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ABSTRACT
Macroautophagy/autophagy is a highly conserved nutrient-recycling pathway that eukaryotes utilize 
to combat diverse stresses including nutrient depletion. Dysregulation of autophagy disrupts cellular 
homeostasis leading to starvation susceptibility in yeast and disease development in humans. In 
yeast, the robust autophagy response to starvation is controlled by the upregulation of ATG genes, 
via regulatory processes involving multiple levels of gene expression. Despite the identification of 
several regulators through genetic studies, the predominant mechanism of regulation modulating 
the autophagy response to subtle differences in nutrient status remains undefined. Here, we report 
the unexpected finding that subtle changes in nutrient availability can cause large differences in 
autophagy flux, governed by hitherto unknown post-transcriptional regulatory mechanisms affecting 
the expression of the key autophagyinducing kinase Atg1 (ULK1/ULK2 in mammals). We have 
identified two novel post-transcriptional regulators of ATG1 expression, the kinase Rad53 and the 
RNA-binding protein Ded1 (DDX3 in mammals). Furthermore, we show that DDX3 regulates ULK1 
expression post-transcriptionally, establishing mechanistic conservation and highlighting the power 
of yeast biology in uncovering regulatory mechanisms that can inform therapeutic approaches.
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Introduction

Macroautophagy (hereafter, autophagy) is a nutrient-recycling 
pathway conserved among eukaryotes [1]. The hallmark of 
autophagy is the de novo synthesis of a transient membranous 
structure which expands to form the double-membrane auto-
phagosome [2,3]. Autophagy occurs basally to maintain 
homeostasis but is induced in response to various cues, 
including nutrient-depletion; this type of stress promotes the 
nonselective sequestration of cytoplasm leading to its subse-
quent engulfment within the lumen of autophagosomes [4,5]. 
Autophagosomes subsequently fuse with the lysosomes or 
vacuole, to promote cargo degradation leading to the genera-
tion of simple metabolites that, upon efflux back into the 
cytosol, act as an alternative source of nutrients [6–8]. The 
ability to provide nutrients makes autophagy a critical survival 
pathway in cancer cells [9,10]. Mutant KRAS-driven pancrea-
tic cancers require autophagy-derived nutrients for survival 
[11–13]. In pancreatic ductal adenocarcinoma, pancreatic stel-
late cells, present in the tumor microenvironment, upregulate 
autophagy to generate alanine, which is supplied to the tumor 
cells to meet their metabolic requirements [14,15]. The iden-
tification of autophagy inhibitors has, therefore, gained 
importance as a therapeutic tool [13,16].

Autophagy inhibition for therapeutic purposes needs to 
be nuanced because a complete block of autophagy com-
promises survival [17,18]. This necessitates the need to 
understand the subtle aspects of autophagy regulation. 
Even in a simple eukaryote – the budding yeast 
Saccharomyces cerevisiae – the autophagy pathway is com-
plex and requires the concerted activity of several Atg 
(autophagy-related) proteins [19,20]. Because autophagy is 
initiated in response to stresses such as nutrient depletion, 
the induction of ATG gene expression contrasts with that of 
most other genes. In yeast and mammalian cells, starvation 
leads to the activation of several pathways that suppress 
general transcription and translation but promotes that of 
ATG genes [21–23]. Furthermore, because it is primarily a 
degradative process, the cell needs to fine-tune autophagy 
to meet cellular requirements while preventing unnecessary 
breakdown of the cytoplasm. The expression of ATG genes 
is, therefore, subject to a complex regulatory network that 
acts at transcriptional, post-transcriptional and translational 
levels [24–26]. Additionally, Atg protein function is exten-
sively regulated by post-translational modifications allowing 
for the exquisite regulation of autophagy in response to 
starvation [27,28].
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Previous investigations, focused on genetically modulating 
the transcription of individual ATG genes, demonstrated that 
ATG8 [29] and ATG9 [30] expression levels are correlated 
with the size and frequency of autophagosome formation 
respectively. However, whether these mechanisms are the 
predominant physiological response to different nutritional 
challenges remains untested. Here, we study how autophagy 
is modulated in response to subtle differences in nutrient 
availability. We do so by comparing autophagy flux during 
nitrogen and amino acid starvation – two related but distinct 
starvation conditions – and show that modulation of auto-
phagy under these conditions occurs primarily via the post- 
transcriptional regulation of ATG gene expression, particu-
larly that of ATG1. Atg1 (ULK1 in mammals) is a Ser/Thr 
kinase that is critical for the initiation of autophagy and the 
activation of Atg9 through phosphorylation. We explore the 
regulation of ATG1 expression under these conditions and 
identify the kinase Rad53 as a post-transcriptional regulator of 
starvation-induced autophagy. Furthermore, we have identi-
fied a second novel regulator of ATG1 expression, the RNA- 
helicase Ded1. We show that Ded1 directly binds to the 5ʹ- 
UTR of ATG1 preferentially during nitrogen starvation, where 
it likely functions to resolve secondary structures in the ATG1 
mRNA to facilitate efficient translation [31,32]. In agreement 
with this, we show that the loss of Ded1 leads to a greater 
reduction in Atg1 expression and autophagy during nitrogen 
starvation relative to amino acid starvation. Crucially, this 
mode of regulation is conserved – DDX3 (the mammalian 
homolog of Ded1) positively regulates ULK1 expression post- 
transcriptionally to promote autophagy in mammalian cells. 
Consistently, knockdown of DDX3 leads to a reduction in, but 
not a complete block of, autophagy, thereby making this 
protein with previously characterized pro-tumorigenic func-
tions [33–35] an attractive candidate for therapeutic 
exploration.

Results

The difference in autophagy flux between nitrogen and 
amino acid starvation is not due to differential ATG 
transcription

In yeast, autophagy is initiated in response to loss of nutrient 
availability [36]. However, how different starvation stresses 
differentially modulate regulators to influence autophagy 
flux is unclear. To shed light on these mechanisms, we inves-
tigated the effect of differential nutrient availability on auto-
phagy regulation by comparing complete nitrogen starvation 
with amino acid starvation [37]. Yeast cells subjected to nitro-
gen starvation were starved of organic nitrogen and limited 
for inorganic nitrogen, whereas amino-acid starved cells were 
deprived only of amino acids. We chose these two conditions 
for our study because despite being similar stresses overall, 
they represent the subtle differences that are frequently asso-
ciated with divergence from homeostasis that promotes phy-
siological responses. Additionally, while these two conditions 
have been studied in yeast [38], this is, to the best of our 
knowledge, the first large-scale comparison of the autophagy 
response between these conditions, thus providing the

potential for novel discoveries. The transcription factor 
Gcn4 is a master regulator of gene expression in response to 
general amino acid deprivation [39]. Cytoplasmic dearth of 
amino acids activates the eIF2 kinase Gcn2 which promotes 
the efficient translation of Gcn4 [40]. Because both nitrogen 
and amino acid starvation lead to an amino acid deficit, the 
expression of Gcn4 was increased to very similar levels in cells 
subjected to either nitrogen starvation (“–N”) or amino acid 
starvation (“–A”) treatment compared to those grown in the 
nutrient-rich YPD medium (“+”) (Figures 1A and 1B), high-
lighting the similar nature of both conditions. To compare 
autophagy flux between these starvation treatments, we uti-
lized the GFP-Atg8 processing assay as an end-point measure-
ment. We found that nitrogen starvation led to the robust 
activation of autophagy with the autophagy response being 
significantly lower with amino acid starvation (Figures 1C and 
1D). This finding was corroborated by the prApe1 maturation 
assay for autophagy flux [41], which measures the autophagy- 
dependent maturation of precursor aminopeptidase I 
(prApe1; Figures S1A and S1B). To assess the long-term effect 
of both starvation treatments, we carried out a longer time- 
course analysis using the Pho8Δ60 activity assay as an end- 
point measurement [42]. Extended nitrogen starvation elicited 
a significantly stronger autophagy response compared to 
extended amino acid starvation (Figure 1E) while both starva-
tion treatments showed increased autophagy relative to nutri-
ent-rich conditions.

We then sought to directly examine the characteristics – 
frequency and size – of autophagosome formation under 
these starvation conditions [43]. Autophagosomes were mon-
itored by the accumulation of autophagic bodies (ABs; the 
single-membrane vesicle generated by fusion of an autopha-
gosome with the vacuole) within the vacuole lumen of yeast 
cells lacking the major vacuolar protease Pep4 (to prevent 
autophagic body degradation) and Vps4 (to block the accu-
mulation of multivesicular bodies). Consistent with biochem-
ical assays, transmission electron microscopy (TEM) analyses 
revealed that ABs were more numerous in cells subjected to 
nitrogen starvation compared to amino acid starvation 
(Figures 1F and 1G). In addition, ABs in nitrogen-starved 
cells were significantly larger than in amino-acid starved 
cells (Figure 1F and S1C). Because the SEY6210 strain, used 
as the parent for constructing strains for autophagy flux 
analysis, is an auxotroph, we confirmed the autophagy 
responses to nitrogen and amino acid starvation using the 
prototrophic strain CEN.PK [44]. Consistent with the auto-
phagy phenotype in strain SEY6210, we found that nitrogen 
starvation led to increased Atg8-lipidation. Furthermore, this 
difference was aggravated upon treatment with the protease 
inhibitor PMSF, confirming that reduced flux was not respon-
sible for the increased abundance of lipidated Atg8 
(Figure S1D).

Autophagy in yeast is robustly regulated by transcriptional 
control [26,30,45–47], so we hypothesized a differential ATG 
transcriptome under these starvation conditions. We tested 
our hypothesis by carrying out RNA-sequencing analysis for 
both sets of treatments. For high-confidence identification of 
DEGs (differentially expressed genes), we used the following 
significance parameters: 2-fold enrichment with an associated
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Figure 1. Differential autophagy flux during distinct nutrient stresses is not determined by ATG transcription. (A) Gcn4 expression is upregulated during both 
nitrogen and amino acid starvation: WT (SEY6210) cells with C-terminally 3x-PA tagged Gcn4 were harvested in nutrient-replete conditions or after starvation for the 
indicated time and examined by western blot. Gcn4 was detected using the anti-PA antibody and Dpm1 was used as a loading control. (B) Densitometric analysis for 
(A) from three independent biological replicates. (C) The GFP-Atg8 processing assay demonstrates increased autophagy flux during nitrogen starvation relative to 
amino acid starvation: WT (WLY176) cells with integrated CUP1p-GFP-ATG8 were harvested in nutrient-replete conditions or after starvation for the indicated times 
and assessed by western blot. The appearance of free GFP indicates autophagy flux. Pgk1 was used as a loading control. (D) Densitometric analysis of (C) from three 
independent biological replicates. (E) Autophagy flux is higher during nitrogen starvation compared to amino acid starvation as assessed by the Pho8Δ60 assay: WT 
(WLY176) cells were harvested in nutrient-replete conditions or after starvation for the indicated times and Pho8Δ60 enzyme activity was measured by colorimetry. 
An increase in Pho8Δ60 activity indicates increased autophagic flux. Data from three independent biological replicates. (F) Autophagosome formation is more 
frequent during nitrogen starvation compared to amino acid starvation: WT (SEY6210) pep4∆ vps4∆ cells were harvested in nutrient-replete conditions or after 
starvation for 3 h. The cells were fixed, stained and ultrastructural analysis was used to visualize the number of ABs. Scale bar: 1 µm. (G) Quantification of the number 
of ABs from 100 randomly selected cell profiles from two independent biological replicates. (H) RNA-Sequencing reveals similar abundance of ATG transcripts during
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p < 0.05 cutoff. Contrary to our expectations, the core ATG 
genes were not identified among the DEGs (Figure 1H and 
Data file S1 and S2), with the majority of DEGs involved in 
translation and metabolism (Figure S1E). ATG31 was the only 
core autophagy gene along with ATG32 and ATG39, involved 
in mitophagy [48] and reticulophagy [49], respectively, differ-
entially expressed with higher expression in nitrogen starva-
tion (Figures S1F and S1G, and data not shown). We 
confirmed that the transcriptional response did not vary 
with time by measuring the transcriptional upregulation of 
two genes crucial to the induction of autophagy: ATG1 [50– 
53] and ATG9 [54–57]. At both 1 h and 6 h post-starvation, 
nitrogen and amino acid starvation elicited similar levels of 
transcriptional response for both ATG1 (Figures 1I and 1J) 
and ATG9 (Figures S1H and S1I) consistent with our findings 
from the RNA-sequencing experiments. Taken together, these 
data suggest that differential autophagy flux during nitrogen 
and amino acid starvation is not due to differential transcrip-
tional activation of ATG genes.

Post-transcriptional mechanisms promote ATG gene 
expression during nitrogen starvation

The induction of autophagy upon starvation depends on the 
synthesis of key Atg proteins. For example, Atg1, which is 
critical for the initiation of autophagy, is robustly synthesized 
in response to starvation [58]. Because ATG transcription was 
not differentially affected we investigated the differential 
expression of Atg proteins that could contribute to differential 
autophagy flux. To this end, we compared the proteome of 
cells subjected to nitrogen starvation and amino acid starva-
tion using stable isotope labeling by amino acids in culture 
(SILAC) (Figure S2A) [53,59]. SILAC analysis revealed that 
several Atg proteins were differentially expressed, with 
increased expression in nitrogen starvation (Figure 2A and 
Data file S3). The proteins with the largest and most consis-
tent differential expression were Atg1 and Atg9 (Figure 2A). 
The expression of Atg9, a protein responsible for lipid deliv-
ery and transfer for phagophore formation [54], was ~45% 
lower in amino acid starvation compared to nitrogen starva-
tion. We confirmed this observation with immunoblotting for 
endogenous Atg9 and, consistent with our SILAC analysis, 
found an ~ 50% reduction in amino acid starvation relative to 
nitrogen starvation (Figure S2B and S2C). This outcome is 
consistent with previous findings that suggest Atg9 levels are 
directly correlated with the frequency of autophagosome for-
mation [30].

In our SILAC analysis, amino-acid starved cells showed an 
~50% reduction in Atg1 expression compared to nitrogen- 
starved cells. In contrast, other components of the Atg1 com-
plex such as Atg13 and Atg17 did not exhibit significant 

differential expression, prompting us to focus on Atg1. We
confirmed differential Atg1 expression by examining endo-
genous Atg1 levels by immunoblotting. In agreement with our 
SILAC data, Atg1 levels were found to be 50% lower during 
amino acid starvation compared to nitrogen starvation at 2 h 
(Figure 2B and S2D) and ~65% lower at 6 h post-starvation 
(Figures 2C and 2D). A similar response was observed in the 
prototrophic CEN.PK strain where nitrogen starvation led to 
elevated Atg1 expression relative to amino acid starvation 
(Figure S2E). Taken together, these data suggest that post- 
transcriptional control is a critical node in the regulation of 
ATG gene expression that contributes to differential responses 
in autophagy flux. To rule out the possibility that ATG mRNA 
transcription is generally increased in response to any type of 
nutrient depletion, we compared the transcriptional induction 
of ATG1 and ATG9 during glucose starvation, which fails to 
significantly stimulate autophagy [7,60]. Expectedly, we found 
no transcriptional response for either ATG1 (Figure 2E) or 
ATG9 (Figure S2F), consistent with autophagy flux not being 
significantly induced, as assessed by the Pho8Δ60 assay 
(Figure 2F).

To investigate the mechanism of differential regulation 
further, we focused on ATG1, because Atg1 is responsible 
for autophagy initiation and regulating Atg9 activity through 
phosphorylation. We compared the stability of ATG1 mRNA 
in nitrogen starvation to that in amino acid starvation, to 
confirm that reduced protein expression during amino acid 
starvation is not due to mRNA instability. We induced ATG1 
transcription with a pulse of nitrogen starvation, following 
which we treated the cells with the transcriptional inhibitor 
1,10-phenanthroline [61]. Cells were then either allowed to 
recover in rich medium (YPD) or starved in nitrogen-starva-
tion or amino-acid starvation medium to monitor ATG1 
mRNA stability (Figure S2G). While recovery in YPD (“+” 
in Figure 2G) led to a significant reduction in the levels of 
ATG1 mRNA, there was no decrease in either nitrogen-star-
vation (“–N”) or amino-acid starvation (“–A”) media, high-
lighting that ATG1 mRNA was similarly stable under both 
conditions. Furthermore, to rule out the possibility that the 
difference in Atg1 levels is due to post-translational instability 
of the corresponding proteins during amino acid starvation, 
we used a cycloheximide chase assay. Because Atg1 levels are 
low during growing conditions and Atg1 is synthesized in 
response to starvation, we took advantage of a constitutive 
Atg1 expression system when measuring Atg1 stability. A 
strain expressing Atg1 from a CUP1 promoter was treated 
with cycloheximide and Atg1 protein level was followed by 
immunoblotting after 2, 4 and 6 h of treatment (Figure S2H). 
We found no significant difference in the stability of Atg1 
protein between nitrogen and amino acid starvation (Figures 
2H and 2I). Taken together, these findings further suggest that

nitrogen and amino acid starvation: DESeq2 analysis of the ATG transcriptome during nitrogen and amino acid starvation. The plot represents the mean of three 
independent biological replicates from WT (SEY6210) cells. (I) and (J) There is a similar abundance of ATG1 transcript in cells subjected to nitrogen or amino acid 
starvation: qRT-PCR detection of ATG1 mRNA in WT (SEY6210) cells after 1 h (I) or 6 h (J) of starvation. ALG9 was used as a reference gene for normalization. Data 
from three independent biological replicates. Data in (B), (D), (E) and (G-J) represent mean ± SEM from the indicated number of replicates. Statistical analysis for (B), 
(G), (I) and (J) was carried out using unpaired Student’s t-test whereas (D) and (E) were analyzed using one-way analysis of variance (ANOVA). Multiple comparisons 
were carried out using Tukey’s multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 ns: not significant.
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Figure 2. Post-transcriptional activation of ATG gene expression is a critical node determining autophagy during nitrogen starvation. (A) The Atg proteome is 
significantly different during nitrogen starvation compared to amino acid starvation: Triplex-SILAC labeling was used to compare the Atg protein abundance between 
nutrient-replete, nitrogen-starvation and amino-acid starvation conditions in SEY6210 arg4∆ cells using LC-MS/MS. The plot shows the levels of differentially 
expressed Atg proteins during amino acid starvation (gray bars) relative to nitrogen starvation (black bars). Individual proteins were normalized to the total protein 
input. Data from at least three independent biological replicates. Significant differences are highlighted. (B) and (C) Atg1 levels increase substantially more during 
nitrogen starvation compared to amino acid starvation. WT (SEY6210) cells were harvested in nutrient-replete conditions or after starvation for the indicated times 
and protein levels analyzed by western blot. Pgk1 was used as a loading control. (D) Densitometric analysis of (C) from three independent biological replicates. (E) 
Transcriptional upregulation of ATG1 occurs during nitrogen, but not glucose, starvation: qRT-PCR detection of ATG1 mRNA in WT (SEY6210) cells after 1 h of 
starvation. ALG9 was used as a reference gene for normalization. Data from three independent biological replicates. (F) Autophagy flux is upregulated during 
nitrogen, but not glucose, starvation: WT (WLY176) cells were harvested in nutrient-replete conditions or after starvation for the indicated times and Pho8Δ60 
enzyme activity was measured by colorimetry. An increase in Pho8Δ60 activity indicates increased autophagic flux. Negative control: SEY6210 atg1∆ cells. Data from 
three independent biological replicates. (G) ATG1 mRNA is similarly stable under conditions of nitrogen and amino acid starvation: WT (SEY6210) cells were pulsed 
with nitrogen starvation to induce ATG1 transcription and/or treated with the transcriptional inhibitor 1,10-phenanthroline (1,10 P) to stop transcription. Cells were
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a post-transcriptional mechanism promotes the translation of 
ATG1 mRNA during nitrogen starvation.

Post-transcriptional regulation of ATG1 expression by 
Rad53 facilitates nitrogen starvation-induced autophagy

Higher Atg1 levels are correlated with increased autophagy 
flux. To identify the molecular basis for increased Atg1 
expression, we sought to identify regulators that specifically 
promote autophagy and Atg1 expression during nitrogen 
starvation. Because kinases are known to be involved in auto-
phagy regulation [62,63], we performed a screen to identify 
kinases that affected autophagy during nitrogen starvation. A 
Saccharomyces cerevisiae kinase deletion library, constructed 
in the BY4742 strain background, was utilized for this screen. 
Kinase deletion mutants were compared to wild-type BY4742 
for identification of differences in autophagy flux. Autophagy 
flux was monitored by measuring the relative Atg8 degrada-
tion rate in the absence or presence of the serine protease 
inhibitor phenylmethylsulfonyl fluoride (PMSF). In brief, 
PMSF blocks the vacuolar degradation of Atg8 causing an 
increased accumulation of Atg8–PE when autophagy flux is 
high [64]. From this preliminary analysis we determined that 
the DNA damage response-related kinase Rad53 [65–67] is a 
potential regulator of autophagy and that the loss of Rad53 led 
to a 40% decrease in autophagy flux during nitrogen starva-
tion (Figure S3A and S3B; data for other kinases not shown). 
Whereas Rad53 has been previously identified as a regulator 
of genotoxic-stress induced autophagy, its role in starvation- 
induced autophagy is unexplored [68]. Consistent with this 
finding, compared to wild-type (WT) cells, rad53∆ sml1∆ cells 
(deletion of SML1 is essential for the viability of the rad53∆ 
strain) exhibited ~50% lower levels of Atg1 after nitrogen 
starvation, while the expression of Atg1 during amino acid 
starvation was not significantly affected (Figures 3A and 3B). 
During genotoxic stress, the regulation of autophagy by Rad53 
occurs at the transcriptional level [68]. To determine if the 
effect on Atg1 expression was post-transcriptional, we probed 
the level of ATG1 mRNA in WT and rad53∆ sml1∆ cells using 
qRT-PCR and found that the steady-state levels of ATG1 
transcript was not affected by the deletion of RAD53 during 
nitrogen starvation (Figure 3C). To investigate the effect of 
rad53∆ sml1∆ on autophagy flux during the two starvation 
conditions, we used the Pho8Δ60 assay and found that while 
the loss of Rad53 led to a 25% reduction in autophagy during 
nitrogen starvation, it had no effect on autophagy during 
amino acid starvation (Figure S3C and S3D). Next, we utilized 
the accumulation of free GFP resulting from the starvation- 
induced degradation of Pgi1-GFP as a marker for autophagy 
activity upon prolonged nitrogen starvation [69]. Pgi1-GFP 
has a longer half-life as an autophagy substrate during starva-
tion relative to GFP-Atg8, preventing substrate exhaustion. 

Compared to WT cells or sml1∆ cells, rad53∆ sml1∆ cells 
showed 40% lower Pgi1-GFP processing activity (Figures 3D

and 3E) after starvation, confirming that the autophagy 
phenotype is strictly due to the deletion of RAD53 and not 
SML1.

Next, we utilized the differential Atg8 degradation assay to 
demonstrate that the kinase activity of Rad53 is responsible 
for its stimulatory effect on autophagy. The kinase-dead 
Rad53DK227A,D339A mutant of Rad53 [70] exhibited a similar 
defect in autophagy as the rad53∆ sml1∆ strain (Figure S3E 
and S3F). To ensure that the autophagy phenotype of the 
rad53∆ sml1∆ strain is not due to chronic stress caused by 
the loss of Rad53, we used the auxin-inducible degron (AID) 
system to achieve tight temporal control of Rad53 loss [71]. 
Rad53-AID was degraded swiftly upon treatment with IAA 
(auxin) (Figure 3F; last two lanes). Compared to Rad53-AID 
cells treated with DMSO (vehicle), IAA-treated Rad53-AID 
cells showed an ~40% reduction in Atg1 expression (Figures 
3F and 3G). Consistent with the results from the rad53∆ 
sml1∆ cells, the Pho8Δ60 activity was reduced by ~25% in 
Rad53-AID cells treated with IAA, compared to those treated 
with DMSO (Figure 3H).

The canonical activation of Rad53 downstream of DNA 
damage is orchestrated by the Mec1 kinase [72]. Therefore, we 
tested whether Mec1 has any role in autophagy during nitro-
gen starvation. Accordingly, we constructed a MEC1-AID 
strain to probe if Mec1 plays a role in starvation-induced 
autophagy. IAA treatment in this strain did not result in 
decreased Atg1 expression (Figures S4A and S4B), or reduced 
autophagy flux as measured by the Pho8Δ60 activity assay 
(Figure S4C), compared to treatment with DMSO. This con-
trasts with DNA damage-induced autophagy where Mec1 is 
involved in autophagy regulation [68], highlighting the fact 
that the role of Rad53 in nitrogen-starvation induced auto-
phagy is distinct from its role in DNA-damage induced 
autophagy.

To probe selective Rad53 activation during nitrogen star-
vation we looked at differential phosphorylation of Rad53 
between the two starvation conditions. The S175 site of 
Rad53 was previously identified by several large-scale phos-
phoproteome studies [73,74], but the kinase responsible for 
the phosphorylation remains unclear [75]. Furthermore, a 
recent study demonstrated that unlike Rad53 S560, which is 
phosphorylated extensively in response to DNA damage, 
Rad53 S175 is only modestly phosphorylated, suggesting a 
distinct regulatory function for this site [76]. Our SILAC 
analysis identified S175 on Rad53 as a site that was more 
strongly phosphorylated during nitrogen starvation relative 
to amino acid starvation (Figure 3I). We reasoned that if 
this phosphorylation is critical for the autophagy-stimulating 

then kept in nitrogen-starvation medium or transferred to nutrient-replete medium or amino acid starvation for the indicated times. At each time point ATG1 mRNA 
abundance was measured by qRT-PCR. ALG9 was used as the reference gene for normalization. Data are from three independent biological replicates. (H) and (I) Atg1 
protein is not preferentially degraded during amino acid starvation relative to nitrogen starvation: WT (SEY6210) cells harboring a centromeric CUP1p-ATG1 
(constitutive Atg1 expression) plasmid were grown in nutrient-replete conditions and treated with cycloheximide (CHX). Following treatment, cells were transferred 
to nitrogen- or amino-acid starvation medium and harvested at the indicated time points. Atg1 abundance was measured by western blot. Pgk1 was used as a 
loading control (H). Data from three independent biological replicates (I). Data in (A), (D-G) and (I) represent mean ± SEM from indicated number of replicates. 
Statistical analysis for (A) and (D) was carried out using unpaired Student’s t-test whereas (E-G) and (I) were analyzed using one-way analysis of variance (ANOVA). 
Multiple comparisons were carried out using Tukey’s multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 ns: not significant.
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Figure 3. Post-transcriptional regulation of ATG1 expression by Rad53 facilitates nitrogen starvation-induced autophagy. (A) Atg1 levels exhibit a significantly greater 
increase in WT (SEY6210) cells relative to rad53∆ sml1∆ cells upon nitrogen starvation but not upon amino acid starvation: Cells of the indicated genotypes were 
harvested during nutrient-replete conditions or after nitrogen or amino acid starvation for the indicated times and protein level examined by western blot. Pgk1 was 
used as a loading control. (B) Densitometric analyses for (A) from three independent biological replicates. (C) A similar abundance of ATG1 transcript was detected in 
WT (SEY6210) and rad53∆ sml1∆ cells after nitrogen starvation: Cells of the indicated genotypes were harvested during nutrient-replete conditions or after starvation. 
qRT-PCR was used to determine ATG1 transcript abundance using ALG9 as the reference gene for normalization. Data from three independent biological replicates. 
(D) Autophagy flux during nitrogen starvation, assessed by the Pgi1-GFP processing assay, is reduced in rad53∆ sml1∆ cells compared to WT (SEY6210) and sml1∆ 
cells: Cells of the indicated genotypes, expressing chromosomally tagged Pgi1-GFP were harvested and examined as in (A). The appearance of free GFP indicates 
autophagy flux. (E) Densitometric analysis of (D) from three independent biological replicates. (F) The acute loss of Rad53 leads to a reduction in Atg1 expression 
during nitrogen starvation: WT (WLY176) RAD53-AID cells expressing the OsTIR1 ubiquitin ligase were treated with either IAA or DMSO and harvested during nutrient- 
replete conditions or after nitrogen starvation for the indicated time. IAA treatment activates the ligase activity and targets Rad53-AID for proteasomal degradation. 
Pgk1 was used as a loading control. (G) Densitometric analysis of (F) from three independent biological replicates. (H) The Pho8Δ60 assay reveals a reduction in 
autophagy flux during nitrogen starvation caused by the acute loss of Rad53: WT (WLY176) RAD53-AID OsTIR1 cells were harvested during nutrient-replete conditions 
or after starvation for the indicated time with or without IAA treatment, and Pho8Δ60 enzyme activity was measured by colorimetry. An increase in Pho8Δ60 activity
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effect of Rad53, mutation of the residue to an alanine should 
dampen autophagy during nitrogen starvation. Indeed, the 
plasmid-based re-introduction of the Rad53S175A mutant in a
rad53∆ sml1∆ background revealed a partial ~25% reduction 
in autophagy flux, as measured by the Pgi1-GFP processing 
assay, compared to the re-introduction of WT Rad53 (Figures 
3J and 3K). This finding indicates that the S175 site is likely 
an important site for Rad53 activation during nitrogen starva-
tion but may not be the sole activation site for Rad53.

In-silico analysis suggested that the S175 residue is likely to 
be phosphorylated by a proline-directed kinase. Because the 
proline-directed kinase Cdc28 is known to regulate Rad53 
phosphorylation [75,77], we examined whether Cdc28 is 
responsible for regulating ATG1 expression during nitrogen- 
starvation induced autophagy. Treatment of a CDC28-AID 
strain with IAA led to complete loss of Cdc28 (Figure S4D; 
last two lanes) but had no effect on Atg1 levels (Figures S4D 
and S4E) or autophagy flux (Figure S4F) indicating that 
Cdc28 is not involved in nitrogen starvation-induced auto-
phagy. Taken together, these data suggest that an unconven-
tional mode of Rad53 activation promotes Atg1 expression 
and autophagy during nitrogen starvation.

Ded1 binds ATG1 mRNA to promote Atg1 expression 
and autophagy

Our results indicated that post-transcriptional mechanisms 
promote the expression of Atg1 during nitrogen starvation 
relative to amino acid starvation. Therefore, we hypothesized 
that the regulation occurs via an RNA-binding protein (RBP), 
which binds ATG1 mRNA preferentially during nitrogen 
starvation and facilitates its translation. Accordingly, we car-
ried out an unbiased preliminary screen for proteins that bind 
to the 5ʹ-UTR of ATG1, which identified Ded1 in addition to 
several previously characterized ATG1 mRNA-binding pro-
teins (see Materials and Methods for details on the screen 
methodology).

Ded1 is an essential RNA-helicase involved in promoting 
translation initiation under nutrient-rich conditions [78] that 
has recently been demonstrated to be a Rad53 substrate [79]. 
Because Ded1 was identified from a single large-scale dataset, 
we used RNA-immunoprecipitation (RNA-IP) to verify that 
Ded1 binds ATG1 mRNA in vivo during nitrogen starvation. 
For this purpose, we tagged Ded1 with a 3xPA-tag and affinity 
isolated Ded1-PA, harvested from cells subjected to nitrogen 
starvation, using IgG-Sepharose beads. This affinity isolation 
was followed by the extraction of bound RNA and detection 
using qRT-PCR. As a control, we used a strain where Ded1 
was not epitope tagged with PA, which served as the back-
ground to eliminate nonspecific isolates [1,69]. Using PGK1 

mRNA as an internal control, and normalizing detection to 
the untagged strain, we found that Ded1 specifically associates
with the 5ʹ-UTR of ATG1 mRNA in vivo (Figure 4A). We 
validated this interaction using a reciprocal approach: we 
synthesized 500 bp of the 5ʹ-UTR of ATG1 mRNA immedi-
ately upstream of the ORF and labeled the synthesized RNA 
with desthiobiotin. We incubated this RNA with nitrogen- 
starved yeast cell lysates. Following cross-linking and strepta-
vidin affinity isolation, we probed the interaction between the 
in vitro synthesized ATG1 5ʹ-UTR fragment (ATG1 fragment) 
and endogenous epitope-tagged Ded1 (Ded1-PA) from nitro-
gen starved cell lysates by immunoblotting. Indeed, we found 
that Ded1-PA exhibited a 4-fold enrichment when affinity 
isolated with the ATG1 fragment compared to the control 
RNA fragment (Figures 4B and 4C), indicating specific bind-
ing to the ATG1 fragment.

We next tested whether Ded1 has a stimulatory role in 
Atg1 expression during nitrogen starvation. Because DED1 is 
an essential gene, we used a temperature sensitive ded1-95 
strain (ded1ts) to investigate Atg1 expression at permissive 
(23°C) and non-permissive (35°C) temperatures relative to 
WT [80]. At both temperatures, the expression of Atg1 was 
significantly reduced in the ded1ts strain with a severe 80% 
reduction at the non-permissive temperature (Figure S5A and 
S5B). This reduction was post-transcriptional because the 
steady state levels of ATG1 mRNA were essentially unchanged 
between the wild-type and the ded1ts strains (Figure S5C).

Contrary to the reduction in Atg1 levels, a significant 
reduction was not noticed in the levels of Atg9 in the ded1ts 

strain, which highlights the specificity of Ded1 for ATG1 
mRNA (Figures S5D and S5E). To eliminate the possibility 
of the defects being caused due to chronic stress in the 
ded1ts strain, we generated an auxin-inducible Ded1 (Ded1- 
AID) strain to temporally control the loss of Ded1. 
Treatment with IAA led to degradation of cellular Ded1 
(Figure 4D, last lane). We used this strain to probe for 
differences in Atg1 expression upon Ded1 degradation. 
Relative to DMSO treatment, degradation of Ded1 by IAA 
treatment led to an 80% reduction in Atg1 expression 
(Figures 4D and 4E), consistent with the reduction 
observed in the ded1ts strain. Once again, loss of Ded1 by 
IAA treatment did not affect ATG1 mRNA levels (Figure 
4F) indicating post-transcriptional regulation. To ensure 
that the acute loss of Ded1 did not affect general transla-
tion, we used Coomassie Brilliant Blue staining to compare 
total protein profiles of Ded1-AID cells treated with or 
without IAA after nitrogen starvation (Figure S5F). 
Quantification of lane profiles indicated that there was no 
significant decrease in the total protein content upon IAA- 
mediated Ded1 degradation (Figure S5G).

indicates increased autophagic flux. Data are from three independent biological replicates. (I) Rad53 S175 phosphorylation levels are significantly higher in nitrogen- 
starvation compared to amino-acid starvation or nutrient-replete conditions: Phosphoproteome analysis of SEY6210 arg4∆ cells comparing nitrogen and amino acid 
starvation using triplex-SILAC labeling and LC-MS/MS analysis. The plot represents data from four independent biological replicates. (J) A non-phosphorylatable 
mutation of Rad53 S175 (Rad53S175A) reduces autophagy flux during nitrogen starvation, as examined by the Pgi1-GFP processing assay: WT (SEY6210) rad53∆ sml1∆ 
PGI1-GFP cells expressing either Rad53 or Rad53S175A were harvested during nutrient-replete conditions or after starvation for the indicated time. The appearance of 
free GFP indicates autophagy flux. Pgk1 used as loading control (K) Densitometric analysis of (J) from three independent biological replicates. Data in (B), (C), (E), (G-I) 
and (K) represent the mean ± SEM from the indicated number of replicates. Statistical analysis for (B), (C), (E) and (H) was carried out using one-way analysis of 
variance (ANOVA). (G) and (K) were analyzed using unpaired Student’s t-test whereas (I) was analyzed using paired Student’s t-test. Multiple comparisons were 
carried out using Tukey’s multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 ns: not significant.
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Figure 4. Ded1 binds ATG1 mRNA to promote Atg1 expression. (A) RNA-IP analysis demonstrates Ded1 binding to the 5ʹ-UTR of ATG1 mRNA during nitrogen 
starvation: PA-tagged Ded1 was immunoprecipitated using IgG-Sepharose beads and bound RNA was amplified and detected by qRT-PCR. Specific primers were used 
to identify the relative enrichment of the indicated regions of the ATG1 mRNA. Primers targeting the PGK1 mRNA coding sequence (CDS) were used as an internal 
control. A strain with untagged Ded1 was used as a control for normalization. (B) In vitro RNA affinity isolation confirms interaction between Ded1 and the 5ʹ-UTR of 
ATG1 mRNA during nitrogen starvation: The sequence of bases from 500 bp upstream of the ATG1 mRNA up to the coding sequence of ATG1 mRNA was synthesized 
in vitro and labeled with desthibiotin (ATG1 5ʹ-UTR fragment). The fragment was incubated with lysates from WT (SEY6210) Ded1-13xMYC cells. The RNA was affinity 
isolated using streptavidin, and Ded1 was probed by immunoblotting using anti-MYC antibody. The presence of Ded1 indicates binding to the ATG1 5ʹ-UTR fragment. 
Mock fragment (random sequence) used as a control (C) Data for (B) from three independent biological replicates. (D) The acute loss of Ded1 leads to reduced Atg1 
expression during nitrogen starvation: WT (WLY176) CUP1p-GFP-ATG8 DED1-AID cells without OsTIR1 expression and WT (WLY176) CUP1p-GFP-ATG8 DED1-AID OsTIR1 
cells were harvested during nutrient-replete conditions or after nitrogen starvation with or without IAA treatment and protein levels were examined by western blot. 
Pgk1 was used as a loading control. (E) Densitometric analysis of Atg1 levels from (D) from three independent biological replicates. (F) The acute loss of Ded1 has no 
effect on ATG1 transcription during nitrogen starvation: Total RNA was isolated from WT (WLY176) CUP1p-GFP-ATG8 DED1-AID OsTIR1 cells during nutrient-replete 
conditions or after nitrogen starvation with or without IAA treatment. qRT-PCR analysis was used to measure the ATG1 transcript level with ALG9 as a reference gene. 
Data from three independent biological replicates. (G) The interaction between Ded1 and the 5ʹ-UTR of ATG1 mRNA is stronger during nitrogen starvation compared
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Next, we tested whether the strength of the interaction 
between Ded1 and the 5ʹ-UTR of the ATG1 mRNA differed 
in amino acid starvation relative to nitrogen starvation. Using
epitope-tagged Ded1 (Ded1-13xMYC) for RNA-IP, we
investigated this interaction in cells subjected to nitrogen 
starvation and amino acid starvation. Consistent with our 
hypothesis, Ded1 binding to the 5ʹ-UTR of the ATG1 
mRNA was reduced by ~60% in amino acid starvation relative 
to nitrogen starvation (Figure 4G). This was not due to 
reduced Ded1 expression because Ded1 levels were higher 
during amino acid starvation relative to nitrogen starvation 
(Figure 4H). This finding suggests that while a basal level of 
Ded1-ATG1 mRNA interaction is present during amino acid 
starvation, increased Ded1 binding to the ATG1 mRNA pro-
motes increased Atg1 synthesis during nitrogen starvation. 
Indeed, when probing the levels of Atg1 after amino acid 
starvation in the Ded1-AID strain, we observed an ~35% 
reduction in Atg1 level upon Ded1 degradation by IAA 
(Figures 4I and 4J), compared to the ~75% reduction observed 
during nitrogen starvation. This result highlights the fact that 
Ded1 promotes Atg1 expression preferentially during nitro-
gen starvation.

Finally, to investigate whether Rad53 promotes the binding 
of Ded1 to ATG1 mRNA, we compared the ability of epitope- 
tagged Ded1 (Ded1-13xMYC) to bind the 5ʹ-UTR of ATG1 
mRNA in WT and rad53∆ sml1∆ cells using RNA-IP. Using 
PGK1 mRNA as an internal control, we determined that the 
ability of Ded1 to bind the 5ʹ-UTR of ATG1 mRNA was 
reduced by 65% in a rad53∆ sml1∆ background (Figure 4K), 
mirroring the reduction in binding in amino-acid starvation 
relative to nitrogen-starvation conditions. Taken together, 
these findings indicate that Ded1 binds the 5ʹ-UTR of ATG1 
mRNA. Moreover, they also reveal that this binding prefer-
entially occurs during nitrogen starvation and is mediated, at 
least in part, by Rad53.

Having determined that Ded1 regulates Atg1 expression, 
we investigated the role of Ded1 in autophagy. To measure 
the impact of Ded1 on autophagy flux, we transformed WT 
and ded1ts cells with an ATG8-promoter driven GFP-ATG8 
plasmid and followed the appearance of free GFP after nitro-
gen starvation. Autophagy flux was reduced in the ded1ts 

strain at both permissive and non-permissive temperatures, 
relative to WT (Figures S5H and S5I). We confirmed this 
phenotype with biochemical assays utilizing the Ded1-AID 
strain chromosomally expressing a CUP1 promoter-driven 
GFP-Atg8, where treatment with IAA led to a 70% reduction 
in autophagy flux compared to treatment with DMSO 
(Figures 5A and 5B). This was corroborated by the Pho8Δ60 
activity assay, where the loss of Ded1 led to a 60% reduction 
in autophagy flux (Figure 5C). Mirroring its effect on Atg1 

expression during amino acid starvation relative to nitrogen 
starvation, loss of Ded1 by IAA treatment led to a smaller 
(~30%) reduction in autophagy flux during amino acid
starvation, as assessed by the Pho8Δ60 activity assay (Figure 
5D). Next, we used a pep4∆ vps4∆ Ded1-AID strain to directly 
compare autophagosome formation in the presence and 
absence of Ded1 (Figure 5E) after nitrogen starvation using 
TEM. The loss of Ded1 by IAA treatment caused a severe 
reduction in the number of ABs accumulated within the 
vacuole, indicating a lower frequency of autophagosome for-
mation (Figures 5F and 5G). The size of the ABs was also 
reduced in the IAA-treated Ded1-AID cells (Figure 5H). 
Taken together, these findings implicate Ded1 in the regula-
tion of autophagy flux through the regulation of Atg1 expres-
sion (Figure 5I).

DDX3 regulates ULK1 expression and autophagy in 
mammalian cells

To examine whether the function of Ded1 is conserved, we 
investigated the ability of DDX3, the mammalian homolog of 
Ded1 [81], to regulate ULK1 expression. We used the pan-
creatic ductal cancer-derived cell line PANC-1 as well as the 
fibrosarcoma-derived cell line HT-1080 to probe for a role of 
DDX3 in autophagy regulation. We found that stable knock-
down (KD) of DDX3 led to a reduction in the level of ULK1 
protein (Figure 6A) in PANC-1 cells. Crucially, the reduction 
in ULK1 levels occurred without reduction in the level of 
ULK1 mRNA (Figure 6B) indicating post-transcriptional reg-
ulation. Next, PANC-1 cells with stable DDX3 KD were 
treated with the MTOR inhibitor rapamycin for up to 4 h to 
measure changes in autophagy. At all the time points tested 
(0.5, 2 and 4 h), DDX3 KD cells (Figures 6C and 6D) showed 
reduced ULK1 expression (Figures 6C and 6E) and reduced 
LC3-lipidation ratio (LC3-II:LC3-I; Figures 6C and 6F) rela-
tive to control cells. Additionally, co-treatment with bafilo-
mycin A1 enhanced the LC3 lipidation ratio in both control 
and DDX3 KD cells, with control cells still exhibiting signifi-
cantly higher levels of lipidated LC3 compared to DDX3 KD. 
This finding highlights the fact that the decreased LC3 lipida-
tion ratio in DDX3 KD cells could not be attributed to 
accelerated autophagy flux but was caused by an overall 
reduction in autophagy [82] (Figures 6C and 6F). Finally, 
the increased accumulation of SQSTM1 in DDX3 KD cells 
relative to control cells confirms that autophagy flux was 
reduced upon loss of DDX3 [83] (Figures 6C and 6G). In 
contrast, the level of ATG5 was unaffected upon DDX3 KD 
highlighting the fact that DDX3 loss did not affect general 
ATG gene expression (Figure 6C and S6A). The phenotypes 
observed in PANC-1 cells were consistent in HT-1080 cells: 

to amino acid starvation, as demonstrated by RNA-IP analysis. Data are representative of three independent biological replicates. (H) Ded1 levels are higher during 
amino acid starvation relative to nitrogen starvation: Ded1 levels were measured in WT (SEY6210) arg4Δ cells using SILAC and normalized to total protein input per 
sample. (I) The acute loss of Ded1 leads to a partial decrease in Atg1 expression during amino acid starvation: WT (WLY176) CUP1p-GFP-ATG8 DED1-AID OsTIR1 cells 
were harvested during nutrient-replete conditions or after amino acid starvation with or without IAA treatment and protein levels examined by western blot. Pgk1 
was used as a loading control. (J) Densitometric analysis of Atg1 levels in (I) from three independent biological replicates. (K) The interaction between Ded1 and ATG1 
mRNA is weaker in rad53∆ sml1Δ cells relative to WT (SEY6210) cells during nitrogen starvation, as demonstrated by RNA-IP analysis. Data are representative of three 
independent biological replicates. Data in (A), (C), (E-H), (J) and (K) represent the mean ± SEM from the indicated number of replicates. Statistical analysis for (A), (E) 
and (F) was carried out using one-way analysis of variance (ANOVA) whereas (C), (G), (I) and (J) were analyzed using unpaired Student’s t-test. Multiple comparisons 
were carried out using Tukey’s multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 ns: not significant.
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Figure 5. Ded1 regulates autophagy in yeast. (A) The acute loss of Ded1 causes a reduction in autophagy flux during nitrogen starvation as assessed by the GFP-Atg8 
processing assay: WT (WLY176) CUP1p-GFP-ATG8 DED1-AID cells lacking OsTIR1 and WT (WLY176) CUP1p-GFP-ATG8 DED1-AID OsTIR1 cells were harvested during 
nutrient-replete conditions or after nitrogen starvation with or without IAA treatment and examined by western blot. The appearance of free GFP indicates 
autophagy flux. (B) Densitometric analysis of (A) from three independent biological replicates. (C) and (D) The acute loss of Ded1 reduces autophagy flux significantly 
more during nitrogen starvation than amino acid starvation as demonstrated by the Pho8Δ60 assay: WT (WLY176) CUP1p-GFP-ATG8 DED1-AID cells and WT (WLY176) 
CUP1p-GFP-ATG8 DED1-AID OsTIR1 cells were harvested during nutrient-replete and nitrogen-starvation (C) or amino-acid starvation (D) conditions and Pho8Δ60 
enzyme activity was measured by colorimetry. An increase in Pho8Δ60 activity indicates increased autophagic flux. Data are from three independent biological 
replicates. (E) Degradation of Ded1-AID upon IAA treatment in SEY6210 pep4∆ vps4∆ DED1-AID OsTIR1 cells. (F-H) Defects in autophagosome formation during 
nitrogen starvation due to acute loss of Ded1: (F) SEY6210 pep4∆ vps4∆ DED1-AID OsTIR1 cells were harvested during nutrient-replete conditions or after 3-h nitrogen 
starvation with or without IAA treatment. The cells were fixed, stained and ultrastructural analysis was used to visualize the number and size of ABs. Scale bar: 1 µm. 
(G) Quantification of the number of ABs from 100 randomly selected cell profiles from two independent biological replicates. (H) Quantification of the diameter of 
ABs counted in (G). (I) Schematic depicting the proposed post-transcriptional regulation of ATG1 expression that regulates autophagy differentially between nitrogen 
and amino acid starvation. Data in (B-D), (G) and (H) represent mean ± SEM from the indicated number of replicates. Statistical analysis was carried out using one- 
way analysis of variance (ANOVA) Multiple comparisons were carried out using Tukey’s multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.001, 
****p < 0.0001 ns: not significant.

1704 V. LAHIRI ET AL.



G
8.0

6.0

4.0

2.0

  0

Time R (h):

shRNA:
Baf A1:

– + + + + – + + + +

– – – – + – – – – +
0.5 2 4 4 0.5 2 4 4

Vector DDX3

N
or

m
al

iz
ed

 S
Q

ST
M

1 
le

ve
l **

*

PANC-1

Rapa (R):

DDX3

ULK1

SQSTM1

LC3-I
LC3-II

ATG5

ACTB

0 0.5 2 4 4 0 0.5 2 4 4
+ +– – – – – – – –             Baf A1:

Time R (h):
– + + + – + + ++ +

shVector shDDX3
PANC-1C

1.5

1.0

0.5

  0

Time R (h):

shRNA:

Rapa (R):

Baf A1:

– + + + + – + + + +

– – – – + – – – – +
0.5 2 4 4 0.5 2 4 4

Vector DDX3

N
or

m
al

iz
ed

 D
D

X
3 

le
ve

l

****

PANC-1
D PANC-11.5

1.0

0.5

******** ****

  0

shRNA: Vector DDX3

Rapa (R): + + + +

Baf A1: + +
Time R (h): 4 4 4 4

–

– – –

–

–

N
or

m
al

iz
ed

 U
L

K
1 

le
ve

l

E

shRNA: Vector DDX3

Rapa (R): + + + +

Baf A1: + +
Time R (h): 4 4 4 4

–

– – –

–

–

8

6

4

2

0

****

N
or

m
al

iz
ed

 L
C

3-
II

:L
C

3-
I r

at
io

F PANC-1

1.5

1.0

0.5

   0
shDDX3

R
el

. a
bu

nd
an

ce
: U
LK
1 

m
R

N
A

B PANC-1

ns

shRNA: DD
X3

Vec
tor

DDX3

ULK1

GAPDH

A PANC-1

Rapa (R):

shVec
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(ANOVA). Multiple comparisons were carried out using Tukey’s multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 ns: not significant.

AUTOPHAGY 1705



stable DDX3 KD (Figures S6B and S6C) led to a reduction in 
ULK1 levels without alteration of ULK1 mRNA (Figures S6B,
S6D and S6E), as well as a reduction in the LC3 lipidation 
ratio (both with and without bafilomycin A1; Figures S6B and
S6F). Similarly, DDX3 KD caused an increased accumulation 
of SQSTM1 following rapamycin treatment, but no further 
increase with bafilomycin A1, indicating a reduction in auto-
phagy rather than accelerated flux (Figures S6B and S6G) 
without affecting ATG5 levels (Figures S6B and S6H). Taken 
together, these data indicate that DDX3 plays a selective role 
in modulating ULK1 expression and regulating autophagy in 
mammalian cells.

Discussion

Autophagy is a highly complex process, and genetic studies in 
the model yeast system have been crucial in identifying reg-
ulators of autophagy. The expression of ATG1, which encodes 
the Ser/Thr kinase responsible for autophagy initiation, is 
subject to multiple levels of regulation. ATG1 is transcription-
ally regulated by Gcn4 [45], Pho23 [30] and Rph1 [84]: Gcn4 
promotes ATG1 transcription during nitrogen starvation, 
whereas Pho23 and Rph1 repress transcription during nutri-
ent-replete conditions. The cytoplasmic exoribonuclease Xrn1 
regulates the stability of the ATG1 mRNA, mediating its 
degradation during nutrient-replete conditions [85]. In con-
trast, the Pat1-Lsm complex prevents 3ʹ-5ʹ degradation of 
ATG1 mRNA by the exosome during nitrogen starvation, 
thereby stabilizing the ATG1 mRNA [61]. In nutrient-replete 
conditions, the RNA helicase Dhh1 associates with Dcp2 to 
facilitate the degradation of ATG1 transcripts to reduce auto-
phagy [86], while associating with Eap1 to promote ATG1 
translation and autophagy during sustained nitrogen starva-
tion [69]. Atg1 expression is enhanced during long-term 
nitrogen starvation by the RGG motif-containing protein 
Psp2, which associates with components of the translational 
machinery eIF4E and eIF4G2, to promote the translation of 
ATG1 mRNA [58]. However, several questions remain unan-
swered including which of these mechanisms of regulation is 
physiologically critical and whether there are yet unknown 
regulators of ATG1 expression.

We have compared two different nutrient-starvation treat-
ments to uncover the fact that autophagy is physiologically 
regulated at the level of post-transcriptional control in yeast. 
ATG1 undergoes transcriptional upregulation during both 
amino acid starvation and nitrogen starvation but post-tran-
scriptional mechanisms that allow facile translation of the 
ATG1 mRNA occur simultaneously only during nitrogen 
starvation. While the physiological rationale driving the dis-
connect between ATG1 transcription and translation during 
amino acid starvation is unclear, an attractive hypothesis is as 
follows: nitrogen starvation imposes a stricter nutrient stress 
response that warrants swift autophagy activation, but the 
milder amino acid starvation initiates transcriptional priming 
without promoting unnecessary self-consumption.

In the process of elucidating cellular mechanisms that 
promote autophagy during nitrogen starvation, we have 
uncovered the kinase Rad53 as a post-transcriptional regula-
tor of ATG1 expression. While Rad53 has previously been 

implicated in regulating autophagy transcriptionally in 
response to genotoxic stress [68], a role in promoting Atg1
expression post-transcriptionally during nitrogen starvation is 
novel. We confirmed that there was no differential DNA 
damage in nitrogen starvation, relative to amino acid starva-
tion, which would be responsible for differential Rad53 acti-
vation. Results from our SILAC analysis indicated that 
conventional markers for DNA damage in yeast including 
S129 phosphorylation of Hta2 [87–90] and the expression of 
RNR3 (ribonucleotide reductase 3) [91] were not significantly 
different between nitrogen and amino acid starvation (Figure 
S4G and S4H). Additionally, we found no evidence of a role 
for Mec1 – a key mediator of the DNA-damage response 
pathway that activates Rad53 – in nitrogen-starvation induced 
autophagy. Consistent with this novel function of Rad53, we 
found that a previously identified but incompletely character-
ized phosphorylation site on Rad53, Ser175, was more abun-
dantly phosphorylated during nitrogen starvation compared 
to amino acid starvation. Indeed, the Rad53S175A mutant 
exhibited reduced autophagy flux during nitrogen starvation, 
supporting selective activation of Rad53 during nitrogen star-
vation. Previous studies suggest that Rad53 S175 phosphory-
lation is independent of DNA damage or spindle checkpoint 
responses and is a proline-directed site likely to be phos-
phorylated by Cdc28. However, we found that Cdc28 was 
not involved in autophagy regulation during nitrogen starva-
tion, indicating that Rad53 S175 phosphorylation during 
nitrogen starvation was not mediated by Cdc28. Our future 
analyses will focus on the identification of the kinase respon-
sible for this phosphorylation.

We also identified the RNA-helicase Ded1 as a downstream 
effector that regulates the expression of ATG1 mRNA. The ATG1 
mRNA is a highly structured mRNA with stem-loops in the 5ʹ- 
UTR and the 5ʹ-UTR proximal CDS [69]. We hypothesized that 
Ded1 would bind the 5ʹ-UTR of ATG1 where it would function to 
resolve secondary structures to promote facile translation [31,32]. 
Using RNA-immunoprecipitation, we confirmed that Ded1 binds 
to the 5ʹ-UTR of ATG1 mRNA. Consistent with its hypothesized 
role in promoting ATG1 translation during nitrogen starvation, 
the loss of Ded1 activity led to a reduction in Atg1 expression after 
nitrogen starvation, without affecting general translation. We also 
demonstrated that the Ded1-ATG1 mRNA interaction is 60% 
lower in amino acid starvation relative to nitrogen starvation, 
highlighting the fact that increased Ded1 binding likely drives 
increased ATG1 translation during nitrogen starvation. Ded1 
has previously been identified as a Rad53 substrate [79], indicating 
the possibility that Ded1 is regulated differentially by Rad53 dur-
ing distinct nutrient-starvation conditions. Indeed, we show that 
in cells lacking Rad53, the interaction between Ded1 and ATG1 
mRNA during nitrogen starvation is reduced by ~65%, consistent 
with the difference seen between the two starvation treatments. 
TEM analysis revealed a reduction in number and size of auto-
phagosomes following nitrogen starvation in cells suffering tran-
sient loss of Ded1, indicating its importance in mediating the 
autophagy response.

Our study demonstrates an intriguing role for Ded1 within the 
landscape of regulators identified to modulate ATG1 expression. 
Whereas negative regulators such as Xrn1 prevent unnecessary 
ATG1 expression during nutrient-rich conditions, positive 
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regulators such as Pat1 and Psp2 promote ATG1 expression 
during starvation by stabilizing ATG1 mRNA and promoting 
ATG1 mRNA translation, respectively. Dhh1 switches from a 
negative regulatory role to a positive regulatory role as nutrient 
levels diminish. However, there is a temporal delay among these 
processes: whereas Pat1 stabilizes ATG1 mRNA shortly after cells 
are exposed to nitrogen starvation (1–2 h), the roles of Psp2 and 
Dhh1 in promoting ATG1 mRNA translation occur after 
extended starvation (24 h). This difference suggests that another 
regulator is involved in promoting ATG1 translation within this 
time window, and our data suggest that this regulator is Ded1. 
Accordingly, strong binding of Ded1 to ATG1 mRNA promotes 
translation during nitrogen starvation, whereas weaker binding 
during amino acid starvation leads to decreased Atg1 expression. 
What happens to the ATG1 transcripts during amino acid starva-
tion is an intriguing question. It is probable that the ATG1 
mRNAs are sequestered in specialized RNA-containing structures 
such as stress granules or P-bodies. Because stress granules and P- 
bodies have largely been studied in the context of glucose starva-
tion, this will be a challenging but interesting subject of investiga-
tion for a subsequent analysis .

Our study also demonstrated that DDX3, the human 
homolog of Ded1 [81], is involved in the post-transcriptional 
activation of ULK1 expression, highlighting a conservation of 
function. DDX3 is a DEAD-box protein involved in RNA 
metabolism [92], influencing several cellular pathways includ-
ing cell cycle regulation [93,94], WNT signaling [95–97] and 
apoptosis [98]. DDX3 has been implicated in stimulatory roles 
in the development of several cancers including breast cancer, 
lung cancer and colorectal cancer [33,34,97,99,100]. DDX3 
knockdown reduces cell migration and metastasis highlighting 
the oncogenic role of DDX3 in malignant cancers [35]. Using 
pancreatic cancer and fibrosarcoma-derived human cell lines, 
we show that DDX3 is also responsible for mediating the 
autophagy response; DDX3 KD cells exhibited reduced 
ULK1 expression and autophagy flux as assessed by LC3- 
lipidation and SQSTM1-accumulation assays. In mammalian 
cells, ULK1 and ULK2 show some functional redundancy. It 
is possible that DDX3 may not regulate ULK2 expression, 
which may explain why we saw a limited reduction of LC3- 
II and partial block in autophagy in the knockdown cells. 
Indeed, a partial block in autophagy may be therapeutically 
more desirable than a complete block. Additionally, targeting 
ULK1 for autophagy inhibition is an approach that had 
already been adopted. For example, SBI-0206965, a small- 
molecule kinase inhibitor of ULK1, has shown promise in 
pre-clinical studies in cellular models of cancer [101–103]. 
Therefore, targeting DDX3 function, which would compro-
mise both autophagy-dependent and autophagy-independent 
tumor survival pathways, could be an attractive therapeutic 
avenue for treating autophagy-addicted tumors.

Materials and Methods

Yeast growth and starvation media

Yeast cells were cultured in YPD (Bacto-yeast extract 10 g; 
Bacto-peptone 20 g; 2% dextrose; double-distilled H2O to 1 L)
to mid-log phase (O.D = 0.8–1.0) before harvesting. For 

SILAC experiments yeast cells were cultured in SMD (0.67% 
yeast nitrogen base without amino acids; 2% D-glucose; and 
appropriate amino acids and nucleic acid bases) with light, 
medium or heavy lysine and arginine. Strains of interest 
carrying centromeric plasmids were grown in SMD selective 
medium in which the appropriate amino acids and/or nucleic 
acid bases were omitted. Nitrogen starvation was carried out 
in SD(-N) medium (0.17% yeast nitrogen base without amino 
acids and ammonium sulfate, with 2% glucose). Amino acid 
starvation was carried out in SD(-A) medium (0.67% yeast 
nitrogen base without amino acids; 2% D-glucose; and appro-
priate nucleic acid bases). If the strain of interest was a 
temperature-sensitive mutant, cells were grown at a permis-
sive temperature and shifted to a nonpermissive temperature 
for an appropriate period before harvesting.

Protein sample preparation and immunoblotting

For yeast samples, proteins were precipitated using 10% TCA 
and the cell pellet was washed with acetone and dried. Dried, 
precipitated cell pellets were lysed by vortexing with glass 
beads in MURB buffer (50 mM sodium phosphate, pH 7.0, 
25 mM MES, 1% SDS [w:v], 3 M urea, 1 mM NaN3, 1% β- 
mercaptoethanol, 0.01% bromophenol blue) for 5 min. Lysed 
samples were incubated at 55°C for 15 min before being 
collected by centrifugation at 10,000xg for 3 min. The super-
natant was used as the sample for immunoblotting. 
Immunoblotting was carried out with standard denaturing 
SDS-PAGE followed by a semi-dry transfer using a Trans- 
Blot® SD Semi-Dry Transfer Cell (Bio-Rad). After blocking 
with TBST containing 5% skim milk for 1 h, the membrane 
was incubated overnight at 4°C with various primary antibo-
dies (1:1000; anti-YFP [Clontech/Takara Bio, 632381], anti- 
Dpm1 [Molecular Probes/Fisher, A6429] and rabbit peroxi-
dase-anti-peroxidase [Jackson Immunoresearch, 323-005- 
024]). After incubation with peroxidase-conjugated secondary 
antibodies (goat anti-rabbit IgG secondary antibody [Fisher, 
ICN55676; 1:1000]; rabbit anti-mouse IgG secondary antibody 
[Jackson, 315-035-003; 1:1000]) for 1 h at room temperature, 
the signals were visualized by chemiluminescence using 
Clarity and Clarity Max ECL Western Blotting Substrates 
(Bio-Rad, 1705061 and 1705062, respectively) on a 
ChemiDoc Touch Imaging System (Bio-Rad).

For mammalian samples, cells were lysed in 1× cell lysis 
buffer (Cell Signaling Technology, 9803) containing protease 
inhibitor (Roche, 11836153001) on ice for 10 min. After cen-
trifugation at 14,000 × g for 15 min at 4°C, the supernatants 
were collected and quantified using the BCA assay (Thermo 
Fisher Scientific, 23225). Then, 30 μg of each sample were 
resolved on 4–12% Criterion XT Bis–Tris gels (Bio-Rad, 
3450124) in XT MES running buffer (Bio-Rad, 1610789) and 
transferred to PVDF membranes (Bio-Rad, 1620233) using 
the Trans-Blot Turbo Transfer Pack and System (Bio-Rad). 
After blocking with TBST containing 5% skim milk for 1 h, 
the membrane was incubated overnight at 4°C with various 
primary antibodies (1:1000). After incubation with peroxi-
dase-conjugated secondary antibodies (goat anti-rabbit IgG 
secondary antibody [Cell Signaling Technology, 7074;
1:1000]; rabbit anti-goat IgG secondary antibody [Abcam,
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ab6741; 1:1000]) for 1 h at room temperature, the signals were 
visualized by chemiluminescence using SuperSignal™ West 
Femto Maximum Sensitivity Substrate (Thermo Fisher 
Scientific, 34095). We collected protein from each cell line 
in three biologically independent samples and mixed them 
together for western blot analysis. The relative intensities of 
the bands of western blots from three regions were automa-
tically analyzed and normalized to a loading control using the 
ChemiDoc Touch Imaging System Version 1.2 (Bio-Rad).

RNA isolation, RNA-Sequencing, and qRT-PCR

The RNA extraction protocol and qPCR primers are pub-
lished previously (Hu et al., 2015). In brief, RNA isolation 
was performed using the Macherey-Nagel Mini kit (Clontech/ 
Takara Bio, 740955) for RNA purification. For RNA- 
Sequencing, isolated RNA was frozen and submitted to BGI 
Genomics Inc. Transcriptome profiling was carried out using 
the DNBSeq™ technology and bioinformatics analysis was 
done using three well-established workflows: DESeq2, EBSeq 
and NOIseq.

For qRT-PCR using yeast cells, cDNA synthesis was car-
ried out using random primers and the High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems™/Fisher 
Scientific, 4368814). cDNA samples were analyzed using a 
Bio-Rad CFX Connect Real-Time System. Samples were tested 
in Hard-Shell 96-clear well black shell plates (Bio-Rad, 
HSP9661). The reaction mix (15 μl final volume) consisted 
of 7.5 μl Radiant Green Lo-ROX qPCR kit (Alkali Scientific, 
QS1020), 0.6 μl each primer (400 nM final concentration), 
1.3 μl H2O, and 5 μl of a 1:5 dilution of the cDNA prepara-
tion. The thermocycling program consisted of an initial hold 
at 95°C for 3 min, followed by 40 cycles of 5 s at 95°C and 25 s 
at 62°C. After completion, a melting curve was generated to 
verify PCR specificity, as well as the absence of contamination 
and primer dimers. The transcript abundance in samples was 
determined using the CFX Manager Software regression 
method. Relative abundance of reference mRNAs and nor-
malization for different total RNA amounts was carried out as 
described previously (Hu et al., 2015) .

For qRT-PCR using mammalian cells, total RNA was 
extracted and purified from cultured cells using the RNA 
extraction kit (E.Z.N.A.® HP Total RNA Kit; Omega Bio-tek, 
R6812) according to the manufacturer’s instructions. The 
RNA was quantified by determining absorbance at 260 nm. 
One microgram of total RNA from each sample was reverse 
transcribed into cDNA using the iScript cDNA synthesis kit 
(Bio-Rad, 1708890) in a volume of 20 μl; cDNA from cell 
samples was amplified. The qPCR was performed using 2X 
SYBR Green q-PCR master mix (Bimake, B21202) on the 
C1000 Touch Thermocycler CFX96 Real-Time System (Bio- 
Rad) according to the manufacturer’s protocol. Analysis was 
performed using Bio-Rad CFX Manager software 3.1 (Bio- 
Rad). The gene expression was calculated via the 2−ΔΔCt 

method and normalized to GAPDH. The relative concentra-
tions of mRNA were expressed in arbitrary units based on the 
untreated group, which was assigned a value of 1.

SILAC sample preparation and LC-MS/MS analysis

Samples were prepared as described previously [104]. Briefly, 
dried TCA-treated cell pellets (50 mg) of each labeling were 
mixed and lysed in urea buffer (8 M urea, 50 mM Tris-HCl, 
pH 8.0). Proteins were then alkylated by treatment with 5 mM 
iodoacetamide for 30 min and digested by Lys-C (lysyl endo-
peptidase; WAKO Chemicals/Fisher Scientific, NC9223464) for 
4 h. The concentration of urea was diluted to 1 M and the 
peptides were digested with trypsin (Promega, V5113) over-
night. On the following day, peptides were acidified and purified 
by solid-phase extraction using HR-X columns in combination 
with C18 cartridges (Macherey-Nagel, 731802). Buffers used 
were as follows: Buffer A, 0.1% formic acid in deionized water; 
Buffer B, 80% acetonitrile and 0.1% formic acid in deionized 
water. Eluates were frozen in liquid nitrogen and lyophilized 
overnight. On the third day, peptides were fractionated by HpH 
reversed-phase chromatography [105]. The dry peptide powder 
was suspended in 5% ammonium hydroxide and fractionated 
using a Waters XBridge BEH130 C18 3.5- μm 4.6- × 250-mm 
column on an Ultimate 3000 HPLC (Thermo Scientific). 
Peptides were loaded with 100% HpH buffer A containing 
10 mM ammonium formate in deionized water (pH 10) and 
fractionated by increasing acetonitrile concentration from 1% to 
40% using buffer B (10 mM ammonium formate and 90% 
acetonitrile; pH 10) in 25 min. Ninety-six fractions were col-
lected in a 96-deep well plate. Fractions were mixed with an 
interval of 12 to yield 8 final fractions. The peptides were acid-
ified, frozen in liquid nitrogen and lyophilized overnight. On the 
fourth day, the dry peptides were suspended in 200 μl 80% 
acetonitrile with 0.1% TFA. Phosphopeptides were enriched 
either by TiO2 beads (GL Sciences, GL-5020-75010) manually 
[106] or by Fe(III)-NTA cartridges (Agilent, G5496-60085) auto-
matically using the Bravo Automated Liquid Handling Platform 
(Agilent) [107]. Samples were concentrated by vacuum concen-
tration and resuspended in 20 μL of 0.1% formic acid for LC- 
MS/MS analysis. The tip flow-through was stored at −80°C for 
proteome analysis.

LC-MS/MS measurements were performed on a QExactive 
(QE) Plus and HF-X mass spectrometer coupled to an EasyLC 
1000 and EasyLC 1200 nanoflow-HPLC, respectively (all 
Thermo Scientific). Peptides were fractionated on a fused 
silica HPLC-column tip (I.D. 75 μm, New Objective, self- 
packed with ReproSil-Pur 120 C18-AQ, 1.9 μm (Dr. Maisch, 
r119.ag.0001) to a length of 20 cm) using a gradient of A 
(0.1% formic acid in water) and B (0.1% formic acid in 80% 
acetonitrile in water): samples were loaded with 0% B with a 
flow rate of 600 nL/min; peptides were separated by 5%–30% 
B within 85 min with a flow rate of 250 nL/min. Spray voltage 
was set to 2.3 kV and the ion-transfer tube temperature to 
250°C; no sheath and auxiliary gas were used. Mass spectro-
meters were operated in the data-dependent mode; after each 
MS scan (mass range m/z = 370–1750; resolution: 70,000 for 
QE Plus and 120,000 for HF-X) a maximum of ten, or twelve 
MS/MS scans were performed using a normalized collision 
energy of 25%, a target value of 1,000 (QE Plus)/5,000 (HF-X) 
and a resolution of 17,500 for QE Plus and 30,000 for HF-X. 
MS raw files were analyzed using MaxQuant (version 1.6.2.10)
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[108,109] using a Uniprot full-length S. cerevisiae database 
(March, 2016) and common contaminants such as keratins 
and enzymes used for in-gel digestion as reference. 
Carbamidomethylcysteine was set as fixed modification and 
protein amino-terminal acetylation, serine, threonine and tyr-
osine phosphorylation, and oxidation of methionine were set 
as variable modifications. The MS/MS tolerance was set to 20 
ppm and three missed cleavages were allowed using trypsin/P 
as enzyme specificity. Peptide, site, and protein FDR based on 
a forward-reverse database were set to 0.01, minimum peptide 
length was set to 7, the minimum score for modified peptides 
was 40, and minimum number of peptides for identification 
of proteins was set to one, which must be unique. The 
“match-between-run” option was used with a time window 
of 0.7 min. MaxQuant results were analyzed using 
Perseus [110].

Ultrastructural analysis

The sample preparation protocol for TEM analysis was 
adapted from a previously described protocol [43]. SEY6210 
pep4∆ vps4∆ or SEY6210 pep4∆ vps4∆ DED1-AID-MYC 
OsTIR1-MYC cells were cultured in YPD, with or without 
auxin, and 20 OD600 unit equivalents of cells in log phase 
were harvested by centrifugation at 3,000 g for 5 min at room 
temperature (RT). Cells were then washed once with 10 ml of 
distilled water. Cell pellets were subsequently resuspended in 
1 ml of freshly prepared ice-cold 1.5% KMnO4 (Sigma 
Aldrich, 223468) and transferred into microcentrifuge tubes. 
The microcentrifuge tubes were filled completely with ice- 
cold 1.5% KMnO4 to exclude air and incubated on a slow- 
moving rotating wheel for 30 min at 4°C. Cells were then 
centrifuged at 3,000 x g for 3 min at 4°C and the supernatant 
discarded. Pellets were again resuspended in 1.5 ml of ice-cold 
1.5% KMnO4 and microcentrifuge tubes incubated on a rotat-
ing wheel overnight at 4°C. After 5 washes with 1 ml of 
distilled water, cells were collected by centrifugation at 5,000 
x g for 3 min.

Dehydration was performed by incubating the cells pro-
gressively in 1 ml of 10, 30, 50, 70, 90 and 95% acetone 
(acetone for analysis ENSURE®; MERCK, 1.00014.2500) with 
at least 20 min incubation after each step at RT. Between 
incubation steps, cells were collected by centrifugation at 
5,000 x g for 4 min. Cells were then incubated 3 times in 
1 ml of water-free acetone (dried acetone; MERCK, 
1.00299.0500) for at least 20 min each time, on a slow-motion 
rotating wheel at RT. This was followed by incubation in 33% 
freshly made Spurr’s resin (11.8 g nonenyl succinic anhydride 
[Ted Pella, 18301], 8.2 g ERL 4221 epoxide resin [Ted Pella, 
18306–4221], 1.9 g diglycidyl ether of poly [propylene glycol] 
736 [Ted Pella, 18310], 0.2 g dimethylaminoethanol [Ted 
Pella, 18315]) on a slow-motion rotating wheel for at least 
1 h at RT. Cells were collected by centrifugation at 5,000 x g 
for 5 min and the supernatants discarded. Following this, cells 
were incubated in 100% Spurr’s resin on a rotating wheel 
overnight at RT and collected by centrifugation at 5,000 x g 
for 5 min and the supernatant discarded. Incubation in 100% 
Spurr’s resin was repeated for 8 h at RT and the samples

transferred to conic embedding capsules (BEEM embedding 
capsules size 00; EMS, 70010-B). The capsules were centri-
fuged at 5,000 x g for 5 min and the supernatant discarded. 
The tubes were then topped with fresh 100% Spurr’s resin and 
heated at 65°C for 4 days to polymerize the resin.

Ultra-thin 55-nm sections were cut using a Leica ultrami-
crotome (Leica Microsystems) and collected on 50-mesh cop-
per grids (EMS, G50-Cu) that have been formvar carbon- 
coated. Cell sections were stained with a filtered lead-citrate 
solution (80 mM lead nitrate, 120 mM sodium citrate, pH 12) 
for 2 min at RT. Sections were viewed either in a CM100bio 
TEM or a Talos F200i (FEI). The average number of ABs per 
cell section was determined by counting 100 randomly 
selected cell profiles over 3 grids for each analyzed condition. 
The average diameter of ABs was measured using the FIJI - 
ImageJ software [111] and examining at least 100 ABs profiles 
randomly selected.

Auxin-inducible degradation

S. cerevisiae SEY6210 cells were first transformed with the 
plasmid pNHK53 (ADH1p-OsTIR1-9MYC). Genes of interest 
(DED1, RAD53, CDC28 and MEC1) was then tagged with 
AID-9MYC by homologous recombination. The DNA frag-
ments used for transformation were amplified with pHIS3- 
AID*-9MYC (Addgene, 99524; deposited by Dr. Helle Ulrich) 
as the template DNA. The auxin-inducible degron refers to 
the 71–116 amino acids of the AT1G04250/ATIAA17 protein 
in plants. To deplete target protein levels, the cells were 
treated with 500 mM 3-indoleacetic acid (IAA/auxin; Sigma, 
I2886) or DMSO (vehicle) during mid-log phase growth in 
YPD medium for 60–90 min (depending on the protein of 
interest) to induce degradation of the target protein. 
Subsequently, samples were collected for downstream ana-
lyses: enzymatic assays, immunoblots or qRT-PCR.

RNA immunoprecipitation

The RNA immunoprecipitation protocol was modified from 
previously published procedures [61,69,112]. For determining 
Ded1-ATG1 mRNA interaction, a Ded1-PA tagged strain and an 
untagged (control) strain were cultured to mid-log phase and 
subjected to nitrogen starvation for 4 h. Cross-linking was per-
formed by adding formaldehyde, to a final concentration of 
0.8%, and shaking slowly for 10 min at room temperature. 
Cross-linking was halted with glycine treatment, to a final con-
centration of 0.2 M, with shaking for 5 min. Cultures were then 
harvested, washed in PBS, and resuspended in FA lysis buffer 
(50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton 
X-100 [Sigma, T8787], 0.1% sodium deoxycholate [Sigma, 
D6750], 0.1% SDS), containing 5 mM PMSF, 1 tablet of com-
plete protease inhibitor cocktail (Roche, 1873580) and RNasin® 
PLUS RNase inhibitor (Promega/Fisher Scientific, PRN2615). 
Yeast cells were lysed by vortexing with glass beads (USA 
Scientific, 7400–2405) at 4°C, centrifuged (5000 x g, 1 min) 
and the supernatant was collected. Samples were sonicated at 
4°C using three 15-s pulses of 45% amplitude, with 60-s pauses 
for cooling on ice. Sonicated samples were collected by centri-
fugation (10,000 x g, 10 min), and the supernatant was collected
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and divided into input and IP fractions. IP fractions were incu-
bated with IgG Sepharose 6 Fast Flow beads (Fisher Scientific, 
45000173), overnight with shaking at 4°C, while input fractions 
were frozen in liquid nitrogen and left at −80°C. IP fractions 
were washed with FA lysis buffer several times, resuspended in 
RIP elution buffer (50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1% 
SDS) and incubated at 70°C for 10 min with intermittent vortex-
ing. IP supernatant and input samples were collected and incu-
bated with a combination of proteinase K (Worthington 
Biochemical Corporation, LS004249) and RNase inhibitor at 
42°C for 1 h, followed by 1 h at 65°C to ensure degradation of 
proteins bound to RNA.

Next, the samples were treated with an equal volume of 
acid phenol-chloroform, mixed by vortexing and centrifuged. 
The aqueous layer of each sample was recovered and treated 
with 25 µl 3 M sodium acetate, 20 µg glycogen (Roche/Sigma, 
10901393001), and 625 µl ice-cold 100% ethanol to precipitate 
the RNA. Samples were incubated for 1 h to overnight at −80° 
C, following which they were centrifuged, washed with 70% 
ethanol, and dried for 15 min. Pellets were resuspended in 
90 µl of nuclease-free water and treated with DNase (10 µl 
TURBO DNase buffer, 2 µl TURBO DNase [TURBO DNA- 
free kit; Invitrogen/Fisher Scientific, AM1907]) with 0.5 µl of 
RNasin® PLUS RNase inhibitor . Samples were incubated for 
45 min at 37°C to eliminate DNA. Following incubation, 
DNase was inhibited using the DNase inactivation reagent 
(provided in the TURBO DNA-free kit). Samples were then 
subjected to qRT-PCR as described in the qRT-PCR method 
section.

For determining Ded1-ATG1 mRNA interaction in the 
WT or rad53∆ sml1∆ background, the procedure followed 
was the same as described in the earlier paragraph except 
for the following: 1) Ded1 was tagged C-terminally with 
13xMYC; 2) IP fractions were incubated with MYC magnetic 
beads (Pierce™/Fisher Scientific, 88843) overnight with shak-
ing at 4°C; and 3) magnetic separation was used for collecting 
beads during the incubation, washing and elution processes.

In vitro RNA interactome capture screen/mRNA IP

RNA in vitro transcription was performed as previously 
described [58]. The linearized pUC19-ATG1-5ʹ UTR was 
used as template to carry out RNA transcription using the 
HiScribe T7 High Yield RNA synthesis kit (NEB, E2040S). 
The yield of the resulting RNA was measured using a nano-
drop and the 3ʹ-end was labeled with desthiobiotin according 
to the manufacturer’s instructions using the Pierce 3ʹ-End 
desthiobiotinylation kit (Thermo Fisher Scientific, 20,163). 
The labeled mRNA was used in the in vitro RNA 
immunoprecipitation.

Cell pellets were resuspended in lysis buffer (10 mM Tris- 
HCl, pH 7.5, 0.1 M Nacl, 30 mM MgCl2, 1% Triton X-100, 
RNasin® PLUS RNase inhibitor and Roche complete protease 
inhibitor cocktail and mechanically lysed used acid washed 
beads for 5 min at 4°C. The lysates were centrifuged at 12,000 
xg for 10 min and the supernatant was collected. The affinity 
isolation was set up according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific, 20164). Protein enrichment 
in the labeled RNA reaction was measured either using MS

analysis (for the preliminary screen leading to Ded1 identifi-
cation) or monitored by immunoblotting (for confirming the 
interaction between Ded1 and the ATG1-5ʹ UTR).

Mammalian cell culture, transfection, and infection

The PANC-1 (CRL-1469) and HT1080 (CCL-121) cell lines 
were obtained from the American Type Culture Collection. 
These cells were cultured in Dulbecco’s modified Eagle’s 
medium (Thermo Fisher Scientific, 11995073) supplemented 
with 10% heat-inactivated fetal bovine serum (Thermo Fisher 
Scientific, A3840001) and 1% penicillin and streptomycin 
(Thermo Fisher Scientific, 15070063) at 37°C, with 95% 
humidity, and 5% CO2. Lentiviral particles were generated 
by transfection of the DDX3 shRNA (Sigma, 
TRCN0000000002 and TRCN0000000003), and the 2nd gen-
eration lentiviral systems (viral packaging psPAX2 and viral 
envelope pMD2G) were collected, mixed with polybrene, and 
added into 293-T cells using Lipofectamine 2000 (Life 
Technologies, 11668019) for transfection. Culture media 
were harvested 48 h after transfection and filtered through 
0.45-μm filters. Upon infection, the stable cell lines were 
established by selecting with 2–5 µg/ml puromycin.

Quantification and statistical analyses

Western blot images were quantified using Bio-Rad ImageLab 
software. Statistical analyses were performed using GraphPad 
Prism 9.1.0. Statistical significance was determined in all cases 
from at least 3 independent biological replicates using either 
Student’s t test, one-way ANOVA or two-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. Differences with 
a P value < 0.05 or lower were considered significant. 
*p < 0.05, **p < 0.01, ***p < 0.001. Number of independent 
experiments (n), statistical tests utilized, dispersion of mea-
surements and significance are also described in the figure 
legends.
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