
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2023) 80:129 
https://doi.org/10.1007/s00018-023-04778-9

ORIGINAL ARTICLE

Cellular and Molecular Life Sciences

A neuroprotective role of Ufmylation through Atg9 in the aging brain 
of Drosophila

Huifang Li1 · Zhenghong Yu2 · Zikang Niu1 · Yun Cheng3 · Zhenhao Wei1 · Yafei Cai1 · Fei Ma4 · Lanxin Hu1 · 
Jiejie Zhu1 · Wei Zhang1 

Received: 28 February 2023 / Revised: 9 April 2023 / Accepted: 11 April 2023 / Published online: 22 April 2023 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract
Ufmylation is a recently identified small ubiquitin-like modification, whose biological function and relevant cellular targets 
are poorly understood. Here we present evidence of a neuroprotective role for Ufmylation involving Autophagy-related gene 
9 (Atg9) during Drosophila aging. The Ufm1 system ensures the health of aged neurons via Atg9 by coordinating autophagy 
and mTORC1, and maintaining mitochondrial homeostasis and JNK (c-Jun N-terminal kinase) activity. Neuron-specific 
expression of Atg9 suppresses the age-associated movement defect and lethality caused by loss of Ufmylation. Furthermore, 
Atg9 is identified as a conserved target of Ufm1 conjugation mediated by Ddrgk1, a critical regulator of Ufmylation. Mam-
malian Ddrgk1 was shown to be indispensable for the stability of endogenous Atg9A protein in mouse embryonic fibroblast 
(MEF) cells. Taken together, our findings might have important implications for neurodegenerative diseases in mammals.
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Introduction

Autophagy is a conserved lysosomal clearance process 
whereby unneeded intracellular substances are packaged, 
degraded and recycled for cell viability and homeosta-
sis [1, 2]. Experimental results suggest that autophagy is 
neuroprotective in the aging brain because mature neurons 
face hurdles in preventing cellular waste from accumulat-
ing over a lifetime without the aid of cell division to dilute 
these burdens [3]. Changes in autophagy flux and lysosomal 

hydrolysis thereby have been implicated as potential causa-
tive factors of cell death in neurodegenerative disorders [4, 
5].

A hallmark of autophagy is the formation of autophago-
some, a double-membrane vesicle that initiates at the pre-
autophagosomal structure or phagophore assembly site 
(PAS) to engulf cellular contents [6]. The autophagic path-
way is highly controlled by a series of autophagy-related 
(Atg) proteins, among which Atg9 is the sole transmembrane 
protein essential for autophagosome formation [7, 8]. Dif-
ferent from other Atg proteins, either diffuse in the cyto-
sol, or present at the PAS, Atg9 has a unique and dynamic 
distribution by forming multiple punctate structures [9]. In 
yeast, Atg9-containing vesicles are derived from the Golgi 
apparatus and cycles between the cytoplasmic membrane 
pool and the PAS. The Atg9 vesicles then are recruited to 
PAS during nutrient deprivation to ultimately become part of 
the autophagosomal outer membrane [10]. Similarly, mam-
malian Atg9 traffics between the trans-Golgi network, endo-
somal system, and plasma membrane under basal conditions, 
whereas it is translocated to autophagic membranes upon 
autophagy induction to fuse with the lysosome [11]. Moreo-
ver, yeast Atg9 has also been observed to localize proximal 
to the mitochondria, which, however, remains controversial 
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due to the lack of supporting data from cultured mouse and 
human cells [12].

In addition to autophagy, evidence in Drosophila midgut 
also emerges that Atg9 can interact with PALS1-associated 
tight junction protein (Patj), which acts with Tsc2 to repress 
the activity of mechanistic target of rapamycin (mTOR) 
complex 1 (mTORC1) (Fig. 1a) [13]. The mTORC1 kinase 

is a key mediator of nutrient-dependent control of protein 
synthesis [14]. Well-characterized substrates of mTORC1 
include 4EBP (eIF4E-binding protein) and S6K (ribosomal 
protein S6 kinase), which are involved in the initiation of 
cap-dependent translation of mRNA [15, 16]. This function 
of mTORC1 is required for synaptic plasticity and memory 
consolidation as altered protein translation has a vital role 
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in memory and cognitive decline [3, 17]. On the other hand, 
mTORC1 is also known as a negative regulator of autophagy 
in response to nutrient sensing. It phosphorylates Atg13 and 
transcription factor EB (TFEB) to block autophagosome for-
mation and lysosome biogenesis [18, 19]. As a result, the 
interaction between Atg9 and Patj serves a second mecha-
nism for Atg9 to regulate autophagy through antagonizing 
the mTORC1 signaling.

In this report, we provide evidence for a novel post-trans-
lational modification of Atg9 protein mediated via the Ufm1 
(ubiquitin-fold modifier 1) conjugation system. Ufmylation 
is a recently identified ubiquitin-like modification catalyzed 
by the Ufm1-activating E1 enzyme (Uba5), Ufm1-conju-
gating E2 enzyme (Ufc1), and E3 ligase Ufl1 and its co-
factor Ddrgk1, which is also known as Ufbp1 or C20orf116 
(Fig. 1a) [20–22]. So far only limited Ufm1 substrates have 
been described, including Ddrgk1 itself, which anchors to 
the ER membrane and interacts with other target proteins 
through co-localizing with Ufl1 in a large protein complex 
[23–25]. Although Ufmylation previously has been con-
nected to neurodevelopmental diseases and cancers, the sub-
strates and underlying mechanisms are still largely unclear 
[26, 27]. Here we uncover an age-dependent decrease of the 
Ufmylation activity that is crucial for the nervous system 
function during the aging process of Drosophila. The Ufm1 

conjugation system acts via Atg9 to regulate autophagy and 
mTORC1, and maintain mitochondrial homeostasis and 
JNK (c-Jun N-terminal kinase) activity in neuronal cells. 
The consequences of misregulation of Ufmylation in this 
context can be severe neurodegenerative conditions. Inter-
estingly, a conserved Atg9 Ufmylation mediated by Ddrgk1 
is affirmed in Drosophila neurons and mouse embryonic 
fibroblast (MEF) cells. The neuroprotective role of Ufm1, 
therefore, might have implications for degenerations, such 
as Parkinson’s disease, Alzheimer’s disease, and bovine 
spongiform encephalopathy in mammals.

Results

Deficiency in Ufmylation leads to age‑progressive 
neurodegeneration

In Drosophila adult brain, we noticed an age-dependent 
reduction in the protein levels of total and covalent Ufm1, 
but not Ufm1 monomer, when monitoring Ufm1 expression 
using an antibody recognizing both conjugated and mono-
meric forms (Fig. 1b and c). Quantitative RT-PCR further 
revealed that the transcript levels of core components of the 
Ufm1 system were generally low in aged heads when com-
pared to young ones (Fig. 1d). Taken together, the reduced 
activity of the pathway as a whole suggests a possible func-
tion of Ufmylation in the aging brain.

To explore this issue, we utilized the RNAi-mediated 
depletion of gene expression driven by elav-Gal4 in neu-
rons. Flies carrying the Gal4 system were shifted to 29 °C 
after eclosion in order to enhance RNAi efficacy. Using this 
strategy, we tried to abrogate Ddrgk1 in adult brain, and 
relatively minimize its effect on neurodevelopment. Flies 
lacking Ddrgk1 in this setting by a UAS-RNAi from NIG-
FLY, though exhibited a sharply reduced survival, were able 
to perform normally in a climbing assay at a young age, indi-
cating limited influence from Gal4-UAS during the devel-
opmental phase (Fig. 1e and f). Nonetheless, a progressive 
locomotor defect was detected when these flies became old 
and impaired in their climbing ability (Fig. 1e). Thereafter, 
a new RNAi line against Ddrgk1 from VDRC KK collection 
was applied for the confirmation of the aging phenotype. The 
independent KK line showed a stronger Ddrgk1 knockdown 
efficacy as quantified by PCR (Supplemental Figure S1a). 
Owing to folded wings under elav-Gal4, flies with KK were 
drowned in food after emerging, leading to an early adult 
lethality. A Tub-Gal80ts then was introduced to weaken the 
knockdown strength and enable normal development of KK 
adults, which mimicked the behavior of aged NIG flies when 
grew old (Supplemental Figure S1b and c). For the reason 
of convenience, the following analyses referring to Ddrgk1 
hence were conducted based on the NIG stock. Similar trend 

Fig. 1  Characterization of Ufmylation in the aging brain of adult 
Drosophila. a The Ufmylation system and Atg9 regulation shown in 
relation to the ER. b Ufmylation in the brains of young (3-day-old) 
and aged (30-day-old) w1118 control male flies. Conjugated and mono-
meric Ufm1 proteins are indicated by arrowheads. Anti-β-actin was 
used as loading control. c Histogram showing the normalized ratio 
to β-actin of total Ufm1 (T-Ufm1), conjugated Ufm1 (C-Ufm1) and 
monomeric Ufm1 (M-Ufm1) protein in young and aged fly brains. 
Data represent the average ± SD for 3 independent experiments. 
*p < 0.05, **p < 0.01. d Normalized mRNA levels of indicated genes 
measured by quantitative RT-PCR. RNA was isolated from above-
mentioned young and aged w1118 male adult heads. RNA levels were 
normalized to kinesin mRNA. Data represent the average ± SD of 3 
independent experiments. *p < 0.05, **p < 0.01. e Climbing assays 
show the percentage of flies that climbed > 5 cm in 30 s. UAS-Ddrg-
k1RNAi (NIG) was expressed in neurons with the elav-Gal4 driver. 
“elav” denotes elav-Gal4/ + by crossing with w1118. ns not significant, 
***p < 0.001. f Adult lifespan calculated by day at 29  °C. Broken 
lines indicate the time points aged at 29  °C when climbing assays 
in (e) were performed. n = 200 flies per genotype; Log-rank test, 
p < 0.001. g Climbing assays for pan-neuronal expression of UAS-
Uba5RNAi and UAS-Ufl1RNAi. ns not significant, ***p < 0.001. h Adult 
lifespan at 29 °C. Broken lines indicate the time points when climb-
ing assays in (g) were performed. n = 200 flies per genotype; Log-
rank test, p < 0.001. i Left panel: TUNEL staining in aged (21-day-
old) brains. elav-Gal4 was used to drive UAS-RNAi transgene 
for Ddrgk1. Cell apoptosis was indicated by fragmented DNA as 
labeled by TUNEL in red. Nuclei were labeled with DAPI (blue). 
Right panel: normalized ratio of TUNEL dots in each brain (n ≥ 6). 
***p < 0.001. j Left panel: neuropil vacuolization (arrowhead) in 
hematoxylin and eosin-stained brain sections of aged (21-day-old) 
flies. Right panel: quantification of vacuoles in each brain (n ≥ 7). 
**p < 0.01

◂
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was also obtained when knocking down Uba5 and Ufl1 
simultaneously in neurons using the same strategy (Fig. 1g 
and h), in that the impact on Ufmylation by silencing Uba5 
or Ufl1 alone was much lower than the Ddrgk1 RNAi (Sup-
plemental Figure S1d and e). Efficacy of the Uba5 and Ufl1 
RNAi transgenes were verified by PCR (Supplemental Fig-
ure S1f and g). Attribution of aforementioned discoveries 
to genetic background, however, could be excluded because 
all UAS transgenes without Gal4 driver (UAS/ + by crossing 
with w1118) behaved pretty well at an old age (Supplemental 
Figure S1h-o).

Shortened adult lifespan and movement disorder are fea-
tures characteristic of Drosophila models of neurodegenera-
tion [28]. To ask whether the phenotypes in Ufmylation defi-
ciencies resulted from neurodegeneration, we documented 
apoptotic cell death using the TUNEL assay in aged brains. 
Indeed, knocking down Ddrgk1 in neurons showed a signifi-
cant increase in TUNEL-positive signals, which was veri-
fied by depleting Uba5 and Ufl1 (Fig. 1i and Supplemental 
Figure S2a). Both flies also showed elevated vacuolization 
in aged brain by hematoxylin–eosin (HE) staining, while 
limited vacuoles were observed in their respective controls 
(Fig. 1j and Supplemental Figure S2b). These findings are 
suggestive of a neuroprotective role for Ufm1 conjugation 
system during the aging process.

Deficiency in Ufmylation leads to lysosomal–
autophagic deficits

Dysfunction of the Ufm1 pathway is known to activate the 
ER stress response and lead to elevated expression of Bip 
chaperone and phosphorylation of eIF2α [29, 30]. Given ER 
stress is a main cause of neurodegenerative diseases, thus we 
first checked whether cells were stressed in the aging brain. 
Overall, there was an age-associated increase of ER stress 
in normal brains as indicated by unfolded protein response 
(UPR) of both Bip mRNA and eIF2α phosphorylation (Sup-
plemental Figure S2c and e). This increase was more pre-
dominant in aged brains deprived of Uba5 and Ufl1, but not 
in Ddrgk1 RNAi when compared to control flies, although 
all flies suffered comparable levels of stress when they were 
young (Supplemental Figure S2c–e). The difference detected 
here is consistent with earlier findings that some pathway 
components may have function independent of Ufmylation 
[31]. On the other hand, it also appears unlikely that the 
neurodegeneration in our context is primarily regulated by 
ER stress.

In contrast, an abnormal lysosomal pathology was con-
stantly observed with Ufmylation ablation when we stained 
the aged brains with acidotropic LysoTracker. As visualized 
with confocal microscopy, depleting Ufm1 machinery led 
to an aberrant lysosome accumulation, which was not seen 
in age-matched control counterpart (Fig. 2a–d). Given that 

normal lysosomes are required to fuse with autophagosomes 
to form autophagolysosomes in the process of autophagy 
[32], we next examined autophagy. LC3 is commonly con-
sidered as a good marker for studying autophagy. Upon 
autophagy, the cytosolic form of LC3, LC3-I, is converted to 
LC3-II, which is specifically targeted to the autophagosome 
membrane until fusion with lysosomes [33]. Western blot 
analysis demonstrated that the levels of LC3-I and LC3-II 
were relatively stable in control flies regardless of the age, 
while LC3-II accumulated merely in the aged heads with 
Ufmylation ablated, implying either an anomalous activa-
tion of autophagy with increased autophagosomal vesicles 
or an accelerated age-dependent stall in the autophagy flux 
in those flies (Fig. 2e and f). To distinguish the two possi-
bilities, we evaluated the downstream effects of autophagic 
dysregulation by making use of an antibody against p62, 
a substrate for autophagic degradation [34]. In line with 
the latter, control flies constitutively degraded p62 in their 
heads, whereas aged but not young RNAi flies displayed 
an elevated level of p62, confirming a chronic block of 
autophagy caused by defects in the Ufm1 system (Fig. 2e 
and f).

A conserved Ufm1 modification of Atg9 mediated 
by Ddrgk1

In the Atg family regulating autophagy, Atg9 is the only 
transmembrane protein that must be synthesized and pro-
cessed in the ER. In light of this, we asked whether Atg9 
could interact with the Ufm1 E3 ligase complex containing 
Ddrgk1 on the ER membrane. Unfortunately, no interac-
tion was recovered when affinity purification of Ddrgk1 was 
conducted from Drosophila S2 cells transfected to express 
both Ddrgk1 and Atg9 (Supplemental Figure S3a). Next, we 
also carried out a TurboID analysis of Ddrgk1-associated 
proteins in S2 cells. TurboID is based on the activity of a 
promiscuous BirA biotin ligase, which labels proteins that 
are in close proximity with the TurboID-tagged bait [35, 36]. 
This differs from affinity purification of protein complexes 
since it allows identification of highly transient interactions. 
Surprisingly, this strategy led to identification of Atg9 from 
biotin-cultured cells expressing TurboID-tagged Ddrgk1 
after compared with the same cells expressing TurboID 
and biotin-free cells expressing Ddrgk1- TurboID (Fig. 3a 
and Supplemental Figure S3b). Then to further determine 
whether Atg9 could be Ufmylated, we purified Atg9-GFP 
from aged head of a UAS transgene driven by elav-Gal4, and 
analyzed Ufm1 covalence using the Ufm1 antibody. West-
ern blot revealed that a conjugated Ufm1, with a molecu-
lar weight (~ 140 kDa) larger than Atg9-GFP, specially 
corresponded to the purified Atg9 protein, but was absent 
when Ddrgk1 was depleted (Fig. 3b). More interestingly, 
this transgene-directed expression of Atg9-GFP in the brain 
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was sensitive to the effect of Ddrgk1 modulation but with 
a refractory GFP transcript (Fig. 3c and Supplemental Fig-
ure S3c), hinting a post-transcriptional regulation of Atg9 
in vivo by Ufmylation pathway. Considering Atg9 exists as 
highly motile vesicles, we conclude from these data that 

Ufm1 could modify Atg9 and sustain its expression, most 
likely through a transient interaction between Ddrgk1 and 
Atg9.

Drosophila possesses one Atg9, whereas mammals have 
Atg9A and Atg9B, among which Atg9A is ubiquitous but 

Fig. 2  Loss of Ufmylation led to lysosomal-autophagic deficits. a 
Diagram of a fly brain with the sub-esophageal zone highlighted. b 
Brains dissected from aged (21-day-old) elav-Gal4 control or Ddrgk1 
knockdown flies were stained with LysoTracker Red. Images were 
captured from the same region of the sub-esophageal ganglion in each 
brain using the same microscope settings. DAPI was used to visual-
ize nuclei (blue). c Brains dissected from aged (24-day-old) Uba5 and 
Ufl1 knockdown flies were stained with LysoTracker Red. Images 
were captured from the same region of the sub-esophageal ganglion. 
d LysoTracker probes above a uniform threshold were counted. Val-
ues represent average ± SD for n ≥ 7 experiments with one control 

and one knockdown brain in each experiment. The normalized ratio 
between control and Ddrkg1 knockdown (left) is 1/2.31. **p < 0.01, 
***p < 0.001. e Immunoblots to visualize the levels of LC3 (LC3-I 
and LC3-II) and p62 in young (3-day-old) and aged (24-day-old) 
heads from flies expressing UAS-Ddrgk1RNAi and UAS-Uba5RNAi, 
UAS-Ufl1RNAi under elav-Gal4 control. Antibody to H3 and β-actin 
were used as loading controls. f Histogram showing the normalized 
levels of LC3-II/LC3-I and p62 for representative lanes in (e). Data 
represent the average ± SD for 3 independent experiments. *p < 0.05 
when comparing to the control
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highly expressed in neurons of the central nervous system 
(CNS) [12]. By surveying samples from patients with tumors 
in CNS/brain using cBioPortal [37, 38], we noted a strong 
correlation between Ddrgk1 and Atg9A expression (Fig. 3d, 
but not Atg9B as per Supplemental Figure S3d), in keeping 
with the observation that low expression of Atg9 in aged 
fly head coincided with the diminished Ufm1 components 
(Fig. 1d). This persuaded us to get a more mechanistic 
understanding of the link between Ddrgk1 and Atg9A in 
mammals. As a first step, we tested the protein stability of 
Atg9A using a CHX (cycloheximide, inhibitor of protein 
synthesis) chase assay by taking advantage of a MEF cell 
lines harvested from the  Ddrgk1F/F:ROSA26-CreERT2 
mice [39]. No surprise, Ddrgk1 was able to stabilize Atg9A 
proteins since endogenous Atg9A degraded faster when 
depletion of Ddrgk1 was induced by 4-hydroxytamoxifen 
(4-OHT) (Fig. 3e and Supplemental Figure S3e), in accord-
ance with the regulation of Atg9 post-transcriptionally by 
Ddrgk1 in Drosophila (Fig. 3c and Supplemental Figure 
S3c). To follow up, we assessed the Ufmylation mediated 
by Ddrgk1 in those immortalized MEF cells by expressing a 
V5-tagged Atg9A. Results from V5 purification also showed 
an Ufm1-modified Atg9A that depended on the presence 

of Ddrgk1 (Fig. 3f). Intriguingly, the mammalian Atg9A 
seems to undergo a more complicated modification process 
as judging from the molecular weights of Ufmylated Atg9A 
(~ 190 kDa) and its fly ortholog (Fig. 3b and f).

The neuroprotective function of Ufmylation 
through Atg9

It is well established that Atg9 null mutant in Drosophila 
displays impaired developmental autophagy in larval stage 
[13]. To determine the function of Atg9 in adult brain, we 
again adopted the temperature sensitive RNAi driven by 
elav-Gal4, and found that loss of Atg9 selectively in neu-
rons exhibited a reduced lifespan, characterized by a pro-
gressive climbing defect similar to Ufmylation disruption 
(Supplemental Figure S4a and b). RNAi efficacy of this 
Atg9 transgene was monitored by PCR (Supplemental Fig-
ure S4c). Nevertheless, over-expressing Atg9 by elav-Gal4 
also led to a mild locomotor abnormality with age, showing 
the importance of fine-tuning autophagic activity in neu-
rons, although the mortality of these flies was not severely 
affected (Supplemental Figure S4d and e). Likewise, attri-
bution of abovementioned phenomena to UAS background 
turned up unlikely (Supplemental Figure S4f–h). Even so, 
introducing Atg9 in Ddrgk1- or Uba5-depleted neurons 
improved the climbing ability of aged flies and extended 
their life expectancy, suggesting phenotypes associated with 
Ufmylation ablation were actually caused by interruption of 
Atg9 function (Fig. 4a–b and Supplemental Figure S4i–j). 
Furthermore, compared with Ddrgk1 knockdown alone, 
co-expressing Atg9 did not compete for Gal4 binding by 
the UAS-RNAi cassette as measured by Ddrgk1 transcripts 
(Supplemental Figure S4k), but alleviated the neurode-
generation in those aged brains by reducing cell apoptosis 
and neuropil vacuolization (Fig. 4c–e). These physiologi-
cal changes correlated with the restore of autophagy flux 
as indicated by LysoTracker, LC3-II and p62, markers for 
lysosome and autophagy (Fig. 4f–i). Since silencing Ddrgk1 
relying on Gal4-UAS will be a major approach for analyz-
ing the downstream signaling, two UAS-GFPs with separate 
insertion sites were further applied to rule out the concern 
for titration of elav-Gal4 (Supplemental Figure S4l–o). Alto-
gether, we demonstrated that the Ufm1 pathway could act 
via Atg9 to protect the nervous system in aging.

Deficiency in Ufmylation leads to altered mTORC1 
activity through Atg9

Besides promoting autophagosome formation, Drosophila 
Atg9 can also regulate autophagy in the adult intestine 
through antagonizing mTORC1 signaling by interacting 
with Patj [13]. Consequently we asked whether deficiency 
in Ufmylation would also affect the activity of mTORC1 in 

Fig. 3  Ddrgk1 mediates Atg9 Ufmylation and stabilizes its proteins. 
a Immunoblots to monitor the transient interaction between Ddrgk1-
TurboID-V5 and Flag-Atg9. S2 cells were transfected to express Tur-
boID-V5 or Ddrgk1-TurboID-V5 with Flag-Atg9. Cells were treated 
with biotin or water as a control (-) as indicated. Biotin-labeled pro-
teins were recovered using Streptavidin beads, and blots were probed 
with anit-V5 and anti-Flag to visualize Ddrgk1 and bound Atg9. Rel-
ative protein levels were quantified and calculated for representative 
lanes. b Immunoblots to monitor Ufmylation of Atg9-GFP expressed 
under elav-Gal4 control in aged (21-day-old) fly heads. Left panel: 
Atg9-GFP proteins were recovered using GFP antibody raised in 
Alpaca, and blots were probed with anti-Ufm1 to visualize Ufmyla-
tion. Alpaca IgG was used as a control. Right panel: Atg9-GFP pro-
teins were recovered from aged heads expressing UAS-Ddrgk1RNAi 
under elav-Gal4 control. Anti-β-actin was used as loading control. 
c Immunoblots to visualize the level of GFP tagged Atg9 expressed 
in 21-day-old fly brains with and without Ddrgk1 depletion. Lower 
panel: histogram showing the normalized ratio of GFP/β-actin indi-
cated for representative lanes in upper panel. Data represent 3 inde-
pendent experiments. **p < 0.01. d Correlation analysis of Ddrgk1 
versus Atg9A in 7255 human samples from 6805 patients with 
tumors in CNS/brain using cBioPortal (www. cbiop ortal. org). Pearson 
correlation coefficient rho = 0.71 (p < 0.001). e Upper panel: immu-
noblots to visualize the levels of endogenous Atg9A and Ddrgk1 in 
MEF cells harvested from the  Ddrgk1F/F:ROSA26-CreERT2 mice. 
MEFs were treated with 4-OHT or ethanol to induce Ddrgk1 dele-
tion or as a control. Before harvested, MEFs were pretreated with 
cycloheximide (CHX) for the indicated times. Anti-β-actin was used 
as loading control. Lower panel: histogram showing the quantifica-
tion of Atg9A levels normalized to β-actin. f Immunoblots to monitor 
Ufmylation of Atg9A-V5. MEFs were treated with 4-OHT to induce 
Ddrgk1 deletion. Atg9A-V5 proteins were recovered using V5 anti-
body from MEFs transfected to express Atg9A-V5. Blot was probed 
with anti-Ufm1 to visualize Atg9A Ufmylation. Anti-β-actin was 
used as loading control

◂
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flies. To address this question, we silenced the expression 
of Ddrgk1 and Ufl1 in S2 cells by dsRNA, both of which 
showed an increase in S6K phosphorylation (Fig. 5a), simi-
lar to Atg9 depletion under the same experimental setting 
(Supplemental Figure S5a and b). This connection between 

Ufmylation and mTORC1 was testified independently in 
adult eyes depleting Tsc1, a negative regulator of mTORC1 
and tissue growth [40], since downregulating Ufm1 com-
ponents by RNAi enhanced the Tsc1 loss-of-function phe-
notype by further enlarging eye size, but on its own had no 

Fig. 4  Atg9 is involved in the neuroprotection of Ufmylation. 
a Climbing assay performed on Ddrgk1 knockdown and Atg9 
co-expression flies under elav-Gal4 control. ns not significant, 
***p < 0.001. b Adult lifespan of Ddrgk1 knockdown flies calculated 
by day at 29 °C with and without co-expression of Atg9. n ≥ 260 flies 
per genotype; Log-rank test, p < 0.001. c TUNEL staining in aged 
(21-day-old) brains of Ddrgk1 knockdown and Atg9 co-expression 
flies. Cell apoptosis was indicated by TUNEL in red and nuclei were 
labeled with DAPI in blue. d normalized ratio of TUNEL dots in 
each brain (n ≥ 6). ***p < 0.001. e Left panel: neuropil vacuolization 
in HE-stained brain sections of aged (21-day-old) flies with denoted 
genotypes. Right panel: quantification of vacuoles in each brain 
(n ≥ 6). *p < 0.05. f Aged (21-day-old) brains from Ddrgk1 knock-

down flies with and without Atg9 co-expression were stained with 
LysoTracker Red. DAPI was used to visualize nuclei (blue). Images 
were captured from the same region of the sub-esophageal ganglion. 
g LysoTracker probes above a uniform threshold were counted. The 
normalized ratio is 1/0.74 for n = 7 when comparing Ddrgk1 knock-
down with Atg9 co-expression. *p < 0.05. h Immunoblots to visual-
ize the levels of LC3 and p62 in young (3-day-old) and aged (21-day-
old) heads from Ddrgk1 knockdown flies with and without Atg9 
co-expression. Antibody to H3 and β-actin were used as loading con-
trols. i Histogram showing the normalized levels of LC3-II/LC3-I and 
p62 for representative lanes in (h). Data represent the average ± SD 
for 3 independent experiments. *p < 0.05
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obvious eye phenotype (Fig. 5b). Efficacy of Tsc1 RNAi line 
was checked by PCR in Supplemental Figure S5c.

Then does mTORC1 also contribute to the neuropro-
tection of Ufm1 in the aging brain? Indeed, suppressing 

mTORC1 signaling by overexpressing 4EBP or depleting 
S6K ameliorated the survival deficit and movement disorder 
caused by Ufmylation ablation in neurons (Fig. 5c–f, effi-
ciency of Ufmylation ablation was intact in the presence of 

Fig. 5  Ufmylation acts via Atg9 to regulate mTORC1 activity. a Left 
panel: immunoblots to detect S6K phosphorylation. S2 cells were 
treated with dsRNA to deplete Ddrgk1 or Ufl1. Efficacy of Ddrgk1 
or Ufl1 depletion was monitored indirectly by Ufm1 antibody. Anti-
β-actin was used as loading control. Right panel: histogram show-
ing the normalized ratio of p-S6K/β-actin indicated for representa-
tive lanes in left panel. Data represent 3 independent experiments. 
**p < 0.01. b Photomicrographs of adult eyes expressing GMR-Gal4 
alone or with UAS-Uba5RNAi and UAS-Ufl1RNAi. Middle panel: co-
expressed UAS-Tsc1RNAi. Right panel: normalized eye size meas-
ured in pixels from digital images using ImageJ. Error bars indicate 
SD from measurement of at least 15 eyes for each genotype. ns not 
significant, ***p < 0.001. c Climbing assay performed on Ddrgk1 

knockdown and 4EBP co-expression flies under elav-Gal4 control; 
e Climbing assay performed on  S6KRNAi co-expression; g Climb-
ing assay performed on Patj overexpression flies. ns not significant, 
**p < 0.01, ***p < 0.001. d Adult lifespan of Ddrgk1 knockdown 
and 4EBP co-expression flies. n ≥ 300 flies; p < 0.001 (in red) when 
comparing Ddrgk1 knockdown with elav-Gal4 control; p < 0.001 (in 
blue) when comparing Ddrgk1 knockdown with 4EBP co-expression. 
f Adult lifespan by day at 29 °C. n ≥ 280 flies; ns not significant when 
comparing elav control with Ddrgk1 and S6K double knockdown. h 
Adult lifespan of Ddrgk1 knockdown flies with and without Patj over-
expression. n ≥ 260 flies, p < 0.001. Broken lines indicate the time 
points aged at 29 °C when climbing assays were performed
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additional UAS cassette as estimated by Ddrgk1 transcripts 
in Supplemental Figure S4k), although high 4EBP and low 
S6K activities under normal conditions had opposite impacts 
on the adult lifespan, which apparently was independent of 
their genetic backgrounds (Supplemental Figure S5d–g). 
Efficacy of the S6K RNAi transgene was shown in Sup-
plemental Figure S5h. In both human and Drosophila intes-
tine, the multi-PDZ domain containing protein Patj interacts 
with Tsc2 to oppose the mTOR signaling, and Atg9, as out-
lined above, was known to act on mTORC1 through bind-
ing Patj [13]. To prove the involvement of Atg9, we man-
aged to restore the climbing ability and life expectancy of 
Ddrgk1 RNAi flies via ectopically expressing Patj to inhibit 
mTORC1 by reinforcing the signal input from Atg9 (Fig. 5g 
and h, comparable Ddrgk1 transcripts in both brains were 
depicted in Supplemental Figure S4k), while expressing Patj 
by elav-Gal4 itself had subtle influence on aging (Supple-
mental Figure S4d and e). Conversely, silencing endogenous 
Patj in neurons displayed a marked trend toward neurode-
generation by assessing the survival and behavior of adult 
flies (Supplemental Figure S5i and j). Efficacy of the Patj 
depletion transgene was elucidated by PCR in Supplemental 
Figure S5k. In general, limited background effect was found 
for Patj flies in the absence of Gal4 (Supplemental Figure 
S4f–g and S5l). In sum, the altered mTORC1 activity sup-
ports a critical role of Atg9 in degenerative brains suffering 
from impaired Ufmylation.

Ufmylation regulates mitochondrial homeostasis 
and JNK through Atg9

Mitochondrial damages are profoundly implicated in neu-
rodegenerative disease [41, 42]. It was noteworthy that 
a remarkable depletion of mitochondria was witnessed 
by MitoTracker staining when S2 cells were treated with 
dsRNA to silence Ddrgk1, Ufl1 or Atg9 (Fig. 6a and b). 
In aged but not young heads, ablating Ufmylation likewise 
compromised mitochondrial content as measured by the 
expressions of two mitochondrial components, COXIII 
and ATP5A [43, 44] (Fig. 6c–e), which could be revised by 
Atg9 overexpression (Fig. 6f–h), consistent with the idea 
that Atg9 acts downstream of Ufm1 machinery. Because a 
transversal feature of mitochondrial dysfunction is the altera-
tions of oxidative metabolism [45], we also investigated the 
requirement of Ufmylation on the viability of adult fly in 
response to oxidative stress. In agreement with the mito-
chondrial abnormalities in aged flies, decreasing Uba5 and 
Ufl1 expressions in neurons resulted in increased sensitivity 
of young flies to  H2O2, which was validated by an increase 
in the mortality of Ddrgk1-abolished flies under the same 
stress condition (Fig. 6i and j). Unexpectedly, co-expressing 
Atg9 this time only modestly rescued the elevated death rate 
caused by Ddrgk1 knockdown (Fig. 6k). This weak effect, 

however, could be potentiated via simultaneously supple-
menting mTORC1 inhibitor rapamycin into the fly medium 
containing  H2O2, reflecting the involvement of both Atg9 
and mTORC1 under oxidative stress (Fig. 6l).

An important amplification step subsequent to oxidative 
toxicity is activation of the JNK pathway that is known to 
prevent hosts against stress-induced damage and extend 
lifespan in Drosophila [46, 47]. Immunoblotting using anti-
phospho-JNK antibody showed that young flies devoid of 
Ddrkg1 were deficient in JNK activation under oxidative 
stress, while overexpressing Atg9 did not further augment 
the phosphorylation level of JNK, likely masked by noise 
from non-neuronal tissues in the head (Fig. 7a). Yet, intro-
ducing Atg9 into neurons lacking Ddrgk1 upregulated the 
activity of JNK, hinting a rescue effect rendered by Atg9 
(Fig. 7a). Puc is a transcriptional target of JNK signal-
ing and encodes a phosphatase that inhibits JNK activity 
through a negative feedback mechanism [48]. Boosting JNK 
transduction by depleting Puc similarly exerted a small but 
functionally significant increase in the stress tolerance of 
the Ufm1-defective flies to  H2O2 (Fig. 7b–d, efficiency of 
Ufmylation ablation was unchanged as per Supplemental 
Figure S4k). Accordingly, depriving Puc by elav-Gal4 on its 
own was insensitive to oxidative stress (Supplemental Figure 
S6a). Silencing Puc in neurons was also able to partially 
improve the locomotor ability and lifespan of these flies over 
time, which was true as well when one copy of the Puc 
gene was removed (Fig. 7e–h, performance of Puc RNAi 
and mutant alone is provided in Supplemental Figure S6b 
and c). Knockdown efficacy of the Puc transgene was judged 
by PCR in Supplemental Figure S6d. Hence, our study also 
conferred a physiological relevance of the JNK signaling 
pathway in the neuroprotection by Ufmylation.

Discussion

Although a genome-wide screen in human has found that 
genetic variants in components of the Ufm1 pathway are risk 
factors for Parkinson’s disease, much less is known about 
the precise function of Ufm1 in the chronic neurological 
symptoms [49]. Here we aged Drosophila lifespan at 29 °C 
to accelerate the aging process, which might not be exactly 
the same as the physiological performance at the normal 
25 °C. Nevertheless, our results illustrate a neuroprotective 
role of Ufmylation through Atg9 in the aging brain and head 
of Drosophila by assuming changes in head really reflect the 
brain in some scenarios. Failure of this regulation leads to 
age-progressive neurodegeneration, presumably reflected by 
a short survival accompanied with a locomotor dysfunction 
in aged but nut young flies. It is tempting to speculate that 
the degenerative phenotype observed here is due to ER stress 
response as the Ufm1 system is tightly related to the ER and 
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Fig. 6  Ufmylation acts via Atg9 to regulate mitochondrial homeo-
stasis. a Visualization of active mitochondria by MitoTracker Red. 
S2 cells were treated with dsRNA to deplete Ddrgk1, Ufl1 or Atg9. 
DAPI was used to visualize nuclei (blue). b MitoTracker signals 
were measured as pixel intensity for each cell. Values represent aver-
age ± SD for n = 50 cells per treatment. **p < 0.01, ***p < 0.001 com-
paring to the control. c Histogram showing the level of mitochondrial 
COXIII mRNAs measured by quantitative RT-PCR. Total RNA was 
extracted from young (3-day-old) and aged (24-day-old) fly heads 
with indicated genotypes under elav-Gal4 control. RNA levels were 
normalized to age-matched elav control after normalized to kinesin 
mRNA. Values represent average ± SD for 3 biological replicates. 
*p < 0.05 when comparing to elav control. d Immunoblots to visual-
ize the level of mitochondrial ATP5A in young (3-day-old) and aged 
(24-day-old) heads from flies of denoted genotypes. Anti-β-actin was 
used as loading control. e Histogram showing the normalized ratio of 
ATP5A/β-actin indicated for representative lanes in (d). Data repre-

sent 3 independent experiments. *p < 0.05 when comparing to elav. 
f COXIII mRNAs measured by quantitative RT-PCR. Total RNA 
was extracted from young (3-day-old) and aged (21-day-old) fly 
heads with indicated genotypes. RNA levels were normalized to age-
matched Ddrgk1 RNAi flies. Values represent average ± SD for 3 bio-
logical replicates. *p < 0.05. g Immunoblots to visualize the level of 
ATP5A in young (3-day-old) and aged (21-day-old) heads of denoted 
genotypes. h Normalized ratio of ATP5A/β-actin indicated for repre-
sentative lanes in (g). *p < 0.05. i–l Survival curve of young flies of 
denoted genotypes fed with  H2O2 to induce oxidative stress at 25 °C: 
i 5-day-old flies expressing UAS-RNAi transgene for Uba5 and 
Ufl1, n ≥ 160, p < 0.001 (Log-rank test); j 3-day-old flies expressing 
Ddrgk1 RNAi under elav-Gal4, n = 220, p < 0.001; k Co-expression 
of Atg9 in Ddrgk1 knockdown flies (3-day-old), n = 220, p < 0.001; l 
flies in (k) reared on medium supplemented with 100 µM Rapamycin 
(Rapa), n ≥ 200, p < 0.001
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the expression of most components of the Ufm1 pathway are 
modulated by ER stress [21, 23]. However, evidence con-
sistently showed that deficiencies in Ufm1 resulted in aber-
rant accumulation of lysosomes and autophagy substrates in 
addition to increased cell apoptosis and vacuole formation 
in aged brain, all of which were ameliorated by introducing 
Atg9 into neurons without Ufmylation. These findings lend 
support to the notion that disturbance in the autophagic path-
way is the primary cause of neurodegeneration associated 

with Ufm1 in Drosophila. In contrast, elevated UPR induced 
by ER stress was only detected in aged brains with Uba5 and 
Ufl1 abolished, but not in Ddrgk1-free counterpart, when 
compared to age-matched elav control (Supplemental Fig-
ure S2c–e), suggesting a case-to-case analysis perhaps is 
required in order to fully understand the role of Ufmylation 
in brain pathologies with age.

Actually a recent study has reported that knock-
ing out Ddrgk1 in cultured MEF cells suppresses the 

Fig. 7  JNK is involved in the neuroprotection of Ufmylation. a 
Immunoblot to detect JNK phosphorylation in heads of young flies 
(3-day-old) driven by elav-Gal4. Flies depleted Ddrgk1, or over-
expressing Atg9, or both were treated with  H2O2 at 25 °C for 60 h. 
Anti-β-actin was used as loading control. Right panel: histogram 
showing the normalized ratio of p-JNK/β-actin indicated for rep-
resentative lanes in left panel. Data represent 3 independent experi-
ments. **p < 0.01, ***p < 0.001. b Immunoblot to detect JNK phos-
phorylation in heads of 3-day-old elav flies depleted Ddrgk1 with or 
without Puc RNAi. Flies were treated with  H2O2 at 25 °C for 60 h. 
c Histogram showing the ratio of p-JNK/β-actin for representa-

tive lanes in (b). ***p < 0.001 as per 3 repeats. d Survival curve on 
 H2O2 of Ddrgk1 knockdown young flies (3-day-old) with or with-
out Puc depletion by elav-Gal4. n = 200; Log-rank test, p < 0.001. e 
and g Climbing assays: e Ddrgk1 knockdown flies with or without 
Puc depletion; g Ddrgk1 knockdown by elav-Gal4 with one mutant 
copy of the Puc gene (PucE69 as indicated). ns not significant, 
***p < 0.001. f and h Adult lifespan at 29 °C: f Ddrgk1 knockdown 
with or without Puc depletion, n ≥ 260, p < 0.001; h Ddrgk1 knock-
down flies heterozygous for PucE69, n ≥ 220, p < 0.001. Broken lines 
indicate the time points when climbing assays were performed
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autophagosome-lysosome fusion with unknown mecha-
nisms, leading to an impaired autophagic clearance and 
increased apoptosis [39]. In keeping with their conclusions, 
here we highlight the regulation of autophagy by Ufm1 
modification through Atg9 in vivo in the aging neurons and 
thereby build a disease model in Drosophila potentially for 
degenerative disorders. Atg9 is a transmembrane protein 
essential for autophagosome formation and lysosome fusion. 
Our data demonstrate that Atg9 is a conserved substrate of 
Ufmylation and acts downstream of the Ufm1 machinery. 
Modification of Atg9 is likely to be mediated by the tran-
sient interaction between Atg9 and Ddrgk1 when Atg9 is 
synthesized and processed in the ER. Absence of Ddrgk1, 
the ER-anchoring protein in the Ufm1 E3 ligase, abrogates 
the Ufmylation of Atg9 and Atg9A respectively in Dros-
ophila and MEF cells. Additionally in mammalian cells, we 
discover that Ddrgk1 is indispensable for the maintenance 
of endogenous Atg9A stability, further supporting the idea 
that Atg9 is functionally coupled to Ufm1 modification. 
Although an in depth exploration of Atg9 Ufmylation still 
awaits the identification and characterization of Ufmylated 
sites on Atg9, our findings so far propose a compelling 
mechanism through which the Ufm1 system regulates 
autophagic flux.

Using quantitative RT-PCR, we observed an age-depend-
ent reduction in the mRNA levels of Patj and Tsc2 concur-
rent with a similar trend for Atg9 and Ufm1 components in 
Drosophila adult head (Fig. 1d). Since Atg9 is known to 
interact with Patj and Tsc2 to regulate intestinal cell growth 
by counteracting mTORC1 signaling [13], it is conceivable 
that repressing mTORC1 by its target 4EBP and S6K is 
able to improve the neuropathological changes caused by 
impaired Ufmylation in neurons. Nonetheless, given that 
mTORC1 is activated by sensing lysosomal amino acids on 
the surface of lysosome [50], the altered mTORC1 activ-
ity is also likely due to the raised number of acidified lys-
osomes as indicated by the LysoTracker probes. Indeed, 
lysosomal acidification previously has been implicated to 
be required for the degradative activity of hydrolases such 
as Cathepsins [51]. Moreover, expressions of Atg9 transgene 
only partly offset the increased lysosome vesicles caused 
by Ddrgk1 depletion (Figs. 2d and 4g), suggesting there 
perhaps is another way, through which Ufmylation regu-
lates lysosome and subsequent mTORC1 independent of 
Atg9. Such a mechanism becomes plausible in particular 
when it explains why inhibiting mTORC1 by rapamycin in 
the presence of Atg9 could further prolong the survival of 
Ddrgk1-defective flies fed with  H2O2. In fact, a motif of 
systematic regulation is also recommended in mammals 
as huge amounts of differentially expressed proteins have 
been identified to be enriched in lysosome- and autophagy-
related pathways in Ddrgk1 deletion cells [39]. Many other 
Drosophila autophagy mutants, such as Atg5, Atg7, and 

Atg17, display reduced lifespan and decreased climbing 
activity likewise [52–54]. These observations, together with 
ours, imply that multiple targets probably are modified by 
Ufm1 and mediating neuroprotection, in concert with the 
Ufmylated substrates histone H4 and MRE11 during DNA 
damage response [25, 55, 56].

Despite the impairment of autophagy, disruption of 
Ufmylation reduces mitochondrial density through Atg9 
in aged brains and phenocopies the mitochondrial defect 
reported before in indirect flight muscles of Atg9 knock-
down flies [57]. Consistent with the mitochondrial abnor-
malities, young flies losing Ufm1 in neurons are hypersensi-
tive to environmental oxidative toxicity. The JNK pathway 
is one of the mitogen-activated protein kinase (MAPK) 
cascades involved in stress responses including aging and 
oxidative stress [46]. Several studies have indicated that 
JNK is activated in degenerative disorders and the extent 
of JNK activity is correlated with the extent of cognitive 
decline [58]. However, our results suggest a beneficial effect 
of JNK signaling for Ufm1 flies in  H2O2-triggered stress 
and age-progressive degeneration, which is in line with the 
protective function of JNK mediated by Atg9 in response 
to ROS stimulation as revealed by Tang and colleagues in 
both mammalian cells and Drosophila stem cells [59]. It 
has been emphasized that JNK activation may lead to the 
promotion of either cell survival or apoptosis, dependent on 
the magnitude and duration of stress exposure. Then it will 
be of interest to learn whether considering these issues will 
help to clarify the controversial role of JNK in the dynamic 
progression of degeneration in neurons.

Besides, Atg9 is also known to enable lipid mobilization 
from lipid droplets (LDs) to autophagosomes and mitochon-
dria [60]. Morphological and functional dissection of early 
steps of autophagy has defined that the phagophore mem-
brane is rich in phospholipids, the fatty acid (FA) precursors 
of which could be derived from hydrolysis of triglycerides 
stored in LDs. Cryo-electron microscopy analyses unveiled 
that Atg9 comprises a network of internal cavities proposed 
to participate in the delivery of phospholipids to expanding 
phagophores for progression of the autophagy process [61, 
62]. Abrogation of Atg9A in human cells not only inhibited 
autophagy, but also resulted in increased number and size 
of LDs, as well as impaired transport of FAs from LDs to 
mitochondria and consequently reduced mitochondrial respi-
ration [60]. Mechanistically, these literatures, together with 
our findings, established an intricate linkage between Atg9 
and mitochondrial homeostasis, in which Ufmylated Atg9 
may engage in key steps such as lipid mobilization. Apart 
from autophagy, Atg9 also influences the actin cytoskeleton 
and cell protrusion/neurite growth in Drosophila and human 
cells, pointing to a wider role of Atg9 in general vesicular 
trafficking driving cell migration [63, 64]. These other pro-
cesses, likely affected by Atg9 levels in addition to mTORC1 
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and JNK signaling, could be pivotal for the stereotypic neu-
ronal connectome in the brain, and worthy of study in future.

Materials and methods

Drosophila strains

Flies and crosses were raised at 25 °C, 70% humidity in an 
environmentally controlled incubator on a 12 h light–dark 
schedule unless otherwise indicated. UAS-Atg9RNAi (28,055), 
UAS-Patj (39,735), UAS-PatjRNAi (26,282 and 38,193), 
UAS-S6KRNAi (42,572), UAS-4EBP (9147), UAS-PucRNAi 
(53,019), UAS-GFP (Chr2, 4775), and UAS-GFP (Chr3, 
4776) were from Bloomington Stock Center. UAS-Uba5RNAi 
(HMS01352), UAS-Ufl1RNAi (HMJ30245), and UAS-Ddrg-
k1RNAi (5862R-1) were from NIG-FLY. UAS-Ddrgk1RNAi 
(110,238, KK library) and UAS-Tsc1RNAi (22,252) were 
obtained from Vienna Drosophila RNAi center and PucE69 
(109,029) was from Kyoto Stock center. UAS-GFP-Atg9 was 
described by Soukup et al. [65] and provided by Dr. Tong 
Chao at Zhejiang University. UAS-Uba5RNAi, UAS-Ufl1RNAi, 
UAS-Ddrgk1RNAi (NIG), UAS-Ddrgk1RNAi (KK), and UAS-
GFP-Atg9 were backcrossed 7 generations into the w1118 
background to obtain isogenic lines, and other strains used 
were backcrossed at least 3 generations. Only male adults 
were utilized for phenotypic analysis.

Lifespan and climbing assay

Crosses were set up with 12 females per tube and flipped 
every day to prevent overcrowding. Groups of 20 males were 
collected within 24 h of eclosion and then aged at 29 °C on 
a 12 h light–dark schedule without further  CO2 exposure. 
Flies were flipped onto fresh food every 2–3 days and the 
number of dead flies was recorded. Climbing experiments 
were carried out at 3 to 6 pm for minimize circadian dif-
ferences. Young (3-day-old) or aged (21- or 24-day-old) 
flies were transferred to clean cylindrical tubes measuring 
2.5 × 9 cm with a line at the 5 cm marked, and allowed to 
rest for 30 min before the assay. Flies were tapped lightly 
down to the bottom of the tube, and the number that crossed 
the 5 cm mark in 30 s was counted. Tubes were placed hori-
zontally and retested for another 30 min. The mean of the 
two technical replicates for each tube was recorded, and the 
percentage climbing was plotted as a single point. Each date 
point represents 12–20 files in one tube.

RNA isolation and quantitative real‑time PCR

Total RNA was extracted from heads or brains of 35 adult 
male flies per sample as indicated, using Eastep Super Total 
RNA Extraction Kit (Promega, LS1040) according to the 

manufacturer’s instructions. cDNA was prepared from 1 μg 
RNA using the HiScript II 1st Strand cDNA Synthesis Kit 
(Vazyme, R212). PCR was performed using Universal SYBR 
Green Supermix (BIO-RAD) and analyzed on Applied Bio-
systems QuantStudio 5 real-time PCR system. Results were 
normalized to Kinesin mRNA. The following primers were 
used: Kinesin, 5′-GCT GGA CTT CGG TCG TAG AG-3′ and 
5′-CTT TTC ATA GCG TCG CTT CC-3′; S6K, 5′-GCA ATA 
TAC TCG AGG CAG TCA AGC -3′ and 5′-CCG TCT GTC TGG 
AAG GCA TAAAC-3′; Ddrgk1, 5′-GAA GCC AGC TCC TGA 
TGA GATT-3′ and 5′-TCT ACC AAC ACA TCG CAT CTAA-
3′; Ufm1, 5′-ATG GAA TTG GCA TCA GCC CACAG-3′ and 
5′-CTC GGA TCC GTG CTT TAG GAA CAC -3′; Uba5, 5′-ATG 
CTT ACA CGC TGC GGC ATTG-3′ and 5′-TTG GCC AGC 
TCC ACT TTG TCG TAG -3′; Ufc1, 5′-TGA CGG CAA GAC 
AGC GAA GATG-3′ and 5′-GCC CAC AGT GGC TTA AAG 
TGA TCC -3′; Ufl1, 5′-AGC ATA TTC GCG GCT CAC TAA 
ACG -3′ and 5′-CAG AAC TTG CAG GCC AAA TCGTG-3′; 
Atg9, 5′-TTG TCC AGA TCC GAA TCC TC-3′ and 5′-TCG 
TCT GGC TAC TTG CCT TT-3′; Patj, 5′-AAT TAC AGC AGC 
AGC AGC AGAG-3′ and 5′-TTG GCA CAC TTT GTC CTA 
AAC CTC -3′; Tsc2, 5′-GCA TCG AAT TGG CTA GAA CGA 
TTG -3′ and 5′-TGT TTA GGC CCT CAA TTA GCT TCG -3′; 
Bip, 5′-TTC CTG CGT TGG TGT GTA CAAG-3′ and 5′-TAG 
GAG GGA GTG ATG CGG TTAC-3′; COXIII, 5′-CGA GAT 
GTA TCA CGA GAA GG-3′ and 5′-GAA TTC CGT GGA ATC 
CTG TTG-3′; rp49, 5′-GCT AAG CTG TCG CAC AAA -3′ 
and 5′-TCC GGT GGG CAG CAT GTG -3′; Tsc1, 5′-TGA CCT 
GGA GTC CAA CAT GACG-3′ and 5′-TTA CCA CCC ACT 
GCT CCT TGTTC-3′; Puc, 5′-GGC CTA CGA CTT TAT CGA 
AGA TGC -3′ and 5′-AGA GCG ACT TGT ACC GCA TGAC-3′; 
GFP, 5′-GCA GTG CTT CAG CCG CTA -3′ and 5′-AGC CTT 
CGG GCA TGGC-3′.

Immunoblotting

Samples were boiled and resolved by SDS-PAGE before 
transferred to polyvinylidene fluoride membranes for anti-
body labeling. Protein bands were visualized using Tanon-
3900 Chemiluminescence Imaging System and quantified 
by ImageJ. The following antibodies were used: anti-Ufm1 
(Abcam, ab109305, 1:1000), anti-p62 (Abcam, BS6175, 
1:1000), anti-eIF-2α (Bioworld, ab69090, 1:2000), anti-
p-eIF-2α (Bioworld, ab69090, 1:2000), anti-V5 (Thermo 
Fisher, R96025, 1:5000), anti-Flag (Affinity, T0053, 
1:5000), anti-LC3 (Affinity, AF5402, 1:2000), anti-ATP5A 
(Bioworld, BS3814, 1:1000), anti-GFP (Andes antibody 
Biotechnology, 01–0001, 1:10,000), anti-p-S6K (CST, 9209, 
1:2000), and anti-p-JNK (CST, 4668, 1:2000). Anti-β-actin 
(Bioworld, AP0060, 1:10,000) or anti-H3 (Proteintech, 
17,168-1-AP, 1:2000) was used as loading control. Image J 
was used for protein quantification.
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TUNEL staining

Adult brains from aged male flies were dissected and fixed 
in PBS with 4% paraformaldehyde at room temperature for 
30 min. After washing three times with PBS, samples were 
treated with proteinase K for 10 min and labeled for TUNEL 
assays using BrightRed Apoptosis Detection Kit (Vazyme, 
A113). Finally, brains were stained with DAPI for 10 min 
and imaged using a Leica SP8 confocal microscope. Con-
focal stacks from 10× objective were merged into a single 
plane using the maximum projection function for whole-
brain imaging.

HE staining

For histology, aged male flies were fixed in 4% paraform-
aldehyde at room temperature for at least 24 h, followed by 
paraffin embedding and microtome sectioning. Serial 5 μm 
thick sections were prepared from fly heads and mounted 
on slides before hematoxylin and eosin staining to examine 
brain morphology using an Olympus microscope. Numbers 
of vacuoles greater than 2 μm in diameter were quantified by 
checking 4 serial sections at the level of the fan-shaped body.

LysoTracker staining

Brains from aged male adults were dissected in ice-cold Sch-
neider medium and immediately incubated with LysoTracker 
Red (Beyotime, C1046) at a concentration of 100 µM for 
35 min and DAPI for 10 min. Samples then were mounted 
on slides in this solution and imaged within 15 min of dis-
section on a Zeiss LSM 900 confocal microscope using a 
40× objective. For each replicate within the experiment, 
one control and one mutant brain were imaged side by side, 
with identical microscope settings and photos taken from the 
same region of the sub-esophageal ganglion for each brain.

Oxidative stress assay

Young (3–5-day-old) male flies from indicated genotypes 
(20/vial) were grown at 25 °C on filter paper with 2–3% (vol/
vol)  H2O2 and 5% (wt/vol) sucrose to give oxidative stress. 
Rapamycin (MCE, AY-22989) was dissolved in 100% etha-
nol and then diluted to a final concentration of 100 µM with 
 H2O2 and sucrose. The number of dead flies was counted 
every 4 h.

S2 cell culture and treatment

Drosophila S2 cells were maintained at 25 °C in Serum-
Free Insect Cell Medium (Hyclone, SH30278.02) comple-
mented with 10% Fetal Bovine Serum (Gibco, A3160801). 
For RNAi experiments, PCR primers for generating dsRNA 

against Ddrgk1, Ufl1 and Atg9 were designed as following: 
dsDdrgk1, 5′-GAA TTA ATA CGA CTC ACT ATA GGG AGA 
AAC CTC CTG GCC GAC TTC ATT -3′ and 5′-GAA TTA ATA 
CGA CTC ACT ATA GGG AGA GAA TTG TTT TGT TCT TGT 
TAC TCT ACC AACA-3′; dsUfl1, 5′-GGA TTA ATA CGA CTC 
ACT ATA GGG AGA CGA ACG AAT ATC TGC GGA GAA -3′ 
and 5′-GGA TTA ATA CGA CTC ACT ATA GGG AGA CAA 
GGA AGC TGT TCT GCT TGT A-3′; dsAtg9, 5′-GGC TTA 
ATA CGA CTC ACT ATA GGG AGA TTT GGG CAT AAG 
GCT TCTGA-3′ and 5′-TCG TTA ATA CGA CTC ACT ATA 
GGG AGA GTT GCC ATA CGA AGA TCACA-3′. dsRNAs 
were prepared using T7 RNAi Transcription Kit (Vazyme, 
TR102) and purified according to the manufacturer’s instruc-
tions. S2 cells were treated with 37 nM dsRNA. For active 
mitochondria staining, cells were incubated in medium 
containing 100 nM cell permeant MitoTracker (Beyotime, 
C1035) for 35 min and DAPI for 10 min at 25 °C in a dark 
environment before imaged under a Leica SP8 confocal 
microscope.

TurboID

A V5 tag was added to a TurboID ligase derived from Flag-
TurboID (addgene 124646) by PCR before the entire DNA 
fragment was cloned into pUAST-attB vector at EcoRI and 
XhoI sites for fly expression. Primers used for this step 
were: 5′-GAT GAA TTC ATG AAA GAC AAT ACT GTG CCT 
CTG AAG -3′ and 5′-CCT CTC GAG CTA CGT AGA ATC GAG 
ACC GAG GAG AGG GTT AGG GAT AGG CTT ACC CTT TTC 
GGC AGA CCG CAG A-3′. Drosophila Ddrgk1 was amplified 
from BDGP Gold cDNA GH18921 and further inserted into 
pUAST-attB-TurboID-V5 at EcoRI site to encode a Ddrgk1-
TurboID-V5 fusion protein with 5′-TGG GAA TTC ATG GAT 
CTG ATC ATT CTC GTG GGG ATT -3′ and 5′-ATC GAA TTC 
GGA GCT GGC TTC GCC GCC-3′. pActin-Gal4 was co-
transfected with pUAST-Flag-Atg9 and TurboID constructs 
as indicated using Effectene (Qiagen, 301,425) to express 
Flag-Atg9 and TurboID ligases in S2 cells for 30 h. Cells 
were harvested after 2 h treatment of 50 µM biotin or water 
as a control, and lysed in 50 mM Tris pH7.5, 150 mM NaCl, 
1% NP-40 containing protease inhibitor (Beyotime, ST505). 
Biotin-labeled proteins were pulled down by incubating cell 
lysates with Streptavidin C1 beads (Thermo Fisher, 65,001) 
overnight. Finally beads were washed five times and boiled 
for immunoblotting. pUAST-Flag-Atg9 was described by 
Tang et al. [59] and provided by Dr. Chen Guang-Chao from 
Taiwan. pActin-Gal4 was a gift from Dr. Cai Yu at TLL 
(Singapore).

CHX chase assay

Immortalized mouse embryonic fibroblast (MEF) cells were 
derived from the DDRGK1F/F:ROSA26-CreERT2 mice 
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and described by Cao et al.[39]. The MEFs were cultured in 
DMEM medium supplemented with 10% fetal bovine serum 
and 50 μg/mL penicillin/streptomycin at 37 °C with 5%  CO2. 
MEFs were treated with 2 μM 4-OHT (Sigma, 68,392-35-
8) or ethanol (EtOH) for 4 days to induce DDRGK1 dele-
tion or as a control. To test the stability of proteins, MEFs 
were treated with 50 μg/mL CHX (Sigma, A6185) for indi-
cated time to inhibit protein synthesis after stimulated with 
4-OHT or ethanol. The protein levels of endogenous Atg9A 
and Ddrgk1 were determined by anti-Ddrgk1 (Proteintech, 
21,445-1-AP, 1:2000) and anti-Atg9A (Abcam, ab108338, 
1:2000), and quantified by image J.

Immunoprecipitation

Heads of adult male flies or MEF cells were lysed in lysis 
buffer (50 mM Tris, 150 mM NaCl, 1% NP-40) with pro-
tease inhibitor for 30 min. Lysates were immuno-precipitated 
with IgG, GFP or V5 antibody overnight before incubated 
with Protein A/G PLUS-Agarose (Santa Cruz, sc-2003) 
beads for another 2 h at 4 °C. Full-length Atg9A cDNA was 
amplified from pECMV-Atg9a-m-FLAG (MiaoLing Plas-
mid Platform, P5915) and cloned into pcDNA3.1/V5-His B 
vector at EcoRI and NotI sites for mammalian expression. 
Primers used for this step were: 5′-GAC GAA TTC ATG GCG 
CAG TTT GAC ACT GAA -3′ and 5′-CGC GCG GCC GCA TAC 
CTT GTG CAC CTG AGG -3′. After MEFs were induced with 
4-OHT or ethanol for 48 h, pcDNA construct was transfected 
using Effectene to express Atg9A for another 48 h.

Statistical analysis

Statistical analysis used the Student’s t test (for normally 
distributed data) and Log-rank test (for data of lifespan). All 
data are presented as average ± SD. p < 0.05 was considered 
to be significant.
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