchart 
for assessing L1 larvae survival under starvation. h, Survival rates of L1 larvae 
for indicated strains under starvation. N2: n = 287, atg-3(bp412): n = 101, 
rpl-12(sb7750): n = 126. i, The mean lifespan of larvae from h. j, The survival 

rate of each indicated strain exposed to PA14. N2: n = 53, atg-3(bp412): n = 53, 
rpl-12(sb7750): n = 51, Ex [rpl-12p::rpl-12 WT cDNA]: n = 50, Ex [rpl-12p::rpl-12 
mut cDNA]: n = 46. k,l, Quantification of worm length (k) and brood size (l) 
for each indicated strain (n = 20). m, Lifespan analyses of strains. N2: n = 121, 
atg-3(bp412): n = 119, rpl-12(sb7750): n = 120, Ex[rpl-12p::rpl-12 WT cDNA]: n = 146, 
Ex[rpl-12p::rpl-12 mut cDNA]: n = 131. n, Lifespan analyses of strains. N2: n = 125, 
atg-3(bp412): n = 106, rpl-12(sb7750): n = 128, daf-2(e1370): n = 113, rpl-12(sb7750); 
daf-2(e1370): n = 130. Data in a–c and e are representative of three independent 
experiments. Statistical significance: ***P < 0.001, **P < 0.01 and *P < 0.05.  
P values were calculated by two-tailed Student’s t-tests (d, f, i, k and l) or  
log-rank (Mantel–Cox) test (j, m and n). The data in d, f, i, k and l are presented  
as mean ± s.d. (n = 3 biological replicates). Exact P values, source numerical data 
and unprocessed blots or gels are provided.

Fig. 4 | Ribophagy is crucial for maintaining cellular survival during 
starvation. a, The indicated yeast cells were treated with IAA for 2 h, then 
subjected to SD-N for 0 h or 1 h. Polysome profiles were analysed. b, The indicated 
yeast cells treated with IAA for 2 h and subjected to SD-N for 6 h were visualized 
using APEX-TEM. Scale bar, 500 nm. c, The indicated yeast cells expressing GFP–
Atg8 were treated with IAA for 2 h and subjected to SD-N for 0 h or 4 h. Protein 
samples were analysed by western blot using the indicated anti-GFP antibody. 
d, The indicated yeast cells were grown to early log phase and then subjected to 
IAA for 2 h. The activity of the Cvt pathway was analysed by analysing Pro-Ape1 
maturation via western blot. e,f, The indicated yeast cells expressing Sec63–GFP 
(ER marker) (e) or Faa4–GFP (lipid droplet marker) (f) were treated with IAA for 
2 h, followed by SD-N for 0 h or 8 h. Different organelles labeled with GFP reflect 
the occurrence of different types of selective autophagy. Specifically, Sec63 is 
a marker for the endoplasmic reticulum and Faa4 is a marker for lipid droplets. 
The cleavage of Sec63–GFP reflects the occurrence level of ER autophagy and the 
cleavage of Faa4–GFP reflects the occurrence level of lipid droplet autophagy. 

Protein samples were analysed by western blot with an anti-GFP antibody. 
g,h, The indicated yeast cells expressing Rpl10–GFP (g) or Rps27a–GFP (h) were 
subjected to SD-N for 0 h or 6 h. The components of the ribosomal large (Rpl10) 
or small (Rps27a) subunits labeled with GFP reflect the degradation of ribosomal 
subunits. Ribophagic activity was analysed by detecting GFP cleavage via western 
blot with anti-GFP antibody. i, Yeast cells treated with IAA for 2 h, followed 
by SD-N for varying time periods, were stained with 2.5 µg ml−1 phloxine B to 
identify dead cells. Images were obtained using fluorescence microscopy. Scale 
bar, 2 µm. j, Quantification of phloxine B-positive dead cells relative to the total 
cells observed under bright-field microscopy. n = 300 cells were pooled from 
three independent experiments. The data presented in a–i are representative 
of three independent experiments. Pgk1 served as a loading control. Data are 
shown as mean ± s.d. (n = 3 biologically independent experiments). ***P < 0.001; 
two-tailed Student’s t-tests were used. Exact P values, source numerical data and 
unprocessed blots are provided.
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To further test the binding between the endogenous RPL-12 and LGG-1, 
we generated an anti-RPL-12 antibody and introduced P3N-E21L muta-
tions in the endogenous rpl-12 gene (syb7750[P3N-E21L]) in C. elegans. 
Co-IP results showed that both the P3 and E21 residues within RPL-12 
are crucial for interaction with LGG-1 in C. elegans (Fig. 5b).

We then explored whether the binding of RPL-12 with LGG-1 is 
required for ribophagy in C. elegans. Specific antibodies targeting C. 
elegans ribosomal proteins revealed significant degradation of ribo-
somal proteins in WT worms under starvation conditions. By contrast, 
both the atg-3(bp412) and rpl-12(syb7750[P3N-E21L]) mutants displayed 
notable inhibition of ribosomal protein degradation24 (Fig. 5c,d). Simi-
larly, inhibition in rRNA degradation was observed in both mutants 
compared with WT animals under starvation conditions (Fig. 5e,f). 
Moreover, this degradation of ribosomal proteins dependent on lyso-
somal activity25 (Extended Data Fig. 6c,d). Collectively, these find-
ings indicate the conservation of RPL-12 as a ribophagy receptor in 
C. elegans.

Subsequently, we investigated the physiological functions of 
ribophagy in C. elegans. Earlier studies have highlighted the critical role 
of autophagy in maintaining the survival of C. elegans during starva-
tion24. As shown in Fig. 5g–i, the number of days required for complete 
mortality under starvation conditions was 24 days for WT, 5 days for 
atg-3(bp412) and 9 days for rpl-12(syb7750[P3N-E21L]) mutants, indicat-
ing a significant contribution of ribophagy to worm mortality induced 
by autophagy defects during starvation. In addition, ribophagy played 
a protective role against external pathogenic bacterial infections, 
as rpl-12(syb7750[P3N-E21L]) mutants displayed decreased survival 
during infection with pathogenic Pseudomonas aeruginosa (PA14)26. 
Conversely, overexpression of WT RPL-12, but not the P3N E21L mutant 
variant, enhanced survival during PA14 infection (Fig. 5j and Extended 
Data Fig. 6e), suggesting a positive role of ribophagy in infection and 
immune responses. Further investigation into the impact of ribophagy 
on growth, development and reproduction revealed its involvement in 
various crucial physiological functions. The rpl-12(syb7750[P3N-E21L]) 
mutant displayed phenotypes similar to atg-3(bp412) mutant, including 
shorter body length, reduced brood size and retarded larval develop-
ment (Fig. 5k,l and Extended Data Fig. 6f). Nevertheless, unlike the 
atg-3(bp412) mutant, the rpl-12(syb7750[P3N-E21L]) mutant did not 
show a significant difference in the percentage of embryos hatching 
into larvae (Extended Data Fig. 6g), suggesting that other forms of 
autophagy, rather than ribophagy, contribute to this process.

Next, we investigated the impact of ribophagy on lifespan. Lifespan 
measurements revealed that C. elegans treated with rpl-12 RNA interfer-
ence (RNAi) had a shortened lifespan, while rpl-26 RNAi worms showed no 
lifespan difference compared with WT worms (Extended Data Fig. 6h,i). 
Furthermore, we examined the effects of the rpl-12(syb7750[P3N-E21L]) 
mutant and RPL-12 overexpression on lifespan. Our results showed that, 
similar to rpl-12 RNAi worms, rpl-12(syb7750[P3N-E21L]) mutant exhibited 
a shortened lifespan, whereas overexpression of WT RPL-12 extended 

lifespan (Fig. 5m). In addition, when we introduced the P3N-E21L muta-
tion in RPL-12 into the daf-2 mutant background, known for its signifi-
cantly extended lifespan27, we observed a substantial reduction in the 
lifespan of long-lived daf-2 mutant animals with the rpl-12 mutation 
(Fig. 5n). Collectively, these results demonstrate the involvement of RPL-
12 as a ribophagy receptor in various crucial physiological functions in  
C. elegans.

RpL12 is a conserved receptor for ribophagy in Drosophila
Considering the conserved Atg8/LC3 docking sites, P3 and E21, within 
RpL12 protein and the presence of a mammalian NUFIP1 homologue 
in Drosophila, we examined RpL12 whether functions as a ribophagy 
receptor in Drosophila. Both in vitro pull-down and co-IP assays con-
sistently showed that WT RpL12, but not the RpL12 P3N-E21L mutant, 
interacted with Atg8a (the Drosophila homologue of Atg8)28 (Fig. 6a,b). 
Next, we investigated which part of the flies displayed the most notable 
ribophagy during starvation and found that ribophagy was dramati-
cally induced in the thoraxes of starved flies (Fig. 6c), suggesting a 
close association between ribophagy and muscle-related functions.

To investigate the functional conservation of RpL12 in fly ribo-
phagy, we used a Cas9-mediated knock-in strategy to generate the 
RpL12 P3N-E21L mutant. Under starvation conditions, both the expres-
sion level of ribosome proteins and rRNA indicated that flies harbouring 
the RpL12 P3N-E21L mutant or undergoing RNA interference targeting 
Atg5 exhibited resistance to starvation-induced ribophagy (Fig. 6d–f 
and Extended Data Fig. 7a). Concurrently, this degradation of ribosomal 
proteins is dependent on lysosomal activity (Extended Data Fig. 7b,c). 
Immunofluorescence assays further revealed that co-localization of 
RpL12 with Atg8a was significantly suppressed in the RpL12 P3N-E21L 
mutant (Extended Data Fig. 7d,e). A ribosome profiling assay confirmed 
that the P3N-E21L substitution did not impair ribosome functionality 
(Extended Data Fig. 7f). These findings suggest that RpL12 serves as a 
conserved ribophagy receptor in Drosophila.

Next, we investigated the physiological functions of RpL12- 
mediated ribophagy. Consistent with findings in yeast and C. elegans, 
flies with RpL12 P3N-E21L mutation exhibited high sensitivity to star-
vation, with their median survival time reduced from ~32 h to ~24 h 
(Fig. 6g). The P3N-E21L mutation also worsened starvation-induced 
impairments in climbing ability, suggesting that ribophagy defects 
contribute to heightened starvation susceptibility (Fig. 6h). In addi-
tion, the lifespans of RpL12 P3N-E21L mutant flies were significantly 
shortened, with the median lifespan reduced from ~60 days to ~51 days 
(Fig. 6i). Climbing ability also declined with age in these mutant flies 
(Fig. 6j). Locomotion assays revealed that the RpL12 P3N-E21L mutant 
significantly reduced both the distance moved and average speed 
in aged flies (Fig. 6k–m), indicating the pivotal role of ribophagy in 
regulating fly ageing. Given that ribophagy occurs most notably in the 
thoraxes of flies, we examined their muscles using paraffin sections 
and haematoxylin and eosin (H&E) staining29. The P3N-E21L mutantion 

Fig. 6 | RPL12 is a conserved ribophagy receptor in Drosophila. a, GST pull-
downs were performed using His-tagged TF-RPL12 or RPL12P3N-E21L with GST–
Atg8a from E. coli. The experiments were repeated independently three times 
with similar results. b, Co-IP was used to analyse the interaction of RpL12–
3×FLAG, RpL12P3N-E21L(M)–3×FLAG and ATG8a. Flies were starved for 1 h (n = 3 
biological replicates). c, The levels of ribosomal proteins in various tissues after 
starvation treatment. The results were quantified (n = 3 biological replicates). 
d,e, Both images show ribosome degradation, displaying ribosomal proteins 
(d) and illustrating rRNA degradation (e). The levels of ribosomal proteins 
and RNAs in WT, RPL12P3N-E21L(M) and Atg5 RNAi flies after 8 h of starvation. The 
experiments were repeated independently three times with similar results. f, The 
quantitation of e. Three groups, n = 15 each. g, Starvation resistance of WT and 
RPL12P3N-E21L(M) flies. n = 60. h, The climbing ability of WT and RPL12P3N-E21L(M) 
flies after starvation treatment. Five groups, n = 10 each. i, The longevity of WT 
and RPL12P3N-E21L(M) flies at 25 °C. n = 90. j–m, The climbing ability (j, 8 groups, 

n = 10 each) and locomotion (visualized motion trajectories (k) and quantified 
motion (distance (l) and speed (m)), n = 3) of the aged WT and RPL12P3N-E21L (M) 
flies. Panels l and m are quantitated from k. n–q, The pupation rate (n) and 
pupa emergence rate (o) and the length of pupa (p) and adult flies (q) were 
quantified; 10 groups, n = 20 each (n and o); n = 10 (p); n = 20 (q). r, The starvation 
resistance of WT, RpL12 overexpression (OE) and RPL12P3N-E21L(M) OE flies. n = 50. 
s, Lifespans of the indicated flies were recorded at 25 °C. n = 50. t, The climbing 
ability of the indicated aged flies; 5 groups, n = 10 each. u,v, Survival rates of 
indicated flies exposed to S. aureus (u) and S. typhimurium (v). n = 21. MHC-Gal4 
was used to drive the expression and KD of genes in b and r–t; Da-Gal4 was used 
in c. Statistical significance: ***P < 0.001, **P < 0.01 and *P < 0.05. The log-rank 
(Mantel–Cox) test was used to analyse survival rate differences (g, i, r, s, u and 
v), two-tailed Student’s t-test was used for comparing differences between two 
groups (f, h, j, l–q and t) and the data represent mean ± s.d. Exact P values, source 
numerical data and unprocessed blots or gels are provided.
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substantially exacerbated age-related muscle degeneration (Extended 
Data Fig. 7g). Phalloidin staining further showed an expansion of Z-lines 
in mutant flies, providing additional support for the aggravating effect 
of ribophagy defect on muscle integrity (Extended Data Fig. 7h,i). Sub-
sequently, the impact of ribophagy on fly development was explored, 
showing that the RpL12 P3N-E21L mutant led to a decrease in both the 
pupation and pupa emergence rates, along with smaller pupa length 
and adult fly sizes (Fig. 6n–q). These results collectively indicate the 
involvement of ribophagy in the regulation of fly ageing, growth and 
development.

To confirm the specific role of RpL12 in ribophagy, RpL12 was 
specifically knocked down in the indirect flight muscle tissue of flies. 
As controls, Atg5, another ribosomal large subunit protein RpL11, and 
Nufip (CG4076) (the mammalian NUFIP1 homologue in Drosophila)30, 
were also knocked down (Extended Data Fig. 7j). Upon treatment with 
starvation, significant degradation of ribosomal proteins and rRNAs 
was observed in WT, RpL11 RNAi and Nufip RNAi flies. By contrast, 
KD of RpL12 or Atg5 prevented the reduction of ribosomal proteins 
and rRNAs (Extended Data Fig. 7k–o). Similar to the RpL12 P3N-E21L 
mutant, RpL12 RNAi flies were more sensitive to starvation (Extended 
Data Fig. 7p), with the decline in climbing ability induced by starvation 
further exacerbated (Extended Data Fig. 7q). In addition, RpL12 RNAi 
flies exhibited reduced lifespan and worsened age-related declines 
in climbing ability (Extended Data Figs. 7r and 8a). Furthermore, the 
downregulation of RpL12 also impaired fly development. However, 
these effects were not observed in RpL11 or Nufip RNAi flies (Extended 
Data Fig. 8b–e), highlighting the unique role of RpL12 as a ribophagy 
receptor in Drosophila.

Furthermore, overexpression of WT RpL12, rather than RpL12 
P3N-E21L or RpL13, markedly enhanced the resistance of Drosoph-
ila to starvation and ageing, with the median survival time increas-
ing from ~28 h to ~32 h, and the median lifespan increased from 
~63 days to ~69 days (Fig. 6r,s). Notably, ageing, starvation or Aβ 
accumulation-induced impairment in climbing ability was also sig-
nificantly alleviated by the overexpression of WT RpL12 (Fig. 6t and 
Extended Data Fig. 8f–h). Subsequently, the investigation extended to 
explore whether ribophagy plays a crucial role in the defence against 
pathogenic bacteria. The RPL12 P3N-E21L mutant flies significantly 
exacerbated the susceptibility to Staphylococcus aureus and Salmo-
nella spp., resulting in a decrease in median survival time from ~20 h 
to ~16 h and from ~20 h to ~12 h, respectively. By contrast, WT RpL12 
overexpression significantly enhanced resistance to pathogenic bac-
teria, whereas overexpression of RpL12 P3N-E21L or RpL13 had no 
effect (Fig. 6u,v). Collectively, these findings suggest that RpL12, as a 

ribophagy receptor, plays a critical role in the defence against patho-
gen infection.

We then investigated whether overexpression of RpL12 could 
promote ribophagy. After 4 h of starvation, flies overexpressing RpL12 
showed significantly higher levels of ribosomal protein degradation 
compared with WT flies (Extended Data Fig. 8i,j). Co-IP experiments 
revealed that the overexpressed RpL12–3×FLAG protein interacted with 
multiple ribosomal proteins (Extended Data Fig. 8k). Furthermore, 
polysome profiling of both WT and RpL12–3×FLAG-overexpressing 
flies showed a slight increase in polysomes in the latter (Extended Data 
Fig. 8l). Western blot analysis confirmed that both endogenous RpL12 
and RpL12–3×FLAG were present in the 60S, 80S and polysome frac-
tions, with a higher abundance in polysomes (Extended Data Fig. 8m,n). 
These findings collectively suggest that Rpl12–3×FLAG overexpression 
in flies promotes ribophagy during starvation, and the overexpressed 
Rpl12–3×FLAG is effectively incorporated into ribosomes.

RPL12 is a conserved ribophagy receptor in mammals
Next, we investigated whether RPL12 functions as a ribophagy 
receptor in mammalian cells. Given that human cells contain six 
Atg8 paralogues31, we sought to identify which of these paralogues 
interacts with RPL12. Co-IP assays revealed that LC3C, GABARAP and 
GABARAPL1 interact with RPL12 (Fig. 7a). Moreover, the binding of 
human RPL12(hRPL12) to these paralogues depends on the P3 and E21 
residues of Rpl12 (Fig. 7b and Extended Data Fig. 9a). GST pull-down 
experiments further showed that only LC3C and GABARAP directly 
interact with hRPL12, while GABARAPL1 does not bind directly to RPL12, 
suggesting that GABARAPL1’s interaction may be indirect or context 
dependent within cells (Extended Data Fig. 9b). In addition, in vitro 
pull-down assays confirmed that WT RPL12, but not the RPL12 P3N-E21L 
mutant, can directly interact with LC3C and GABARAP (Extended Data 
Fig. 9c). Subsequently, we investigated whether RPL12 is required 
for ribophagy in mammals. First, we confirmed the pivotal role of 
autophagy in ribosome turnover during starvation5 (Extended Data 
Fig. 9d,e). We then generated stable RPL12 KD in the HEK293T cell line. 
Under Earle’s balanced salt solution (EBSS) starvation conditions, the 
expression levels of endogenous ribosomal proteins, other organelle 
proteins (mitochondria, TIM23; ER, RTN4) and rRNAs indicated a spe-
cific involvement of RPL12 in ribophagy (Extended Data Fig. 9f–i). Fur-
thermore, the RPL12 P3N-E21L mutation, which disrupts RPL12’s binding 
to LC3s, also impaired starvation-induced ribophagy (Fig. 7c–f). This 
degradation of ribosomal proteins was dependent on lysosomal activity 
(Extended Data Fig. 9j). TEM analysis further confirmed that the inter-
action between RPL12 and Atg8s is crucial for mammalian ribophagy 

Fig. 7 | RPL12 is a conserved ribophagy receptor in mammalian cells. 
a, HEK293T cells co-transfected with HA–LC3A, HA–LC3B, HA–LC3C, HA–
GABARAP, HA-GABARAPL1 or HA–GABARAPL2 along with RPL12–3×FLAG 
plasmids were starved in EBSS for 1 h. Cell lysates were immunoprecipitated 
using anti-HA agarose beads and analysed by western blot with an anti-FLAG 
antibody. b, HEK293T cells co-transfected with HA–LC3C and either RPL12–
3×FLAG or RPL12P3N-E21L–3×FLAG plasmids were starved in EBSS for 1 h. Cell 
lysates were immunoprecipitated using anti-HA agarose beads and analysed 
by western blot with an anti-FLAG antibody. c, RPL12 KD HEK293T cells co-
transfected with the indicated plasmids were starved for the indicated times, and 
ribophagy activity was assessed by western blot for the degradation of ribosomal 
proteins, with tubulin serving as a loading control. d, Quantification of protein 
degradation ratios from c. e, Total RNA extracted from cells starved for 0 h or 
10 h was analysed on formaldehyde agarose gels. f, rRNAs from e were quantified. 
g,h, The effects of RPL12 KD cells (g) and the impact of supplementing different 
plasmids in the context of RPL12 KD cells (h). Panels g and h have different cell 
backgrounds and exhibit a progressive logical relationship. The indicated cells 
treated with Torin1 and concanamycin A for 4 h were analysed using electron 
microscopy. Ribosomes in the cytoplasm are indicated by blue arrowheads 
and those within autophagosomes by red arrowheads. Scale bar, 500 nm. i, 

Immunofluorescence was performed on U2OS cells expressing RPL12–3×FLAG 
or Rpl12P3N-E21L–3×FLAG treated with EBSS starvation for 0 h or 1 h using anti-FLAG 
and anti-LC3 antibodies. Scale bars, 10 µm (overview) and 2 µm (insets: magnified 
views). j, Co-localization of LC3 with RPL12–3×FLAG or Rpl12P3N-E21L–3×FLAG 
was quantified from i (n = 30 cells). k, Ribosome profiling of the indicated cell 
lines under nutrient-rich and starvation conditions. l,m, Cells cultured in HBSS 
medium for 0 h or 48 h were stained with Giemsa solution and imaged (l), and 
cell survival was quantified (m). n,o, The indicated cells infected with RFP-
labelled S. typhimurium for 4 h or 8 h were analysed for bacterial replication via 
immunostaining (n) and colony-forming unit assays (o). After 1 h of infection with 
S. typhimurium, the cells were cultured in fresh DMEM containing gentamicin 
for continued incubation. Samples were collected at 0 h, 4 h and 8 h of culture. 
Counterstaining was conducted using an anti-tubulin antibody (green). Scale 
bar, 10 µm (Methods). p, A model illustrating RPL12 as a ribophagy receptor 
mediating ribosome turnover. Data in a–e, g–i, k, l and n are representatives 
of three independent experiments. Statistical significance: ***P < 0.001 and 
**P < 0.01. P values in d, f, j, m and o were calculated using two-tailed Student’s t-
tests and are presented as mean ± s.d. (n = 3 biological replicates). Exact P values, 
source numerical data and unprocessed blots or gels are provided.
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(Fig. 7g,h). We next examined the co-localization of RPL12 and LC3 in 
mammalian cells. Immunofluorescence assays indicated substantial 
co-localization between RPL12 and LC3 under EBSS starvation condi-
tions, while the RPL12 P3N-E21L mutation showed a marked decrease 
in co-localization with LC3 (Fig. 7i,j). Early markers of autophago-
some formation, such as ATG14 and ATG16, also displayed significant 
co-localization with RPL12 under starvation conditions32,33 (Extended 
Data Fig. 9k–n). In addition, both WT RPL12 and the RPL12 P3N-E21L 
mutant exhibited similar polysome profiles under nutrient-rich and 
EBSS starvation conditions (Fig. 7k), indicating that the P3N-E21L 
mutation does not impair ribosome function. Taken together, these 
data show that Rpl12 serves as a bona fide ribophagy receptor in mam-
malian cells.

We then investigated whether RPL12 is required for cellu-
lar survival during starvation. Results from clonogenic survival 
assays and direct cell counting revealed that RPL12 KD or loss of its 
Atg8s-binding ability reduced cell survival under nutrient depriva-
tion (Fig. 7l,m). Subsequently, we investigated the physiological 
function of RPL12 as a ribophagy receptor by conducting a bacterial 
infection assay34. Various cell lines, including WT HEK293T, Atg7 KO, 
RPL12 KD, RPL12 KD + WT RPL12 and RPL12 KD + RPL12 P3N-E21L, 
were infected with red fluorescent protein (RFP)-marked Salmonella. 
ATG7 KO, RPL12 KD and RPL12 KD + RPL12 P3N-E21L cells showed 
increased permissiveness to Salmonella replication compared with 
WT HEK293T and RPL12 KD + WT RPL12 cells, as indicated by higher 
numbers of red fluorescent bacteria in the cytosol (Fig. 7n). A quan-
titative assay measuring in vivo bacterial growth also showed sig-
nificantly increased Salmonella replication in RPL12 KD and RPL12 
KD + RPL12 P3N-E21L cells compared with WT HEK293T and RPL12 
KD + WT RPL12 cells34 (Fig. 7o). Cumulatively, these results align 
with findings from C. elegans and Drosophila, demonstrating that 
ribophagy contributes to the autophagy-mediated suppression of 
bacterial replication in vivo.

We next explored which Atg8 homologues in mice directly bind 
to mouse RPL12 (mRPL12). Mice possess five Atg8 paralogues35, and 
co-IP experiments revealed that mRPL12 interacts with mLC3A, mLC3B 
and mGABARAP (Extended Data Fig. 10a), with the P3 and E21 sites of 
mRPL12 being crucial for these interactions (Extended Data Fig. 10b). 
In vitro GST pull-down assays further confirmed direct interactions 
between mRPL12 and mLC3A, mLC3B and mGABARAP (Extended Data 
Fig. 10c), which also depend on the P3 and E21 sites of mRPL12 (Extended 
Data Fig. 10d). These findings suggest that P3 and E21 sites of mRPL12 
are important for its binding to Atg8 homologues in mice. To examine 
whether mRPL12 regulates liver ribophagy in mice, fed mice were intra-
peritoneally injected with recombinant adeno-associated virus (rAAV) 
expressing liver-specific WT RPL12 (rAAV-RPL12) or RPL12-P3N-E21L 
(rAAV-RPL12-P3N-E21L)36. After 4 weeks of viral infection, no notable 
differences in body weight were observed among the groups. In the 
livers of treated mice, the RPL12-P3N-E21L mutant impaired ribosome 
protein and rRNA degradation in response to starvation, compared 
with WT RPL12 (Extended Data Fig. 10e–h). Analysis of liver meta-
bolic flux revealed that RPL12-mediated ribophagy regulates amino 
acid, carbohydrate, lipid and nucleotide metabolism (Extended Data 
Fig. 10i,j and Supplementary Table 4). Remarkably, the glucose level 
notably decreased in the livers of mice overexpressing RPL12-P3N-E21L 
(Extended Data Fig. 10j). Furthermore, under fasting conditions, these 
mice exhibited lower blood glucose levels (Extended Data Fig. 10k). 
Previous reports have highlighted the crucial role of autophagy in 
maintaining serum glucose homeostasis during starvation37. These data 
suggest that RPL12-mediated ribophagy plays a key role in maintain-
ing serum glucose homeostasis under starvation conditions. Further 
analysis revealed that hepatic glycogen accumulates in mice with the 
overexpression of RPL12-P3N-E21L under starvation (Extended Data 
Fig. 10l). Collectively, these results confirm the physiological role 
of RPL12 as a ribophagy receptor in regulating ribosome turnover 

and maintaining cellular homeostasis in the liver under starvation 
conditions.

Discussion
In this study, we identified a highly conserved ribophagy receptor, 
Rpl12, from yeast to mammalian cells. It fulfils the characteristics of 
being a ribophagy receptor: (1) it is required for ribosome degrada-
tion under starvation conditions; (2) it is located on the inner surface 
of the ribosome and directly interacts with Atg8s; (3) deficiency of 
its interaction with Atg8s inhibits ribosome degradation during 
starvation. In addition, we defined the trigger signal for ribophagy 
under starvation conditions. Under nitrogen starvation, Atg1 activa-
tion leads to RPL12 phosphorylation, which enhances its binding to 
Atg11 and directs ribosomes to the autophagosome for degradation 
(Fig. 7p).

Ribosomal turnover is essential for maintaining cellular homeo-
stasis. Current research indicates that ribosomes degrade not only 
through ribophagy but also via bulk autophagy and the ubiquitin–pro-
teasome pathway4,5,38,39. Therefore, identifying the dominant pathway 
for ribosome turnover remains a persistent question within this field. 
Previous studies revealed that NUFIP1 is not required for ribophagic 
flux during amino acid withdrawal in HEK293T cells40, and while it is 
crucial for rRNA degradation in mCAF cells under glutamine starva-
tion, it does not affect ribosomal protein degradation6. Therefore, 
understanding the physiological functions of ribophagy is vital for 
comprehending its significance in ribosome turnover. In this study, we 
found that the loss of RPL12-mediated ribophagy impairs the survival 
of S. cerevisiae, C. elegans, Drosophila and mammalian cells under 
starvation conditions, indicating that ribophagy emerges as a crucial 
mechanism for nutrient sourcing and an important contributor to bulk 
autophagy in promoting cell survival upon starvation. Furthermore, 
our findings demonstrate that impairing RPL12-mediated ribophagy 
significantly impedes the growth, development and lifespan in both C. 
elegans and Drosophila, underscoring its pivotal role in fundamental 
physiological processes. Notably, we found a notable ribophagy induc-
tion in the thoraxes of flies under starvation conditions, and the loss 
of RPL12-mediated ribophagy in flies manifested as a motor deficit, 
showing a close association between ribophagy and muscle-related 
functions. Lastly, we have uncovered that RPL12-mediated ribophagy 
plays a crucial role in the infection and immune response processes 
across multiple organisms.

Interestingly, we found that overexpressing WT RPL12, rather 
than the RPL12 E3N-P21L or other ribosomal proteins, significantly 
extends the lifespan in both nematodes and flies. We also showed that 
overexpression of RPL12 in flies can partially rescue the impairment 
of climbing ability under starvation, ageing or Aβ accumulation con-
ditions. Furthermore, we uncovered in both C. elegans and flies that 
overexpression of RPL12 can significantly increase their resistance 
to pathogen infection. These results suggest that enhancing RPL12 
expression could prolong lifespan, improve motor function in aged 
organisms and increase organism resistance to pathogen infection. 
Further investigation revealed that RPL12 overexpression promotes 
starvation-induced ribophagy, aligning with evidence that upregulat-
ing specific receptors involved in selective autophagy can accelerate 
substrate degradation41–43. Consequently, RPL12 emerges as a potential 
target for enhancing ribophagy, with implications for lifespan exten-
sion, improved motor function and increased pathogen resistance. 
This aspect will be a primary focus of our future research.
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Methods
Our research complied with all of the relevant ethical regulations. All 
of the animal procedures were conducted according to the protocols 
approved by the Animal Care and Use Committee of the animal facility 
at Zhejiang University.

Yeast strains, constructs and growth conditions
All yeast strains used in this study are listed in Supplementary Table 5. 
The WT strain (BY4741) and the gene deletion library were purchased 
from Invitrogen (95401.H2). Related strains were constructed as 
described previously44 and confirmed through western blot analysis 
or polymerase chain reaction (P505-d1, Vazyme). All mutant plasmids 
and related strains underwent sequencing (Tsingke Biotechnology). 
Yeast cells were cultured at 30 °C in synthetic medium (SD), which 
contained 0.17% yeast nitrogen base without amino acids and ammo-
nium sulfate, 0.5% ammonium sulfate, 2% glucose and the requisite 
auxotrophic amino acids and vitamins. To induce autophagy, cells 
were grown to the early-log phase and treated with nitrogen starvation 
(SD-N), comprising 0.17% yeast nitrogen base without amino acids and 
ammonium sulfate, along with 2% glucose.

C. elegans strains and genetics
The Bristol N2 strain was used as the WT, with all strains cultured 
on nematode growth medium (NGM) plates seeded with E. coli 
OP50 at 20 °C. The following strains were used: N2, atg-3(bp412), 
rpl-12(syb7750[P3N-E21L]) (PHX7750, SunyBiotech), daf-2(e1370), 
rpl-12(syb7750[P3N-E21L]); daf-2(e1370), zacEx2240 [rpl-12p::rpl-12 WT 
cDNA] and zacEx2238[rpl-12p::rpl-12 P3N-E21L cDNA]. Transgenic lines 
zacEx2240and zacEx2238 were generated using standard microin-
jection methods45. syb7750(rpl-12 P3N-E21L) mutant strain was gener-
ated using CRISPR–Cas9-mediated homologous recombination at the 
genomic locus of rpl-12( JC8.3) in the WT genetic background, which 
was designed and generated by SunyBiotech. The point mutations were 
confirmed by Sanger sequencing.

Drosophila stocks and genetics
The Elav-Gal4, MHC-Gal4 and Da-Gal4 flies were obtained from the 
Bloomington Drosophila Stock Center (Indiana University, Bloom-
ington, USA). UAS-Atg5 RNAi flies and UAS-Nufip RNAi were acquired 
from the Tsinghua Fly Centre (Beijing, China), while UAS-RPL11 RNAi 
and UAS-RPL12 RNAi flies were obtained from the Vienna Drosophila 
Resource Center (VDRC, Austria). To generate the UAS-RPL12–3×FLAG 
and UAS-RPL12 P3N-E21L–3×FLAG flies, RPL12–3×FLAG and RPL12 
P3N-E21L–3×FLAG sequences were synthesized and cloned into the 
pUAST plasmid by TSINGKE, then injected into WT (w1118) flies to obtain 
the transgenes. The UAS-RPL13A–3×FLAG flies were generously pro-
vided by Dr Feng He from Zhejiang University.

The RPL12(P3N-E21L) mutant flies were generated using CRISPR–
Cas9 technology at the genomic locus of RPL12(CG3195) in WT (w1118) flies, 
which was designed and produced by Fungene Biotech. The mutational 
status of the flies was confirmed by sequencing. In experiments involv-
ing RPL12(P3N-E21L) flies, WT (w1118) flies served as the control group. Fly 
starvation induction followed a slightly modified version of previously 
described methods46. In brief, newly eclosed flies were subjected to an 8 h 
starvation period in empty vials containing only dH2O-soaked filter paper.

Cell culture and authentication
The cells were cultured in Dulbecco’s modified Eagle medium (DMEM) 
containing 10% foetal bovine serum and incubated at 37 °C with 5% CO2 
in a tissue culture chamber. U2OS, HEK293T and ATG7 KO HEK293T cells 
were donated by Prof. Sun Qiming from Zhejiang University. RPL12 
KD HEK293T cells were constructed in our laboratory. The U2OS and 
HEK293T cell lines were authenticated by Procell Life Science & Tech-
nology (short tandem repeat profiling). ATG7 KO HEK293T cells and 
RPL12 KD HEK293T cells were authenticated by western blot.

Construction of stable RPL12 KD cell lines
A pLV3-RPL12-Puro vector containing the designed shRNA sequence 
(5′-CATTAAACACAGTGGGAATAT-3′) was cloned. HEK293T cell lines sta-
bly expressing RPL12 shRNA or control shRNA were obtained through 
lentivirus infection and subsequently selected with 1 µg ml−1 of puromy-
cin. Recombinant lentiviruses were generated following the lentiviral 
packaging protocol. The efficiency of RPL12 KD was assessed using 
western blotting with an anti-RPL12 antibody (Proteintech, 14536-1-AP).

Antibodies
The antibodies used in this study were as follows: anti-Pgk1 (Nordic 
Immunology, NE130/7S; 1:10,000), anti-FLAG (Sigma, F1804; 1:2,500) 
for western blot, anti-FLAG (TRAN, R10427; 1:600) for immunostain-
ing, anti-HA (Abmart, M20003L; 1:3,000), anti-thiophosphate ester 
(Abcam, ab133473; 1:10,000), anti-GFP (Roche, 11814460001; 1:2,500), 
anti-His (Proteintech, Hrp-66005, 1:2,000), anti-RPL12 (Proteintech, 
14536-1-AP P, 1:2,000), anti-RPL23 (Proteintech, 16086-1-AP, 1:2,000), 
anti-RPL7 (Proteintech, 14583-1-AP, 1:2,000), anti-RPS5 (Proteintech, 
16964-1-AP, 1:2,000), anti-RPL26 (Proteintech, 17619-1-AP, 1:2,000), 
anti-RPS14 (Proteintech, 16683-1-AP, 1:2,000), anti-Atg7 (Proteintech, 
10082-2-AP, 1:5,000), anti-tubulin (Proteintech, 11224-1-AP, 1:10,000), 
anti-TIM23 (Proteintech, 11123-1-AP, 1:3,000), anti-RTN4 (Protein-
tech, 10950-1-AP, 1:3,000), anti-p62/SQSTM1 (Proteintech, 18420-1-AP, 
1:5,000), anti-LC3 (MBL, PM036, 1:1,000), anti-Cherry (Biodragon, 
B1026, 1:2,000), anti-ATG14 (Proteintech, 19491-1-AP, 1:100 for immu-
nostaining), anti-ATG16L (Proteintech, 29445-1-AP, 1:100 for immu-
nostaining), anti-Atg8a (Millipore, ABC974; 1:2,000 for western blot; 
1:600 for immunostaining), anti-Ape1 antibody was obtained from 
Dr Zhiping Xie Lab (Shanghai Jiaotong University, China); 1:5,000 for 
western blot, anti-RPS-0, anti-RPL-5 and anti RPL-25.2 antibodies were 
obtained from Dr Xiaochen Wang (IBP, Chinese Academy of Sciences, 
China); 1:1,000 for western blot, goat anti-mouse IgG1, human ads-HRP 
(SouthernBiotech, 1070-05; 1:10,000); goat anti-rabbit, human ads-HRP 
(SouthernBiotech, 4010-05; 1:10,000) goat anti-mouse IgG H&L Alexa 
Fluor 488 (Abcam, cab150113; 1:1,000); goat anti-rabbit IgG H&L Alexa 
Fluor 594 (Abcam, ab150080; 1:1,000). Anti-Rps2, anti-Rps5, anti-Rpl12, 
anti-Rpl25 and anti-Rpl38 antibodies for S. cerevisiae (1:1,000 for west-
ern blot); anti-RPS-2, anti-RPS-5, anti-RPS-13, anti-RPL-12, anti-RPL-26 
and anti-RPL-27 antibodies for C. elegans (1:1,000 for western blot); 
and anti-RpS14, anti-RpS25, anti-RpS27, anti-RpL3, anti-RpL12 and 
anti-RpL38 for D. melanogaster (1:1,000 for western blot) were pro-
duced by Biodragon Company.

Imaging, auxin treatment, Y2H assay, western blotting and 
immunoprecipitation
For imaging, yeast strains tagged with fluorescent markers were cul-
tured in nutrient-rich medium until reaching an optical density (OD) of 
1.0–1.2, followed by a 6 h nitrogen starvation period (SD-N). Cells were 
then observed using inverted fluorescence microscopy (IX83; Olym-
pus). Image processing was performed using Fiji ImageJ software and 
its plugins. The proportion of cells with GFP-tagged ribosomal protein 
entering the vacuole was determined by counting these cells among 300 
yeast cells across three independent experiments. Vph1–mCherry is used 
to label the yeast vacuolar membrane. Y2H, auxin treatment, western 
blotting and immunoprecipitation assays were described previously47.

In vitro phosphorylation assay
atg1Δ yeast strain expressing either Atg1–3×FLAG or the kinase-dead 
mutant Atg1 D211A–3×FLAG was subjected to nitrogen starvation for 
1 h. A total of 50 OD600 (optical density measured at a wavelength of 600 
nm) yeast cells were collected, and lysates were subjected to immu-
noprecipitation using anti-FLAG agarose beads (GenScript, L00432). 
The purified Atg1–3×FLAG or Atg1 D211A–3×FLAG was incubated with 
5 µg of purified His–TF–Rpl12a from E. coli and 1.5 µl of 10 mM ATP-γ-S 
(Sigma, A1388) in Atg1 kinase buffer (50 mM HEPES-KOH pH 7.4, 5 mM 
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NaF, 10 mM MgCl2 and 1 mM dithiothreitol (DTT)) at 30 °C for 30 min. 
Subsequently, 2 µl of 50 mM p-nitrobenzyl mesylate (Abcam, ab138910) 
was added, and the reaction continued for another hour at 30 °C. The 
reaction was terminated by boiling the sample in protein loading buffer 
for 5 min. The phosphorylation level of His–TF–RPL12a was assessed 
using an anti-thiophosphate ester antibody (Abcam, ab92570).

Semi-in vitro binding assay
GST beads were incubated with purified GST, GST–Atg8 or GST–
Atg8Y49A-L50A proteins from E. coli in binding buffer (50 mM Tris–HCl 
pH 7.5, 500 mM NaCl, 0.1% Triton X-100, 0.1 mM phenylmethylsulfonyl 
fluoride and 1 mM DTT) for 2 h at 4 °C. Meanwhile, yeast cells subjected 
to nitrogen starvation were collected, and their lysates were combined 
with the GST bead-enriched proteins for 3 h. After washing three times 
with washing buffer, the protein samples were boiled in 2× protein 
loading buffer for 5 min at 95 °C.

Yeast total RNA extraction
To extract total RNA from yeast, cells were cultured to the logarithmic 
growth phase. A portion of the cells was directly collected, while the 
remaining cells were transferred to SD-N medium and starved for 6 h 
before collection. To each sample (one OD600 yeast cell), 40 µl of a 
buffer containing 98% formamide and 10 mM EDTA was added. The 
samples were heated at 70 °C for 10 min to facilitate RNA extraction, 
then vortexed briefly and centrifuged at 14,000g for 2 min. The super-
natant containing RNA was transferred to a new tube. Equal volumes of 
the supernatant and nucleic acid buffer were mixed and then analysed 
using gel electrophoresis and a nucleic acid imaging system48.

Yeast polysome profile
Yeast strains were cultured in 100 ml of medium to an OD600 of 0.6–1.0. 
CHX was added at a final concentration of 100 µg ml−1 immediately 
before collection, and the cultures were promptly chilled in ice water. 
The cells were collected, washed twice with ice-cold lysis buffer (20 mM 
HEPES-KOH pH 7.6, 100 mM KCl, 12 mM MgCl2, 100 mM sucrose, 
100 µg ml−1 CHX, 200 µg ml−1 heparin and 1 mM DTT) and centrifuged 
at 2,400g for 5 min. The cell pellets were then resuspended in 800 µl 
lysis buffer, and glass beads were added to about one-fourth of the total 
volume. The mixture was vortexed for 15 s, followed by 45 s intervals on 
ice, repeated 15 times. After centrifugation at 21,000g for 1 h, the super-
natant was then placed on a 10–50% sucrose gradient and centrifuged at 
260,800g for 2.5 h at 4 °C. Gradients were scanned at absorbance at 260 
(A260) nm and fractionated using an Instrument Specialties Company 
(ISCO) gradient collector49. The ultraviolet absorption peak graph is 
displayed by the Flow Cell software (version 1.56A).

Yeast cell viability assay
Yeast cells in mid-logarithmic phase were shifted to SD-N medium for 
the indicated timepoints. Cell viability was evaluated by staining with 
Phloxine B (Sigma, P4030) at a final concentration of 2.5 µg ml−1. The 
cultures were then observed using fluorescence microscopy with a 
blue filter, and cells displaying bright fluorescence were identified as 
deceased14.

Yeast TEM
Yeast strains expressing Rpl10-APEX2 or Rps27a-APEX2 were cultured 
to log phase. Samples equivalent to 10 OD600 units were collected 
after 6 h of SD-N treatment, washed with ice-cold phosphate-buffered 
saline (PBS) and fixed in 1 ml of 2% paraformaldehyde (Sangon Biotech, 
A500684) and 2.5% glutaraldehyde (Hushi, 30092436) in PBS. The cells 
were incubated at 30 °C with shaking at 200 rpm for 30 min, then left at 
4 °C overnight. The next day, the cells were washed three times with 0.1 M 
PBS, stained with 1 ml 3,3′-diaminobenzidine (DAB) staining solution 
(Solarbio, DA1010) for 15 min at room temperature, and then washed 
with PBS. Cells were treated with 2% potassium permanganate (Hushi, 

7722-64-7) for 2 h, followed by extensive washing with double-distilled 
water until the cells appeared black. Cells were then dehydrated with 
ethanol (30–100%) and acetone (100%) before embedding in Epon 812 
(Sigma, 45359) and incubating at 37 °C for 12 h, followed by 65 °C for 
48 h. Sections were stained and observed via TEM21.

In vitro cross-linking
His6–SUMO–Rpl12a and His6–Atg8 (at a final concentration of 1 µg µl−1) 
were incubated with disuccinimidyl suberate (DSS) cross-linkers (0.5 mM 
final concentration), freshly dissolved in 1% (v/v) DMSO/reaction buffer 
(50 mM HEPES, pH 7.5, and 150 mM NaCl). The cross-linking reaction 
was carried out at room temperature for 1 h. To terminate the reaction, 
50 mM ammonium bicarbonate was added. A 30 µl reaction mixture 
containing His6–SUMO–Rpl12a (400 µg ml−1), or its mutant His6–SUMO–
Rpl12a K4FSY (400 µg ml−1), and His6-Atg8 (400 µg ml−1) in HEPES buffer 
(pH 7.5) was incubated at 37 °C for 12 h. A portion of the reaction mixture 
(10 µl) was prepared either for MS analysis via in-solution digestion or 
for analysis by western blot using an anti-His antibody.

Analysis by LC–MS/MS for cross-linking
The reaction mixture was resuspended in 0.1% formic acid (FA) for 
liquid chromatography (LC)–MS/MS analysis. Peptide separation 
was performed using an EASY-nLC1200 system coupled to a Ther-
moFisher Orbitrap Exploris 480 mass spectrometer. Samples were 
directly loaded onto a custom-made capillary column (75 µm × 20 cm, 
1.9 µm C18, 5 µm tip). The mobile phases were phase A, containing 0.1% 
FA, 2% acetonitrile (ACN), and 98% water (H2O), and phase B, consisting 
of 0.1% FA, 20% H2O and 80% ACN. The gradient ran for 60 min, start-
ing at 4% phase B (0 min), increasing to 5% (1 min), 25% (41 min), 37% 
(54 min), 90% (57 min) and held at 90% until 60 min. The flow rate was 
set to 450 nl min−1. Data acquisition was done in data-dependent mode 
(top30). For MS1 scans, the range was 350–1,500 m/z, with a resolu-
tion of 60,000, an automatic gain control (AGC) target of 1 × 106 and a 
maximum injection time of 20 ms. For MS2 scans, the resolution was 
15,000 with a fixed first mass of 125 m/z. The AGC target was 1 × 105, and 
the maximum injection time was 22 ms. Dynamic exclusion was set to 
30 s, with a mass tolerance of 10 ppm around the precursor. Ions with 
charge states of 1, 6–8 and greater than 8 were excluded.

Data analysis for cross-linking
Cross-linked peptides were identified using pLink2 (version 2.3.11). The 
search parameters for pLink were as follows: precursor mass tolerance 
20 ppm; fragment mass tolerance 20 ppm; filter tolerance 10 ppm; false 
discovery rate ≤5 at peptide spectrum match level; peptide length mini-
mum 6 amino acids and maximum 60 amino acids per chain; peptide mass 
minimum 600 and maximum 6,000 Da per chain, three missed cleavage 
sites per chain. Protein sequences were downloaded from UniProt.

Western blotting analysis of C. elegans proteins
Synchronized L4-stage worms were grown in 30 6-cm NGM plates for 
each strain and starved for 0 h and 24 h. Then, the worms were collected 
from the plates by washing with M9 solution for three times, and the 
supernatant was removed. Next, the worms were frozen in the liquid 
nitrogen before transferring to ice for dissolution. A total of 150 µl 
protein lysate was added into each 2 ml Eppendorf (EP) tube (with a 
Tris-acetate-phosphate (TAP)/protease inhibitor ratio of 200:1, Bimake). 
The mixture was ground on ice with a pestle for 5–10 min, then centri-
fuged at 4 °C and 18,400g for 20 min. The supernatant was transferred 
to a new 1.5 ml EP tube, and 5× loading buffer was added. The samples 
were heated in a metal bath at 95 °C for 10 min, then stored at −80 °C. 
Western blotting was performed by the following standard procedures.

C. elegans RNA interference assay
Worms were transferred onto RNAi plates (freshly prepared NGM con-
taining 1 mg ml−1 isopropyl-β-d-thiogalactopyranoside and 1 mg ml−1 
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ampicillin) seeded with HT115 E. coli stains to express gene-specific 
double-strand RNAs and cultured at 20 °C. For lifespan experiments, 
WT (N2) worms at L4 stage were selected and placed on L4440 (EV 
as a negative control), atg-3 RNAi, rpl-12 RNAi and rpl-26 RNAi plates 
to quantify the survival rate. Worms were transferred to a new plate 
every 2 days.

Total RNA extraction of C. elegans
To assess rRNA content in different strains, L4-stage worms were used. 
Synchronized worms from ten 6-cm plates were collected into a 1.5 ml 
centrifuge tube and supplemented with 150 µl of TRIzol (Ambion, 
15596018). Total RNA was extracted using a cell/tissue total RNA 
extraction kit (YEASEN, 19221ES50) with an equal mass of worms of N2, 
atg-3(bp412) or rpl-12(syb7750[P3N-E21L]). RNA samples were separated 
and examined by agarose gel electrophoresis.

Quantification of C. elegans brood size
Brood size was determined by plating a total of 12–16 individual L4 
worms on 6-cm NGM plates in at least three independent experiments 
at 20 °C. Each P0 worm was allocated a separate plate, starting from 
day 1 and transferring to a new plate every other day, up to day 9. The 
number of F1 progenies that hatched and developed into adults was 
recorded daily, with the count of hatched F1 progenies tallied for each 
individual worm.

C. elegans embryo hatching assay
Embryo hatching was determined by picking 40 adult worms onto 
new plates and allowing them to lay embryos for 2 h in at least three 
independent experiments at 20 °C. Adults were then removed, and the 
embryos were counted. After 16 h, the number of unhatched embryos 
was counted to calculate the hatching rate for each strain.

Quantification of C. elegans L1 survival rate under starvation
Six to eight plates of worms for each strain were prepared, and the 
animals were cultured at 20 °C. C. elegans were washed with M9, and 
embryos were collected with bleach buffer to obtain synchronized 
L1 (larvae 1) stage worms. L1-stage worms were evenly distributed to 
30 1.5-ml centrifuge tubes. Animals in the centrifuge tubes were then 
transferred to NGM plates with OP50 every day, and the surviving 
larvae were counted. At least three independent experiments were 
performed for each strain.

C. elegans lifespan assay
All lifespan measurements in this study were performed at 20 °C, with 
L4 stage designated as day 0. Animals were recorded as alive, dead or 
missing every 2 days. Animals that did not respond to the touch of a 
picker were recorded as dead. Those that died from external factors 
unrelated to ageing, such as adhering to the wall or vulval rupture, 
were noted as missing. Kaplan–Meier survival curves were plotted 
for each lifespan test, and statistical analysis (log-rank (Mantel–Cox) 
test) was conducted.

C. elegans killing assay by P. aeruginosa PA14
The P. aeruginosa PA14 killing experiment followed a previously 
described method with some modifications26. Initially, 4 ml of 
Luria-Bertani broth (LB) medium was added into a 15 ml centrifuge 
tube, and PA14 monoclonal cultures were obtained, followed by over-
night incubation at 200 rpm and 37 °C. Subsequently, 40 µl of PA14 
was seeded onto 6-cm NGM plates using a triangular stick. The plates 
were left at room temperature for 20 min before being cultured at 37 °C 
for 24 h, followed by 25 °C for another 24 h, and then stored at 4 °C. 
Before use, the plates were equilibrated to room temperature for 2 h. 
The experiment was performed at 20 °C, starting with 60 animals for 
each strain. Survival, death and disappearance were recorded every 
12 h. Worms that did not respond to touching by a picker was marked 

as dead, whereas those that died due to vulva rupture or crawled out 
of the dish were counted as disappearing. All survival experiments 
were independently repeated at least three times. Kaplan–Meier sur-
vival curves were plotted for each lifespan test, and statistical analysis 
(log-rank (Mantel–Cox) test) was performed.

Climbing ability assay, lifespan recording and locomotion 
assay of flies
For the climbing ability assay, the flies were divided into five groups, 
each contains ten flies. The flies were aged at 25 °C for 4 weeks before 
climbing index assay (%, defined as the proportion of flies that can 
climb 3 cm within 5 s). To investigate starvation sensitivity, the climb-
ing index was determined after undergoing an 8 h starvation period, 
by calculating the ratio of flies that can climb 6 cm within 2 s.

For lifespan recording, newly eclosed male flies were collected and 
divided into the indicated groups, with each group containing 10–15 
individuals. Flies were maintained at 25 °C, with food exchanged every 
2 days. Survival rates (%) were calculated on the basis of the number 
of deceased individuals recorded every 2 days. To assess locomotion 
behaviour, individual flies were placed on circular disks with a diam-
eter of 3.5 cm and monitored for 10 min to record their movement 
trajectories.

Measuring the pupation and eclosion rates
Pupariation and eclosion rate were assessed following previously 
established protocols50. In brief, fly eggs were collected and plated on 
low-density fly food. The pupariation rate was determined by divid-
ing the total number of pupae by the number of eggs. Similarly, the 
eclosion rate was defined as the proportion of adult flies emerging 
from the pupae.

Bacterial infection and fly survival rate
Bacterial infection experiments were performed using S. aureus, cul-
tured at 37 °C until an OD600 of ~2.0, and Salmonella spp., cultured to 
an OD600 of ~3.0. The bacteria were injected into the thoraxes of the 
flies, and the survival rate was monitored every 4 h by counting the 
number of deceased flies.

Paraffin embedding and H&E staining
Paraffin embedding and H&E staining were performed as previously 
described51. Fly thoraxes were collected and fixed with Carnoy fixation 
solution (ethanol:chloroform:acetic acid = 6:3:1) for 4 h. The samples 
were then dehydrated in ethanol, immersed in methyl benzoate for 
1 h and embedded in molten paraffin. The embedded tissues were 
sectioned into continuous sections of 8 µm thickness using a Leica 
section apparatus (RM2235). H&E staining (ZSGB-BIO) was used to 
visualize tissue degeneration.

Immunostaining
Thoracic muscles of flies were dissected and collected in 1× PBS, then 
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 
in 1× PBS and blocked with 10% goat serum for 2 h. Subsequently, sam-
ples were incubated overnight at 4 °C with primary antibodies (anti-fly 
ATG8a and anti-FLAG antibodies). After rinsing three times with 1× 
PBST, the tissues were incubated at room temperature for 2 h with 
Alexa594-conjugated anti-rabbit antibody and Alexa488-conjugated 
anti-mouse antibody. Phalloidin (Solarbio, 626Z011) staining was per-
formed at room temperature for 20 min.

Fly protein extraction, western blot and RNA extraction
At least 20 thoraxes from flies were collected and homogenized in 
western/IP buffer (Absin) containing the protease inhibitor. For RNA 
extraction, the thoraxes of an equal number of fruit flies from differ-
ent backgrounds were collected and homogenized in TRIzol reagent 
(Thermo Scientific).
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Fly polysome profile
A specific number of third-instar Drosophila larvae was collected under 
nutrient-rich and starvation conditions. After freezing with liquid 
nitrogen, the larvae were ground into powder. Lysis buffer (1 ml) was 
added, composed of 10 mM pH 7.5 Tris–HCl, 5 mM MgCl2, 100 mM KCl, 
2 mM DTT, 1% Triton X-100 and 50 µg ml−1 CHX, along with protease 
and RNase inhibitors. The mixture was reacted on ice for 10 min, then 
centrifuged at 13,000g for 10 min at 4 °C. A 10–50% sucrose density 
gradient solution was prepared (10 mM pH 7.5 Tris–HCl, 5 mM MgCl2, 
100 mM KCl, 2 mM DTT and 5 g or 25 g sucrose). The supernatant was 
carefully layered on top of the gradient. The sucrose gradient was 
centrifuged at 222,200g for 3 h in an SW41 rotor at 4 °C. Gradients 
were scanned at A260 nm and fractionated using an ISCO gradient 
collector52. The ultraviolet absorption peak graph is displayed by the 
Flow Cell software (version 1.56 A).

Immunofluorescence of mammalian cells
Cells grown on coverslips were transfected with the indicated plas-
mids, then fixed in 4% paraformaldehyde in PBS for 20 min at room 
temperature and permeabilized with 0.1% Triton X-100 in PBS for 
20 min. Following permeabilization, cells were treated with block 
buffer (1% bovine serum albumin, and 0.1% Triton X-100 in PBS) for 1 h at 
room temperature. Next, cells were incubated with primary antibodies 
diluted in block buffer overnight at 4 °C. After incubation, cells were 
washed three times with PBS, each for 10 min, followed by incubation 
with Alexa Fluor-conjugated secondary antibody for 1 h at room tem-
perature. Finally, slides were examined using a laser scanning confocal 
microscope (Zeiss LSM 800).

Immunoprecipitation of mammalian cells
Cell pellets were homogenized in TAP buffer (20 mM Tris–HCl, pH 7.4, 
150 mM NaCl, 0.5% NP-40, 1 mM NaF, 1 mM Na3VO4, 1 mM EDTA,10 nM 
MG132, protease cocktail and phosphatase cocktail) and incubated on 
ice for 30 min. The lysates were cleared by centrifugation at 18,400g for 
30 min. The supernatant was then incubated with antibody-conjugated 
beads, followed by rotation for 4 h at 4 °C. After incubation, the beads 
were washed three times with TAP buffer.

Cell survival assays
Mammalian cells were plated in 12-well plates containing DMEM. The 
next day, when cells reached approximately 50% confluence, they were 
transfected with various plasmids. Following transfection, the DMEM 
was replaced with Hank’s Balanced Salt Solution (HBSS) and incubated 
for 48 h. After incubation, cells were fixed in 4% paraformaldehyde in 
PBS for 20 min at room temperature and stained with Giemsa5.

RNA extraction from mammalian cells
RNA extraction was performed using TRIzol reagent53 (Vazyme, R401-
01), following standard protocols. The number of cells used for RNA 
extraction was consistent across experiments and determined on the 
basis of cell counts obtained with a haemocytometer.

Polysome profile of mammalian cells
When cells reached 80–90% confluence, CHX was added at a final 
concentration of 50 µg ml−1 immediately before collection, and the 
plates were then placed on the ice. Cells were collected using 1× PBS 
containing 50 µg ml−1 CHX, and the supernatant was discarded after 
centrifugation at 400g for 3 min. Next, 1 ml of lysis buffer (10 mM 
pH7.5 Tris–HCl, 5 mM MgCl2, 100 mM KCl, 2 mM DTT, 1% Triton X-100, 
50 µg ml−1 CHX, protease inhibitors and RNase inhibitors) was added, 
followed by a 4 min incubation on ice. Samples were then centrifuged 
at 14,000g for 7 min at 4 °C. The supernatant was layered onto a 10–50% 
sucrose density gradient (10 mM pH 7.4 Tris–HCl, 5 mM MgCl2, 100 mM 
KCl, 2 mM DTT and 5 g or 25 g of sucrose) and centrifuged at 222,200g 
for 2 h 30 min in an SW41 rotor at 4 °C. Gradients were analysed at 

A260 nm and fractionated using an ISCO gradient collector52. The 
ultraviolet absorption peak graph is displayed by the Flow Cell software 
(version 1.56A).

S. typhimurium infection assay
For colony-forming unit determination, the indicated mammalian 
cells were infected with Salmonella typhimurium carrying RFP at a 
multiplicity of infection of 100:1 in triplicate wells of a 24-well plate 
for 1 h at 37 °C with 5% CO2 (recorded as 0 h post-infection). After 1 h, 
cell monolayers were washed with prewarmed PBS, and fresh DMEM 
supplemented with 20 mg ml−1 gentamicin was added. At 4 h and 8 h 
post-infection, cells were extensively washed with PBS and lysed in 
PBS buffer containing 0.1% Triton X-100. Lysates were vortexed, and 
appropriate dilutions were plated onto LB agar plates.

For microscopy analysis, mammalian cells were seeded on 60 mm 
culture dishes with 12-mm-diameter round glass coverslips one day 
before infection. S. typhimurium infection was performed as described 
above. At 8 h post-infection, cells were fixed with 4% paraformaldehyde 
in PBS for 20 min and stained with an anti-tubulin antibody, followed 
by incubation with Alexa Fluor 488-conjugated secondary antibodies. 
Samples were then analysed using a laser scanning confocal micro-
scope (Zeiss LSM 800). Three independent bacterial infection assays 
were conducted.

TEM of mammalian cells
When mammalian cells in a 6 cm dish reached 80–90% confluence, they 
were treated with Torin1 for 4 h while simultaneously adding 500 nM 
concanamycin A. Cells were collected, washed with PBS and fixed in 
2.5% glutaraldehyde overnight at 4 °C. The following day, cells were 
washed three times with PBS, incubated with 1% osmium tetroxide for 
1 h and washed twice with double-distilled water. The samples were 
dehydrated with sequential ethanol treatments (50%, 70%, 80%, 90% 
and 100%) for 15 min each, followed by two treatments with acetone for 
20 min each. Samples were then treated with a 1:2 mixture of Epon 812 
embedding agent and acetone for 2 h, followed by overnight incuba-
tion at room temperature in a 2:1 mixture. On the third day, samples 
were embedded in 100% embedding agent, incubated at 37 °C for 12 h 
and then transferred to a 65 °C oven for 48 h. Finally, the samples were 
sectioned, stained and observed under a TEM.

Mouse experiments and tissue processing
All animal studies and experimental procedures were approved by the 
Animal Care and Use Committee at Zhejiang University. Male C57BL/6 
mice, aged 7 weeks, were maintained in a controlled environment 
with a 12 h light/dark cycle and provided with pelleted AIN-76A chow 
(Research Diets) and water ad libitum. The environmental tempera-
ture was maintained at 20–26 °C, with relative humidity controlled at 
50–60%. For fasting experiments, the mice were deprived of food for 
24 h, while water remained available. Liver tissues for the metabolomics 
experiment were rapidly frozen in liquid nitrogen upon collection.

To investigate the role of RPL12 in regulating ribophagy 
in vivo, we generated rAAV vectors carrying WT RPL12 (rAAV-RPL12), 
RPL12-P3N-E21L and pseudoserotyped AAV9 capsid (Vigene Bio-
sciences) in HEK293T cells. Twelve mice were randomly divided into 
two groups (n = 6 per group) and injected via the tail vein with the 
respective viruses. After 4 weeks, the mice were euthanized for analy-
sis. For metabolomics analysis, liver samples were collected from the 
mice and processed using BrainvVTA54. The R package DESeq2 (version 
1.34.0) was used to identify components with different abundance in 
MS with a threshold of P < 0.01 and |log2fold change (FC)| > log2(1.2).

Determination of glycogen in mouse liver
Liver glycogen content was measured using the Glycogen Content 
Detection Kit (Saint-Bio, BA1376). A 0.1 g liver sample was placed in 
a 10 ml test tube, and 0.75 ml of extraction solution was added. The 

http://www.nature.com/naturecellbiology
JMQ
高亮文本



Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01598-2

sample was boiled in a water bath for 20 min, with the lid tightly sealed 
to prevent water evaporation, and the tube was shaken every 5 min 
for thorough mixing. After tissue dissolution, the tube was allowed 
to cool, the volume was adjusted to 5 ml with distilled water, mixed 
and centrifuged at 8,000g at 25 °C for 10 min. The supernatant was 
collected and measured at 620 nm.

Extraction of total RNA from liver tissue
Fresh liver tissue was flash-frozen in liquid nitrogen, and identical 
regions were quickly selected under low temperatures. A 100 mg sam-
ple was weighed, and 1 ml of TRIzol reagent (Vazyme, R401-01) along 
with 1 mm glass beads were added. The sample was homogenized at 
4 °C and 60 Hz for 120 s using a homogenizer. Subsequent steps were 
performed according to the manufacturer’s protocol.

Extraction of liver tissue protein
Fresh liver tissue was treated with liquid nitrogen, and a 50 mg sample 
was weighed and selected from the same region at low temperature. 
After adding 1 ml of TAP buffer (20 mM Tris–HCl, pH 7.4, 150 mM NaCl, 
0.5% NP-40, 1 mM NaF, 1 mM Na3VO4, 1 mM EDTA, 10 nM MG132, pro-
tease inhibitor cocktail and phosphatase inhibitor cocktail) along with 
1 mm glass beads, the sample was homogenized at 4 °C and 60 Hz for 
120 s. The homogenate was centrifuged at 21,100g for 15 min at 4 °C, 
and the supernatant was collected. Protein concentrations were meas-
ured using the bicinchoninic acid (BCA) protein assay. Appropriate 
volumes of the supernatant were mixed with 2× SDS loading buffer to 
achieve uniform concentrations, then boiled at 95 °C for 5 min.

Blood glucose measurements
Blood glucose levels were measured by drawing blood from the tail 
vein. Glucose concentrations were determined using an Accu-Chek 
glucometer (Roche).

In vitro pull-down assay
The His6-tagged TF–Rpl12 protein was expressed using the pCold-TF 
DNA vector, while the His6-tagged SUMO–Rpl12 protein was expressed 
using the pET28a-SUMO vector. The GST–Atg8 protein was expressed 
using the pGEX-4T-1 vector, and GST–Atg8 was cleaved with thrombin 
to obtain Atg8 protein. For the in vitro pull-down assay, a specific 
amount of purified protein (ranging from 3 to 5 nM, depending on 
protein purity) was mixed with 10 µl of either GST beads or Ni-NTA 
beads in 500 µl of binding buffer A (50 mM Tris–HCl, pH 7.5, 0.5 M 
NaCl, 1 mM DTT, 1% Triton X-100, 1% phenylmethylsulfonyl fluoride 
and 20 mM imidazole, if Ni-NTA beads were used). The mixture was 
incubated on a rotor at 4 °C for 1 h. After incubation, the beads were 
washed once with binding buffer A and then washed twice with bind-
ing buffer B (100 mM NaCl, 1 mM EDTA, 1 mM EGTA and 1% Tween-20 
in 1×PBS). The beads associated with the purified protein were mixed 
with an equal amount of purified target protein from E. coli. This mix-
ture was rotated at 4 °C for 3 h. Following three washes with binding 
buffer B, 50 µl of 2× SDS loading buffer was added, and the samples 
were boiled at 95 °C for 5 min. The protein samples were then separated 
by SDS–PAGE and stained with Coomassie brilliant blue dye (G250) 
for visualization.

Mass spectrometric analysis
The separation of proteins was accomplished via SDS–PAGE, followed 
by staining with Coomassie Blue G-250. Gel bands of interest were 
excised into individual pieces and subjected to trypsin digestion over-
night at 37 °C in a 50 mM ammonium bicarbonate solution, after prior 
reduction and alkylation. The digested products underwent two extrac-
tions with a 1% FA solution in a 50% ACN aqueous solution, followed by 
drying using a speedvac to reduce volume. For LC–MS/MS analysis, 
peptide separation was carried out over a 65 min gradient elution at a 
flow rate of 0.300 µl min−1 within a Thermo EASY-nLC1200 integrated 

nano-HPLC system directly linked to a Thermo Q Exactive HF-X mass 
spectrometer. The analytical column utilized was a custom-made 
fused silica capillary column (75 µm inner diameter, 150 mm length) 
packed with C-18 resin (300 A, 3 µm). The mobile phase A comprised 
0.1% FA, while mobile phase B comprised 100% ACN with 0.1% FA. The 
mass spectrometer operated in data-dependent acquisition mode, 
with Xcalibur 4.1 software performing a single full-scan mass spectrum 
in the Orbitrap (ranging from 400 to 1,800 m/z, with a resolution of 
60,000), followed by 20 data-dependent MS/MS scans using 30% 
normalized collision energy. Each MS result underwent analysis using 
Thermo Xcalibur Qual Browser and Proteome Discovery for subsequent 
database searching.

Statistics and reproducibility
Two or three biologically independent experiments were performed 
and yielded consistent results. Sample sizes were not predetermined 
using statistical methods. Except for MS-based analysis, the investiga-
tors were not blinded to allocation during experiments and outcome 
assessment. Data distribution was assumed to be normal, but this was 
not formally tested. No data were excluded from the analyses, and all 
images were randomly collected across all experiments. Data process-
ing and analysis were conducted using GraphPad Prism 8.0. Statisti-
cal comparisons between two groups were made using an unpaired 
two-tailed Student’s t-test, while the log-rank (Mantel–Cox) test was 
used to analyse survival rate differences of flies or worms under dif-
ferent physiological conditions. Statistical significance was defined 
as P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001), with exact P values pro-
vided in the source numerical data. Data are presented as mean ± s.d. 
Sample sizes are specified in the figure legends. In the worm and fly 
experiments, age-matched individuals with different genotypes were 
randomly assigned to experimental groups. For cell culture experi-
ments, cells with different genotypes or treatments were randomly 
distributed into experimental groups. In the animal experiments, 
age-matched mice were randomly assigned to different experimental 
groups. The degradation percentage of GFP-fused proteins was calcu-
lated by dividing GFP intensity by the sum of GFP and GFP-fused protein 
intensities, normalized to WT values.

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

Data availability
The MS proteomics data have been deposited to the ProteomeXchange 
Consortium (http://proteomecentral.proteomexchange.org) via the 
PRIDE repository55,56 (ftp://massive.ucsd.edu/v08/MSV000096540/ 
and ftp://massive.ucsd.edu/v08/ MSV000096542/), with the 
dataset identifier MassIVE MSV000096540 (or PXD058305) and 
MSV000096542 (or PXD058307). The raw LC–MS-based untargeted 
metabolomics data files generated in this study are available at the 
National Genomics Data Center57 (https://ngdc.cncb.ac.cn/omix/
releaseList) with the dataset identifier OMIX008012 (https://ngdc.
cncb.ac.cn/omix/release/OMIX008012) and are publicly available. 
Source data are provided with this paper. All of the other data sup-
porting the findings of this study are available from the corresponding 
author upon reasonable request.
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Extended Data Fig. 1 | See next page for caption.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01598-2

Extended Data Fig. 1 | Identifying the binding region(s) on Rpl12 associated 
with Atg8 and Atg11 in yeast. a, Protein samples from Fig. 1b were separated by 
SDS-PAGE and analyzed by mass spectrometry (MS). The indicated ribosomal 
proteins binds to Atg8 but does not bind to the Atg8Y49A-L50A mutant. b, The AH109 
strain was transformed with the indicated proteins fused with Atg8-BD, then 
grown on the indicated agar plates at 30 °C for 3 d. c, Schematic representation 
of the Atg11 domains. d, atg11∆ yeast cells co-expressing either WT HA-Atg11 
or HA-Atg11 variants with Rpl12-GFP were subjected to SD-N for 1 h. Cell lysates 
were immunoprecipitated using anti-GFP agarose beads and analyzed by 
western blot with anti-HA antibody. e, Ni-NTA pulldowns were performed using 
purified His-TF-Rpl12 protein with GST-Atg11 R1, R2, R3, or CC4 proteins from 
E. Coli. f, The AH109 strain was transformed with either Rpl12 or the indicated 

Rpl12 variants fused with AD and Atg8-BD, then grown on the indicated agar 
plates at 30 °C for 3 d. g, Schematic representation of the Rpl12 domains and 
mutations, including N-terminal domain (NTD) and C-terminal domain (CTD). 
h-m, The AH109 strain was transformed with either Rpl12 or the indicated 
Rpl12 variants fused with AD and Atg8-BD, and subsequently grown on the 
indicated agar plates at 30 °C for 3 d. n, Tandem mass spectra of cross-linked 
peptide (AVGGEVGASAALAPKIGPLGLSPK-AEKSDIPEIDKR) demonstrate a direct 
interaction between Rpl12 and Atg8, with the Rpl12 E21 site is close to Atg8Y49-L50 
sites. o, Western blot analysis shows that Rpl12 K4FSY cross-linked with Atg8 
in vitro. Blots, gels, and Y2H assays are representatives of three independent 
experiments. Unprocessed blots/gels are available in Source data.
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Extended Data Fig. 2 | Rpl12 is required for starvation-induced ribophagy in 
yeast. a, The indicated cells were grown on YPD with or without IAA agar plate at 
30 °C for 2 days. b, rpl12b∆ or rpl12b∆ pep4∆ yeast cells expressing Rpl12a-mini-
AID-3×FLAG were subjected to SD-N for the indicated times. Protein levels were 
analyzed by Western blot using anti-FLAG antibody. c, The ratio of Rpl12a-mini-
AID-3×FLAG degradation was quantified from (b). d-k, The indicated yeast cells 
expressing GFP-tagged ribosomal proteins were treated with IAA for 2 h and 
subjected to SD-N for 0 or 6 h. Ribophagic activity were analyzed by western blot 
for the cleavage of GFP fusion protein. l, The indicated yeast cells were treated 
with IAA for 2 h and subjected to SD-N for 0 or 12 h. Ribosomal protein levels were 
analyzed by Western blot. m, Degradation ratios of proteins in (l) were quantified. 
n, Total RNA was extracted from the indicated yeast cells treated with IAA and 
subjected to SD-N for 0 or 6 h to assess rRNA levels. o, Yeast rRNA from (n) were 
quantified. p, q, rpl34a∆ or rps9a∆ cells expressing Rpl34b-mini-AID-3× FLAG 

(Rpl34b-AID) or Rps9b-mini-AID-3× FLAG (Rps9b-AID) were subjected to 0.5 mM 
IAA treatment for 0 or 2 h, Rps9a/Rpl34b-AID expression was detected by anti-
FLAG antibody. The data are representatives of two independent experiments. 
r, The indicated yeast cells expressing GFP-tagged ribosomal proteins were 
treated with IAA for 2 h, and then subjected to SD-N for 0 or 6 h. Ribophagic 
activity were analyzed by western blot for the cleavage of GFP fusion protein. The 
results were quantified (see Methods). s, Total RNA of the indicated yeast cells 
was extracted to assess rRNA levels. t, Yeast rRNAs from (s) were quantified. Pgk1 
served as a loading control. Blots, gels, and Y2H assays are representatives of 
three independent experiments unless specified in the legends. ***P < 0.001, ns, 
no significance. P values were calculated by two-tailed Student’s t tests (c, m, o, t) 
and data are presented as mean ± s.d. (n = 3 biological replicates). Exact P values, 
source numerical data and unprocessed blots/gels are available in Source data.
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Extended Data Fig. 3 | Vacuole is required for the degradation of ribosomal 
proteins and rRNAs under starvation conditions. a, The indicated yeast cells 
were subjected to SD-N for the indicated times and protein levels were analyzed 
by western blot. b, Degradation ratios of proteins in (a) were quantified.  
c, WT, pep4∆, or atg1∆ yeast cells were grown to mid-log phase, pretreated with 
100 µg/ml cycloheximide (CHX) for 1 h, and subsequently treated with 0.2 µg/ml 
rapamycin for 0, 2, 4, and 6 h. Ribosomal proteins were analyzed by Western blot. 
d, Degradation ratios of proteins in (c) were quantified. e, BY4741, rny1∆, or atg1∆ 
yeast cells were subjected to SD-N for 0, 2, 4, or 6 h. Total RNA was extracted from 
5OD yeast cells to assess rRNA levels. f, Yeast rRNA from (e) was quantified. g, The 
indicated yeast cells were treated with IAA for 2 h and then subjected to SD-N for 
0 or 6 h. Total RNA was extracted from 5OD yeast cells to assess rRNA levels.  
h, The rRNA levels from (g) were quantified. i, The indicated yeast cells were 

treated with IAA for 2 h and then subjected to SD-N for 0 or 6 h. A total of 5 OD600 
yeast cells were harvested, and total RNA was extracted to assess yeast rRNA 
levels. j, The rRNA levels from panels (i) were quantified. k-n, The indicated  
yeast cells expressing the indicated ribosomal proteins fused with GFP tags  
were treated with IAA for 2 h, and then subjected to SD-N for 0 or 6 h. Ribophagic 
activity were analyzed by western blot to detect cleavage of GFP-fusion  
protein. Pgk1 served as a loading control. Blots and gels are representatives of 
three independent experiments. Statistical significance: ***P < 0.001, ns,  
no significance. P values were calculated by two-tailed Student’s t tests  
(b, d, f, h, j) and the data are presented as mean ± SD (n = 3 biological replicates). 
Exact P values, source numerical data and unprocessed blots/gels are provided in 
Source data.
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Extended Data Fig. 4 | Rpl12 is a substrate for Atg1 and the identification 
of phosphorylation sites on Rpl12 by Atg1. a, In vitro kinase assays were 
performed using purified His-TF-Rpl12 from E. coli as substrates, with purified 
HA-Tor1 or HA-Tor1 KD (kinase dead) from yeast cells serving as protein kinase. 
The phosphorylation level of His-TF-Rpl12 was detected using an anti-thioP 
antibody. b, In vitro kinase assays were performed using purified GST-Rpl12 from 
E. coli as substrates, with purified glucose-starved 3× FLAG-Snf1 or 3× FLAG-Snf1 
KD (kinase dead) from yeast cells as protein kinase. The phosphorylation level 
of GST-Rpl12 was detected using an anti-thioP antibody. c, d, Mass spectrometry 
identified that residues S79 and S174 of Rpl12 are phosphorylated by Atg1.  
e, BY4741, 9× MYC-TIR1 cells, rpl12b∆ Rpl12a-AID cells, rpl12b∆ Rpl12a-AID + WT 
Rpl12a cells, and rpl12b∆ Rpl12a-AID + Rpl12a-2A cells were grown on YPD or 

YPD supplemented with 0.5 mM IAA agar plate for 2 d at 30 °C. f-i, The indicated 
yeast cells were treated with IAA for 2 h, and then subjected to SD-N for 0 or 
6 h. Ribophagic activity were analyzed by western blot to detect cleavage of 
GFP-fusion proteins. The results were quantified (see Methods). j, Yeast cells co-
expressing either HA-Rpl12 or HA-Rpl12 2 A with GFP-Atg8 were subjected to SD-N 
for 0 or 1 h. Cell lysates were immunoprecipitated using anti-GFP agarose beads 
and analyzed by western blot using an anti-HA antibody. k, Ni-NTA pulldown 
assays were performed using His-TF-Rpl12 or His-TF-Rpl12 2 A with Atg11 CC4 
protein from E. Coli. Pgk1 served as a loading control. Blots, gels, and Y2H assays 
are representatives of three independent experiments. Unprocessed blots/gels 
are provided in Source data.
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Extended Data Fig. 5 | Rpl12 is specifically required in yeast ribophagy 
under starvation conditions. a, BY4741, atg1Δ, or rpl12bΔ Rpl12a-AID cells 
expressing either wild-type (WT) Rpl12 or Rpl12S79D-S101D (2D) were grown to 
the log phase, harvested, and analyzed using an anti-Rpl12 antibody. The data 
are representative of two independent experiments. b-e, The indicated yeast 
cells were treated with IAA for 2 h, followed by incubation in SD-N for 0 or 6 h. 
Ribophagic activity were analyzed by western blot to detect the cleavage of 
GFP-fusion proteins. f, Ribophagic activity from (b-e) was quantified. g, The 
indicated yeast cells were treated with IAA for 2 h, then subjected to SD-N for 
6 h, followed by performed the APEX-EM analysis. Scale Bar: 500 nm. h, i, The 
indicated yeast cells expressing Om45-GFP or Pex14-GFP were treated with IAA 
for 2 h, then subjected to SD-N for 0 or 8 h. Protein samples were analyzed by 

western blot using an anti-GFP antibody. j, BY4741 cells, atg1∆ cells, or atg39∆ 
atg40∆ cells expressing with Sec63-GFP were subjected to SD-N for 0 or 8 h. ER-
phagy activity was analyzed by western blot using an anti-GFP antibody. k-m, The 
indicated cells expressing Rpl3-GFP, Rpl25-GFP, or Rps25a-GFP were subjected 
to SD-N for 0 or 6 h. Ribophagic activity was analyzed by western blot using an 
anti-GFP antibody. Pgk1 served as a loading control. The data are representatives 
of three independent experiments unless specified in the legends. Statistical 
significance: ***P < 0.001, *P < 0.05. P values were calculated by two-tailed 
Student’s t tests (f) and the data are presented as mean ± s.d. (n = 3 biological 
replicates). Exact P values, source numerical data and unprocessed blots are 
provided in Source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | The Rpl12 P3 and E21 residues are highly conserved 
across species and rpl-12(sb7750[P3N-E21L]) mutations impair worm growth 
and development. a, Amino acid sequence alignment of the RPL12 protein across 
different species. b, GST pulldown assays were performed using His-TF-RPL-12 
protein and GST-LGG-1 or GST-LGG-2 from E. coli. The samples were separated 
by SDS-PAGE and visualized using Coomassie blue staining. c, Wild-type or 
cup-5 mutant worms were starved for 0 h or 24 h. Ribosomal protein levels were 
assessed by western blotting using the indicated antibodies, with Tubulin serving 
as a loading control. d, Degradation ratios of the indicated proteins from (c) were 
quantified and presented as mean ± s.d. (n = 3 biological replicates). two-tailed 
Student’s t tests were used. e, Western blot analysis showing the expression levels 
of RPL-12-3× FLAG and RPL-12-P3N-E21L-3× FLAG in the indicated worm strains. The 
data shown are representative of two independent experiments. f, Quantification 
of the number of normal adult worms per day for each strain(n = 10). All values 

are presented as mean ± s.d. (n = 3 biological replicates). two-tailed Student’s 
t tests were used. g, The percentage of embryos that hatched normally into 
larvae for each strain. (n = 3 biological replicates, 1st repeat: N2 = 722, rpl-
12(syb7750) = 654, atg-3(bp412) = 436. 2nd repeat: N2 = 479, rpl-12(syb7750) = 672, 
atg-3(bp412) = 346. 3rd repeat: N2 = 615, rpl-12(syb7750) = 864, atg-3(bp412) = 490). 
Two-tailed Student’s t tests were used. h, Lifespan analyses were performed for 
each strain at 20 °C. P values were calculated using the Log-rank (Mantel-Cox) 
test (L4440 = 102, atg-3 RNAi = 66, rpl-12 RNAi = 100, rpl-26 RNAi = 90). i, RNAi 
efficiency was validated by RT-PCR. ama-1 was used as an internal reference gene. 
Data are shown as mean ± s.d. (n = 3 biological replicates). two-tailed Student’s 
t tests were used. Blots and gels are representatives of three independent 
experiments unless specified in the legends. Statistical significance: ***P < 0.001, 
**P < 0.01, *P < 0.05, ns: no significance. Exact P values, source numerical data and 
unprocessed blots/gels are provided in Source data.
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Extended Data Fig. 7 | RPL12 is crucial for maintaining cellular homeostasis 
in Drosophila. a, Degradation ratios from Fig. 6d were quantified. b, Ribosomal 
protein levels were analyzed after treated with chloroquine and starved for 8 h. 
c, The degradation ratios from (b) were quantified. d, Co-localization of Atg8a 
with RpL12-3× FLAG or RpL12P3N-E21L(M)- 3× FLAG in muscle tissues. Scale bar: 3 
µm(overview) and 1µm (insets: magnified views). e, is the quantitation of  
d (n = 20). f, Ribosome profiling was analyzed in starved WT and RpL12 P3N-E21L 
flies’ thorax. g, Sections of fly muscle tissues were stained with hematoxylin 
and eosin (H&E). Muscle degeneration is indicated by an arrow. Scale bar: 120 
µm (overview) and 30 µm (insets: magnified views). h, Actin networks in thorax 
tissues were analyzed using phalloidin-TRITC staining. Expanded Z-line is 
indicated. Scale bar: 12 µm (overview) and 7 µm (insets: magnified views). i, is 
the quantitation of (h) (n = 20). j, RNAi efficiency was validated. k, The levels 
of ribosomal proteins following starvation treatment. l, is the quantitation 

of (k). m, Total RNA from HEK293T cells or flies were analyzed. n, rRNA levels 
were assessed following starvation treatment. o, is the quantitation of (n). 
p, Starvation sensitivity of the indicated flies. n = 50. q, Climbing abilities of 
indicated flies under starvation condition (5 groups, n = 10 each). r, Lifespans of 
indicated flies at 29 °C. n = 50. Tubulin served as a loading control in immunoblot. 
MHC-Gal4 was used to drive the knockdown and expression of relevant genes in 
indirect flight muscle (d, j, k, m, p). Data in b, d, g, h, k, m, n are representative of 
three independent experiments, n = 15 for each replicate in a-c and k-n. P values 
were calculated by two-tailed Student’s t tests (a, c, e, i, j, l, o, q) and data are are 
shown as mean ± s.d. The Log-rank (Mantel-Cox) test (p, r) was used to analyze 
differences in survival rates. Statistical significance: ***P < 0.001, **P < 0.01, ns: 
no significance. Exact P values, source numerical data, and unprocessed blots are 
provided in Source data.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Overexpression of RPL12 promotes starvation-induced 
ribophagy in Drosophila. a, Age-induced impairment of climbing ability was 
tested in WT, RpL12, RpL11, Nufip, and Atg5 RNAi flies. Data are shown as mean 
± s.d. (5 groups, n = 10 for each group). b-e, Pupation (b), pupa emergence rate 
(c), as well as lengths of pupa (d) and adult flies (e) were quantified in wild-type 
(WT), RpL12, RpL11, Nufip, and Atg5 RNAi flies. Data are shown as mean ± s.d. (b, c, 
5 groups, n = 20 each; d, e, n = 20). f, Expression levels of RpL12-3×FLAG, RpL12P3N-

E21L(M)- 3×FLAG and RpL13-3×FLAG proteins were analyzed by western blot. Data 
are representative of two independent experiments. g, Climbing abilities of 
the indicated flies were quantified under starvation conditions. Data are shown 
as mean ± s.d. (5 groups, n = 10 each). h, Overexpression of wild-type RpL12 
mitigates the loss of climbing ability induced by Aβ42. Elav-Gal4 was used to drive 
overexpression of RpL12, RpL12 P3N-E21L and RpL13 in the fly central nervous 
system (CNS). Data are shown as mean ± s.d. (4 groups, n = 20 each). i, WT flies 

and flies overexpressing RpL12-3×FLAG were subjected to starvation for 0 or 4 h. 
Ribophagic activity was assessed by measuring ribosomal protein levels  
before and after starvation. j, Degradation ratios from (i) were quantified and  
presented as mean ± s.d. k, Cell lysates were immunoprecipitated with anti- 
FLAG agarose beads and analyzed with the indicated antibodies. l, Ribosome 
profiling was performed in WT and RpL12-OE flies under nutrient-rich conditions. 
m, n, The fractions isolated from (l) were analyzed by western blot using the 
indicated antibodies. Tubulin served as a loading control in immunoblot.  
MHC-Gal4 was used to drive the expression of relevant genes in indirect flight 
muscle (f, g, k). Data in (i-k, m, n) are representative of three independent 
experiments, n = 15 for each replicate in f, i-k. P values were calculated by 
two-tailed Student’s t tests (a-e, g, h, j). ***P < 0.001, **P < 0.01, *P < 0.05, ns: no 
significance. Exact P values, source numerical data, and unprocessed blots are 
provided in Source data.
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Extended Data Fig. 9 | RPL12 regulates ribosome turnover in mammalian 
cells. a, HEK293T cells were co-transfected with hRPL12-3×FLAG or hRPL12P3N-E21L-
3×FLAG, along with HA-GABARAP or HA-GABARAPL1. The cells were starved with 
EBSS for 1 h. Cell lysates were immunoprecipitated using anti-HA agarose beads 
and analyzed by western blot with an anti-FLAG antibody. b, GST pulldown assays 
were performed using His-TF and His-TF-hRPL12 proteins with GST, GST-LC3s, 
or GST-GABARAPs expressed in E. coli. c, GST pulldown assays were performed 
using purified His-TF, His-TF-hRPL12, or His-TF-hRPL12P3N-E21L proteins with 
GST, GST-LC3C, or GST-GABARAP proteins expressed in E. coli. d, WT and ATG7 
KO HEK 293 T cells were starved with EBSS for 0 or 10 h. Western blot analysis 
assessed protein levels. e, Degradation ratios from (d) were quantified. f, WT and 
Rpl12 KD stable HEK293T cells were starved for 10 h. and ribophagy activity was 
assessed by western blot for ribosomal proteins degradation. g, Degradation 
ratios from (f) were quantified. h, The indicated cell lines were subjected to EBSS 

starvation for 0 or 10 h, and total RNA was extracted for analysis. i, rRNAs levels 
from (h) were quantified and normalized to wild-type. j, RPL12 knockdown cells 
were transfected with the RPL12-3×FLAG plasmid and treated with EBSS alone or 
EBSS combined with Bafilomycin A1 for 0 or 10 h. Protein samples were analyzed 
by western blot. k, m, U2OS cells expressing RPL12-3×FLAG were stained with 
anti-FLAG and anti-ATG14 (k) or anti-ATG16L(m) antibodies after EBSS starvation 
for 0 or 1 h. Scale bar: 10 µm(overview) and 2 µm (insets: magnified views).  
l, n, Co-localization of RPL12-3× FLAG with ATG14 (l) or ATG16L (n) (n = 30 cells) 
were quantified from (k) and (m). Actin and Tubulin served as the loading 
control. Blots, gels and imaging data are representatives of three independent 
experiments. Statistical significance: ***P < 0.001, **P < 0.01, ns: no significance. 
P values were calculated by two-tailed Student’s t tests (e, g, i, l, n) and the data 
are presented as mean ± s.d. (n = 3 biological replicates). Exact P values, source 
numerical data and unprocessed blots/gels are provided in Source data.
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Extended Data Fig. 10 | RPL12 regulates ribosome turnover in mice. 
 a, HEK293T cells were co-transfected with mRPL12-3×FLAG and HA-tagged 
mLC3s or mGABARAPs. After EBSS starvation for 1 hour, cell lysates were 
immunoprecipitated with anti-HA beads and analyzed by western blot with anti-
FLAG antibodies. b, HEK293T cells were co-transfected with mRPL12-3×FLAG or 
mRPL12 P3N-E21L-3× FLAG, along with HA-tagged mLC3A, mLC3B, or mGABARAP. 
Following EBSS starvation for 1 h. Cell lysates were immunoprecipitated using 
anti-HA agarose beads and analyzed by western blot with an anti-FLAG antibody. 
c, GST pulldown assays were conducted using His-TF and His-TF-mRPL12 
proteins, along with GST, GST-mLC3s, or GST-mGABARAPs from E. coli. d, GST 
pulldown assays were performed using His-TF, His-TF-mRPL12, or His-TF-mRPL12 
P3N-E21L proteins with GST, GST-mLC3s, or GST-mGABARAP, all purified from 
E. coli. e, The expression levels of ribosomal and other indicated proteins in the 
mouse liver under starvation were assessed after intraperitoneal injection  
with mCherry-tagged rAAV-RPL12-WT or rAAV-RPL12 P3N-E21L (n = 3 mice).  
f, Degradation ratios from (e) were quantified. g, Total RNA from (e) was analyzed 

on formaldehyde agarose gels. h, rRNAs levels from (g) were quantified. i, A 
volcano plot showed MS signal changes in Rpl12 P3N-E21L mutant versus WT liver 
samples, with red dots (n = 27) indicating significantly changed components 
|log2FC | > log21.2 and P < 0.01. A two-sided Wald test was conducted without 
adjustment for multiple comparisons. j, R package DESeq2 (version 1.34.0) was 
used to identify differentially abundant component in MS from (i), selected by 
the threshold P < 0.01 and |log2FC | > log21.2. A two-sided Wald test was conducted 
without adjustment for multiple comparisons. k, l, Blood glucose (k) and hepatic 
glycogen concentrations (l) under starvation conditions were quantified. Actin 
and Tubulin served as the loading control. Blots and gels are representatives of 
three independent experiments. Statistical significance: ***P < 0.001, **P < 0.01, 
ns: no significance. P values were calculated by two-tailed Student’s t tests  
(f, h, k, l) and the data are presented as mean ± s.d. (n = 3 biological replicates). 
Exact P values, source numerical data and unprocessed blots/gels are provided  
in Source data.
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