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Upstream open reading frames mediate autophagy-related protein translation
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ABSTRACT
Macroautophagy/autophagy, a highly conserved catabolic pathway that maintains proper cellular 
homeostasis is stringently regulated by numerous autophagy-related (Atg) proteins. Many studies 
have investigated autophagy regulation at the transcriptional level; however, relatively little is known 
about translational control. Here, we report the upstream open reading frame (uORF)-mediated 
translational control of multiple Atg proteins in Saccharomyces cerevisiae and in human cells. The 
translation of several essential autophagy regulators in yeast, including Atg13, is suppressed by 
canonical uORFs under nutrient-rich conditions, and is activated during nitrogen-starvation condi-
tions. We also found that the predicted human ATG4B and ATG12 non-canonical uORFs suppress 
downstream coding sequence translation. These results demonstrate that uORF-mediated transla-
tional control is a widely used mechanism among ATG genes from yeast to human and suggest 
a model for how some ATG genes bypass the general translational suppression that occurs under 
stress conditions to maintain a proper level of autophagy.
Abbreviations: 5’ UTR, 5’ untranslated region; Atg, autophagy-related; CDS, coding sequence; Cvt, 
cytoplasm-to-vacuole targeting; HBSS, Hanks’ balanced salt solution; PA, protein A; PE, phosphati- 
dylethanolamine; PIC, preinitiation complex; PtdIns3K, phosphatidylinositol 3-kinase; qRT-PCR, quan-
titative reverse transcription PCR; Ubl, ubiquitin-like; uORF, upstream open reading frame; WT, wild- 
type.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is an 
evolutionarily conserved cellular process in which intracellu-
lar components and dysfunctional organelles are delivered to 
lysosomes/vacuoles for degradation and recycling [1]. 
Aberrant autophagy has been implicated in a series of dis-
eases, including tumorigenesis, neurodegeneration, and meta-
bolic diseases [2,3]. To date, more than 40 autophagy-related 
(ATG) genes has been identified as components of the auto-
phagy pathway in yeast [4]. As a highly conserved process 
among eukaryotes, most of the protein products of these ATG 
genes have homologs or functional counterparts in human. 
Under nutrient-rich conditions, autophagy is preserved at 
a relatively low level to work as a cellular quality control 
mechanism. Upon stress conditions, such as nutrient depriva-
tion, high-level autophagy is induced to effectively promote 
bioenergetic homeostasis and maintain cell survival. Active 
autophagy is largely dependent on proper expression of 
ATG genes. Previous studies have demonstrated many tran-
scriptional activators and repressors in autophagy regulation 
[5]; however, little is known about how cells efficiently reg-
ulate autophagy at the level of translation.

Of note, during stress conditions, such as nutrient limita-
tion, translational activity of most genes is downregulated to 
save metabolic energy and avoid the generation of dysfunc-
tional proteins. The global translational downregulation of 
genes upon stress induction is achieved through Sui2/eIF2α 

phosphorylation, which affects formation of the 43S preinitia-
tion complex involved in eukaryotic translation initiation [6]. 
Though cellular stress leads to globally decreased translation 
of most genes, a small number of mRNAs display upregulated 
translational activity. For example, many ATG genes are 
reported to bypass the global translational suppression 
induced by Sui2/eIF2α phosphorylation during nutrient 
deprivation [7]. Recently, two studies from our lab showed 
that Dhh1, a DExD/H-box RNA helicase, and Psp2, an RGG 
motif protein, are engaged in efficient translational regulation 
of Atg1 and Atg13, two important components of the Atg1 
kinase complex, the key autophagy initiator [8,9]. In addition, 
translation of ATG5, ATG7, ATG12, ATG16L1, and BECN1 
are regulated by some RNA-binding proteins such as 
ELAVL1/HuR and ELAVL4/HuD, HNRNPA1/hnRPA1, and 
ZFP36/TTP [10–14]. However, it is not clear how other ATG 
genes get upregulated as part of the translational reprogram-
ming that occurs under stress conditions.

Upstream open reading frames (uORFs) are short coding 
sequences with start codons located in the 5' untranslated 
region (5' UTR) of eukaryotic mRNAs [15]. Though most 
translation events occur via the main ORF of mRNAs, many 
translation events also occur within the 5' UTR of a gene, 
including those that initiate at uORFs. The stop codon of 
a uORF is typically located before the stop codon of the 
protein coding sequence (CDS). Therefore, a uORF may 
either end before the start of the CDS or may partially overlap 
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with the CDS depending on the location of its associated stop 
codon. It is widely accepted that in most cases, uORFs act as 
important cis-regulatory elements to contrtol translation of 
the corresponding CDS, especially upon amino acid starvation 
[16]. Nearly half of the mRNA transcripts in yeast and human 
possess uORFs [15,17]. However, not all uORFs are active in 
translation regulation, and the mechanism for how uORFs 
modify CDS translation varies on a case-by-case basis. 
Currently, proposed models for how uORFs alter CDS trans-
lation include leaky scanning, translation reinitiation and 
ribosome stalling [18–20]. In addition, it is proposed that 
the peptide produced by a uORF may have biological func-
tions [21]. As uORFs of many genes, such as GCN4 in yeast 
and ATF4 in mammals [19,22], are closely correlated with 
stress-activated gene upregulation, we raised the question of 
whether uORFs play a role in downregulating ATG gene 
expression to help maintain a basal level of autophagy under 
nutrient-rich conditions; bypass of the uORFs would allow 
increased gene expression when cells are undergoing global 
translation suppression during stress.

In this paper, we report that uORFs are involved in the 
translational control of a multitude of ATG genes in both 
S. cerevisiae and human cells. We first demonstrate that an 
ATG13 uORF acts as a cis-acting element, the bypass of which 
facilitates translational expression of Atg13 in response to 
stress-induced eIF2 phosphorylation in yeast. The transla-
tional event of Atg13 mediated by the uORF is dependent 
on the surrounding contexts of the uORF start codon, and on 
the Gcn2 kinase. We also find that at least four uORFs of 
yeast ATG5 differentially contribute to ATG5 translational 
control; bypass of the ATG5 and ATG13 uORFs results in 
increased autophagy activity. Yeast ATG12 and yeast ATG19 
possess at least one active uORF, to regulate downstream CDS 
translation. In addition to the aforementioned ATG genes in 
yeast, a series of genes encoding the core autophagy machin-
ery with potential active uORFs in human cells are delineated 
here. We determine that the predicted active non-canonical 
uORFs of ATG4B and ATG12 strongly impede CDS transla-
tion in human cells. Altogether, our results show that uORFs 
have a widespread impact on translational control of ATG 
genes to mediate stress-induced autophagy.

Results

An inhibitory ATG13 uORF mediates Atg13 expression in 
response to nitrogen starvation

Ribosome profiling, also known as Ribo-seq, utilizes high- 
throughput sequencing to identify short mRNA fragments 
that are protected by 80S ribosomes, and therefore pro-
vides extensive information on the translational events 
governed by the translating ribosomes and the corre-
sponding translational efficiency [23]. Several genome- 
wide translation analyses by ribosome profiling provide 
a list of genes that may have potential active uORFs 
mediating downstream CDS translational efficiency or 
encoding small peptides that may have biological 

functions [17,24,25]. A previous ribosome profiling study 
in yeast by Ingolia et al. [17] hinted that uORFs of many 
genes may have a functional role in translational responses 
to acute amino acid starvation. Because amino acid depri-
vation is an important upstream signal that stimulates 
autophagy, we hypothesized that uORFs are involved in 
the translational control of autophagy.

To investigate the role of uORFs in core autophagy 
machinery in yeast, we initiated our analysis by extracting 
ATG genes from the subset of genes predicted to have active 
uORFs with the canonical start codon AUG based on ribo-
some profiling [17]. We found that ATG5, ATG12, ATG13 
and ATG19 are highly likely to possess active uORFs (Table 
S1). However, no previous reports have associated uORFs 
with ATG genes. In addition, although uORFs are promi-
nently more active in translation than other regions of the 5' 
UTR, their translational efficiencies are not comparable to the 
corresponding CDS. Indeed, some putative translational sig-
nals identified by ribosome profiling cannot be experimentally 
validated and might be false positives. Moreover, the func-
tional activity of uORFs has been demonstrated for only 
a limited number of genes. Therefore, the reliability of the 
identification of uORFs and the mechanism of how the 
uORFs in specific genes regulate gene expression requires 
experimental evaluation.

Atg13 is an essential component of the Atg1 kinase 
complex that plays an irreplaceable role in autophagy initia-
tion and in sensing upstream nutrient signals [26]. ATG13 
is predicted to possess a canonical uORF that initiates at an 
AUG codon in the 5' UTR and ends inside the downstream 
ATG13 CDS (Figure 1A). This ATG13 uORF encodes a 46- 
amino-acid polypeptide. To determine whether this cano-
nical ATG13 uORF plays a role in Atg13 translation, we 
constructed plasmids expressing either wild-type (WT) 
Atg13 tagged with the protein A (PA) epitope or 
a mutant version in which we mutated the AUG start 
codon of the ATG13 uORF to UUG to prevent ATG13 
uORF translation. We then measured plasmid-based pro-
tein expression of Atg13-PA in atg13Δ cells. The ATG13 
uORF mutation resulted in a fold-change of approximately 
2.3 in Atg13-PA protein level under nutrient-rich condi-
tions (Figure 1B, 1C). Although nitrogen starvation stimu-
lated Atg13-PA upregulation in WT cells, Atg13-PA levels 
were not significantly changed following 2 h of nitrogen 
starvation in cells with the ATG13 uORF mutation. These 
results together demonstrate that the ATG13 uORF is 
involved in controlling expression of ATG13 in a nutrient- 
dependent manner.

Atg13 protein expression is controlled transcriptionally 
and post-transcriptionally. To exclude the potential effects of 
the ATG13 uORF on ATG13 transcription or mRNA stability, 
we measured the level of ATG13 mRNA in WT cells and 
ATG13 uORF mutant cells by real-time quantitative reverse 
transcription PCR (qRT-PCR). We found that the ATG13 
mRNA level was highly upregulated upon nitrogen starvation 
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as reported previously; however, there was no significant 
difference in the ATG13 mRNA levels between WT cells and 
the cells with the ATG13 uORF mutation (Figure 1D), 
demonstrating that the effect of the ATG13 uORF on 
ATG13 expression occurs most likely at the translational level.

The ATG13 uORF is an inhibitory regulator for autophagy

Because the ATG13 uORF mutation led to an elevated level of 
Atg13-PA under nutrient-rich conditions relative to the WT, 
we speculated that the inhibitory uORF might therefore act as 
a regulator of autophagy. To investigate autophagy activity, 
we performed the quantitative Pho8Δ60 assay, in which we 
generated a mutant of the vacuolar phosphatase Pho8 that 
lacks the first 60 amino acids of its N terminus [27]. The 
mutant Pho8 can be delivered to the vacuole only through 
non-selective autophagy, which leads to the cleavage of its 
propeptide by vacuolar hydrolases and subsequent activation 
of its phosphatase activity. Hence, phosphatase activity in the 
Pho8Δ60 assay demonstrates autophagy flux in the cells. We 
observed a significant increase in autophagy activity in ATG13 
uORF mutant cells compared with WT cells after 3 h of 
nitrogen starvation (Figure 1E), suggesting that the elevated 
level of Atg13 allowed cells to initiate a more rapid autophagic 
response once shifted to nitrogen-starvation conditions.

To extend our analysis, we carried out the GFP-Atg8 
processing assay. Atg8 is a ubiquitin-like protein required 
for autophagosome formation. Upon autophagy induction, 
the phosphatidylethanolamine (PE)-conjugated form of Atg8 
initially resides on both sides of the phagophore; Atg8–PE on 
the outer surface of the mature autophagosome is recycled 
back into the cytosol, whereas the population inside the auto-
phagosome is delivered to the vacuole and degraded. As GFP 
is relatively resistant to vacuolar hydrolases, the amount of 
free GFP generated by the GFP-Atg8 processing assay can be 
used to quantify autophagic delivery to the vacuole [28]. 
Consistent with the Pho8Δ60 assay results, we found that 
mutation of the ATG13 uORF resulted in increased autophagy 
activity after 2 h of nitrogen starvation, as observed by the 
ratio of free GFP to GFP-Atg8 (Figure 1F, 1G).

Moreover, we tested Atg1 protein levels in WT and ATG13 
uORF mutant cells. Atg1 is a serine/threonine kinase that is 
essential for autophagosome formation. Atg13 physically 
interacts with Atg1, and the phosphorylation level of Atg13 
affects Atg1 kinase activity and subsequent autophagy induc-
tion [29]. We found that Atg1 levels were not significantly 
changed by the ATG13 uORF mutation in either nutrient-rich 
conditions or after 2 h of nitrogen starvation (Figure S1), 
excluding the possibility that the increased autophagy activity 
in ATG13 uORF mutant cells is due to its impact on Atg1 
protein levels. We also asked whether the observed increase in 
autophagy could be explained by enhanced Atg13 protein 
levels. We found that overexpression of Atg13-PA under the 
control of the CUP1 promoter resulted in a higher level of 
autophagy as shown by Pho8Δ60 activity (Figure S2), indicat-
ing that elevated Atg13 levels contribute to autophagy activa-
tion. Collectively, our results indicate that the translational 

upregulation of ATG13 mediated by bypassing the uORF 
promotes autophagy.

Translational control of ATG13 by its uORF is dependent 
on a partial Kozak sequence and Gcn2 kinase

Next, we asked how the identified ATG13 uORF regulates 
Atg13 translation. It is commonly acknowledged that when 
uORFs show a repressive effect in CDS translation, it is pre-
sumably because the translation of uORFs can occur at the 
expense of reducing translation initiation of the downstream 
CDS [30]. During translation, the GTP-bound eIF2 complex 
binds the initiator methionyl-tRNA (Met-tRNAi

Met) to form 
the ternary complex eIF2-GTP-Met-tRNAi

Met, and subse-
quently interacts with the 40S ribosomal subunit, Tif11/ 
eIF1A and the eIF3 complex to assemble into the 43S pre-
initiation complex (PIC) [31]. Starting from the 5' ends of 
mRNAs, the PIC scans for a start codon, which is usually the 
first AUG base pairing with Met-tRNAi

Met, in the 5' to 3' 
direction. Once the start codon is identified, GTP is hydro-
lyzed by eIF2, causing the eIF proteins to dissociate from the 
PIC, which allows the joining of the 60S ribosomal subunit to 
form an 80S ribosome; translation elongation then begins 
with the decoding of the second codon [31].

In addition to the activity of the PIC, the context of 
nucleotides of the start codons, such as the Kozak sequence, 
plays an important role to strengthen or weaken start codon 
recognition. An optimal Kozak consensus sequence is defined 
as GCCA/GCCAUGG, where the A of the AUG start codon 
(bold) is designated +1, a purine is present at position −3 
(underlined) and a guanosine is present at +4 (underlined) 
[32]. This optimal Kozak sequence provides stabilizing inter-
actions with the PIC, and hence dictates a strong recognition 
context for the start codon. The correct AUG for the ATG13 
CDS follows these rules for an optimal Kozak sequence 
(Figure 2A). In contrast, the ATG13 uORF possesses 
a relatively weak Kozak sequence with an A at position +4. 
Hence, we hypothesized a leaky scanning model for uORF- 
mediated Atg13 translation. In the leaky scanning model, 
AUG start codons within uORFs that are present within 
a weak Kozak sequence may be recognized, starting the trans-
lation of the uORF, or “scanned through” meaning this start 
codon is bypassed. In the latter situation, translation efficiency 
of the downstream CDS is elevated.

To test whether the initiation context of the uORF start 
codon affects Atg13 translation, we constructed strains with 
either 1) a mutated initiation sequence for the ATG13 uORF, 
converting A to U in the AUG codon, or 2) a mutation in the 
Kozak sequence converting A to U at position −3 (Figure 2A). 
We found that the mutation in the Kozak sequence led to 
increased Atg13-PA translation similar to the level of a direct 
mutation in the ATG13 uORF start codon (Figure 2B). 
Moreover, we measured GFP-Atg8 processing to determine 
the effect of the mutations on autophagy activity. We found 
that Kozak mutant cells displayed increased levels of autopha-
gy to a similar extent as uORF mutant cells (Figure 2B). As 
a control, we mutated an AGG codon to UUG in the 5' UTR 
of the ATG13 mRNA transcript that is 46 nucleotides 
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upstream of the uORF start codon. The control mutant 
showed similar Atg13-PA protein levels as WT cells 
(Figure 2C). These results suggest that the partial Kozak 
sequence for the start codon of the ATG13 uORF is essential 
for regulating uORF-mediated Atg13 translation.

Although the partial Kozak sequence for the ATG13 uORF 
affects Atg13 translation, suggesting a leaky scanning mechan-
ism, we also examined the role of Gcn2, which is typically 

involved in translation reinitiation. Previous studies showed 
that upon amino acid starvation, the protein kinase Gcn2 
phosphorylates Sui2/eIF2α, and hence inhibits the formation 
of new ternary complexes, thus impeding the reinitiation of 
translation at the CDS after ribosome termination [6,33]. To 
further explore the mechanism of the ATG13 uORF, we 
deleted GCN2 in WT and ATG13 uORF mutant cells expres-
sing Atg13-PA.

Figure 1. An ATG13 uORF regulates autophagy under nitrogen-starvation conditions in yeast. (A) Schematic representation of ATG13 mRNA transcript with a potential 
functional uORF identified by ribosome profiling (yellow box). This ATG13 uORF has a start codon (AUG) in the 5’ UTR, and in-frame stop codon preceding the end of 
the ATG13 CDS. The mutation made in the start codon of the ATG13 uORF in the plasmid construct is shown as indicated (represented by the change from a red 
triangle to a green triangle). (B) Atg13-PA levels were measured by western blot in WT and ATG13 uORF mutant cells under growing conditions and after 2 h of 
nitrogen-starvation conditions. Pgk1 was used as a loading control. (C) The ratio of Atg13-PA to Pgk1 was quantified. Mean±SD of n = 3 independent experiments 
are shown as indicated. Student’s t-test; ns: not significant, **: p < 0.01, ***: p < 0.005. (D) ATG13-PA mRNA levels were determined in WT and ATG13 uORF mutant 
cells under growing and 1-h nitrogen-starvation conditions by RT-qPCR. Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; ns: not 
significant. (E) Autophagy activity was measured with the Pho8Δ60 assay in WT, ATG13 uORF mutant, and atg13Δ strains under growing conditions and after 3 h of 
nitrogen starvation. Mean±SD of n = 3 independent experiments are shown as indicated. Student’s t-test; *: p < 0.05. (F) Autophagy was measured using the GFP- 
Atg8 processing assay in WT, ATG13 uORF mutant and atg13Δ strains under growing conditions and after 2 h of nitrogen starvation; a representative image is shown. 
(G) The ratio of free GFP to GFP-Atg8 after 2 h of nitrogen starvation was quantified. Mean±SD of n = 3 independent experiments are shown as indicated. Student’s 
t-test; ***: p < 0.005. SD-N, synthetic minimal medium lacking nitrogen; +N (YPD), yeast extract-peptone-dextrose; WT, wild type; PA, protein A.

460 Y. YANG ET AL.



In the cells expressing WT Atg13-PA, 2-h nitrogen starva-
tion led to the expected increase in Atg13-PA levels; however, 
Gcn2 deficiency led to diminished Atg13-PA protein levels 
under 2-h nitrogen starvation conditions (Figure 2D, 2E, 
Figure S3), indicating that Gcn2 mediates translational 
expression of Atg13 under these conditions. In contrast, 
Atg13-PA protein levels were not significantly affected by 
GCN2 knockout in ATG13 uORF mutant cells under identical 
nitrogen-starvation conditions, suggesting that the bypass of 
uORF-mediated Atg13 translational regulation in WT cells 
upon nitrogen starvation was Gcn2 dependent. These results 
together indicate that the ATG13 uORF regulates Atg13 
expression through a Gcn2-dependent mechanism.

Multiple inhibitory ATG5 uORFs mediates Atg5 
translation and autophagy regulation

Atg5 is an essential protein involved in the process of phago-
phore expansion and autophagosome formation [34,35]. 
During autophagy, Atg5 is covalently conjugated with Atg12 
[35]. The resulting irreversible Atg12–Atg5 conjugate func-
tions as an E3-like enzyme to facilitate Atg8 lipidation [36]. 
ATG5 is predicted to have five potential canonical uORFs 
(Table S1). We investigated four of these putative uORFs, 
which have been shown to actively bind to translating ribo-
somes. All these uORFs have both start and stop codons 
located inside the 5' UTR of ATG5 (Figure 3A). The most 

upstream of these sites, uORF1, encodes a 13 amino-acid 
polypeptide and its corresponding stop codon is 33 nucleo-
tides ahead of the downstream ATG5 CDS. uORF2 encodes 
a 16 amino-acid polypeptide and its corresponding stop 
codon is 8 nucleotides ahead of the downstream ATG5 CDS. 
uORF3 and uORF4 share the same stop codon and encode 
extremely small peptides with a length of 2 or 1 amino acids, 
respectively.

To study the roles of each individual uORF in Atg5 trans-
lation, we constructed plasmids that express either WT Atg5- 
PA or a mutant version by switching the start codons of 
uORF1, uORF2 or both uORF3 and uORF4 from AUG to 
UUG (Figure 3B); uORF3 and uORF4 were mutated together 
because they partially overlap and share the same stop codon. 
These plasmids were then transformed into atg5Δ cells. We 
named the cells with mutated uORF1 and mutated uORF2 
“mut 1” and “mut 2”, respectively, whereas those expressing 
mutated uORF3 and uORF4 were named “mut 3”.

To exclude the possibility that these ATG5 uORFs have 
a role in ATG5 transcription or mRNA stability, we first 
performed RT-qPCR. No significant difference in ATG5 
mRNA levels was detected among the WT and mutant strains 
under both growing and nitrogen-starvation conditions 
(Figure 3C). Next, we measured Atg5-PA levels by western 
blot. Atg5-PA has two forms on the blot: the free form of 
Atg5-PA and the Atg12–Atg5-PA conjugate. We first focused 
on total Atg5-PA (free Atg5-PA+Atg12–Atg5-PA) levels to 

Figure 2. uORF-mediated Atg13 translation is Gcn2 dependent. (A) The mutations made in the Kozak mutant and uORF mutant cells are shown as indicated; mutated 
regions are presented in blue and red colors and mutated nucleotides are underlined. The correct AUG start codon of the ATG13 CDS is presented in green. (B) Atg13- 
PA protein levels and autophagy activity were measured by western blot and GFP-Atg8 processing in atg13Δ strains with empty vector or vectors expressing WT 
Atg13-PA, an ATG13 uORF mutant, or a Kozak mutant under growing and 2-h nitrogen-starvation conditions. (C) Atg13-PA protein levels were measured in atg13Δ 
strains with vectors expressing WT Atg13-PA, an ATG13 uORF mutant, a Kozak mutant, or a control mutant under growing and 2-h nitrogen-starvation conditions. (D) 
Atg13-PA protein levels were measured by western blot in either atg13Δ or atg13Δ gcn2Δ cells expressing WT Atg13-PA or an ATG13 uORF mutant under growing 
and 2-h nitrogen-starvation conditions; a representative image is shown. (E) The ratio of Atg13-PA to Pgk1 was quantified. Mean±SD of n = 3 independent 
experiments are shown as indicated. Student’s t-test; *: p < 0.05, **: p < 0.01, ***: p < 0.005, ns: not significant. SD-N, synthetic minimal medium lacking nitrogen; +N 
(YPD), yeast extract-peptone-dextrose; WT, wild type; PA, protein A.
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explore the role of the ATG5 uORFs on Atg5 translation. All 
three mutant cells showed increased total Atg5-PA levels 
under growing conditions compared with WT cells 
(Figure 3D, 3E). Although total Atg5-PA levels of WT cells 
were significantly increased after 2 h of nitrogen starvation, 
we did not find significant changes of the total Atg5-PA levels 
between growing and starvation conditions in any of the 
mutant cells. These results suggest that these four predicted 
uORFs are involved in downregulating ATG5 under growing 
conditions.

Moreover, no significant difference was observed following 
2 h of starvation in strains with either uORF1 or uORF2 
mutation relative to the WT (Figure 3D, 3E), suggesting that 
the disruption of either ATG5 uORF1 or uORF2 eliminated 
the entire inhibitory role of ATG5 uORFs in the regulatory 
mechanism of translation. In contrast, double mutations in 
uORF3 and uORF4 resulted in higher levels of Atg5-PA 
compared with the other two mutants. This difference may 
reflect the relative position of uORF3 and uORF4; the corre-
sponding stop codon ends just 3 nucleotides before the start 
codon of the ATG5 CDS, and the short distance would pro-
vide less time for the 40S ribosome to reassemble factors 
needed for reinitiation after translation termination at either 
of these uORFs.

The formation of the Atg12–Atg5 conjugate is essential for 
autophagy [37]. We found that Atg12–Atg5-PA levels in mut 
1, mut 2 and mut 3 resulted in fold-changes of 2.6-, 3.2-, and 
2.7 relative to WT cells in nutrient-rich conditions 
(Figure 3D, 3F). The Atg12–Atg5 levels in WT cells quickly 
increased to that of the three mutant strains after 2 h of 
starvation, at which time the conjugation appeared to be 
saturated. Next, we examined the effect of the uORF mutants 
on autophagy activity using the Pho8Δ60 assay. None of the 
three mutants showed a significant difference in autophagy 
activity compared with the WT after 3 h of starvation (Figure 
S4), presumably because the Atg12–Atg5-PA levels in WT 
cells reached the saturation point within 2 h of starvation 
(Figure 3D, 3F). To further examine our hypothesis, we took 
advantage of the shorter time course that is possible with the 
GFP-Atg8 processing assay. In contrast to the results seen 
with the Pho8∆60 assay, we found an ~40% increase in 
autophagy activity in both the uORF1 and uORF2 mutant 
strains following 1.5 h of starvation (Figure 3H, 3I); there 
was no detectable increase in the strains containing double 
mutations in uORF3 and uORF4. To reconcile these differ-
ences, we extended our analysis by performing a short-term 
Pho8∆60 assay with a time course closer to that of the GFP- 
Atg8 processing assay. We found that consistent with the 
latter, after 1.5 h of starvation, the uORF1 and uORF2 mutant 
strains showed elevated autophagy activity (Figure 3G). These 
data collectively suggest that ATG5 uORF1 and uORF2 play 
a predominant role in autophagy regulation compared with 
uORF3 and uORF4, even though the latter have a more pro-
nounced effect on the level of free Atg5.

Atg12 and Atg19 are translationally regulated by uORFs

Based on the above findings for Atg5 and Atg13, we decided 
to examine the potential roles of the predicted canonical 

uORFs of ATG12 and ATG19, to determine whether they 
may also play an inhibitory role in translation regulation. As 
mentioned above, Atg12 is a component of the Atg12–Atg5 
conjugate, the formation of which is essential for autophago-
some formation [36]. Atg19 is a receptor protein for the 
cytoplasm-to-vacuole targeting (Cvt) pathway, a type of selec-
tive autophagy that specifically delivers certain resident 
hydrolases into the yeast vacuole [38]. The predicted ATG12 
uORF encodes a 3-amino-acid peptide, and its stop codon is 
inside the downstream CDS (Figure 4A). The ATG19 5' UTR 
contains three putative uORFs (Table S1). We studied the 
only ATG19 uORF that contains a suboptimal Kozak 
sequence surrounding its start codon. A previous study that 
exploits computer simulations to model scanning and riboso-
mal translational elongation behavior showed that the uORFs 
with a greater length are more likely to display inhibitory 
effects of downstream CDS translation [39]. The potential 
ATG19 uORF is relatively longer with a length of 15 amino 
acids and ends 48 nucleotides before the ATG19 CDS. We 
constructed plasmids expressing WT Atg12-PA or WT Atg19- 
PA, or their uORF mutant versions by changing the corre-
sponding uORF start codons from AUG to UUG. These 
plasmids were transformed into atg12Δ or atg19Δ cells, 
respectively.

To examine the role of the ATG12 and ATG19 uORFs on 
translation, we measured protein levels by western blot. 
ATG12 uORF mutant cells displayed a fold-change of 2.3 
and 1.7 in Atg12-PA levels compared with WT cells in nutri-
ent-rich conditions and after 2 h of nitrogen starvation, 
respectively (Figure 4B, 4C), implying that the ATG12 uORF 
controls Atg12-PA levels under both conditions. ATG19 
uORF mutant cells demonstrated a fold-change of 1.9 and 
1.3 in Atg19-PA levels compared with WT cells in nutrient- 
rich and nitrogen starvation conditions, respectively 
(Figure 4D, 4E), indicating a similar regulatory role as seen 
with the ATG12 uORF. To determine if the ATG12 and 
ATG19 uORFs affect corresponding mRNA stability, we mea-
sured mRNA levels by RT-qPCR. Under either nutrient- 
replete or nitrogen-starvation conditions, the mutations of 
the uORF start codons did not significantly change ATG12 
or ATG19 mRNA levels (Figure 4F, 4G). These data suggest 
that the ATG12 and ATG19 uORFs repress their correspond-
ing CDS translation.

More than 20 ATG genes have potential active uORFs 
(canonical and non-canonical) in human

Next, we asked whether uORFs play a role in the translational 
control of ATG genes in more-complex eukaryotes. Recently, 
several genome-wide ribosome profiling studies were per-
formed in human cells [25,40,41]. Active uORFs widely exist 
in the human genome; however, the precise number and roles 
of the uORFs are unknown. A previous study by McGillivray 
et al. exploited machine learning algorithm training based on 
uORFs labeled within ribosome profiling experiments to pre-
dict potential active uORFs that are bound by ribosomes in 
human cells [25].

To gain a comprehensive scope of uORF-mediated transla-
tion regulation of ATG genes in human, we extracted the 
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genes encoding core autophagy machinery from the list of 
genes with potential active uORFs predicted in the study by 
McGillivray et al. [25]. The set of core ATG genes used here 
encodes 5 groups of proteins, including 1) the ULK1 kinase 

complex, composed of ULK1, ULK2, RB1CC1/FIP200, 
ATG13, and ATG101; 2) the class III phosphatidylinositol 
3-kinase (PtdIns3K) complex, which is composed of 
BECN1/Beclin 1, PIK3C3/VPS34, PIK3R4/VPS15, ATG14, 

Figure 3. Multiple ATG5 uORFs mediate Atg5 translation and autophagy in yeast. (A) Schematic representation of partial ATG5 mRNA transcript with 4 potential 
functional uORFs identified by ribosome profiling (represented by yellow, blue, green, and purple boxes). Each ATG5 uORF has a start codon (AUG) in the 5’ UTR, and 
a stop codon preceding the ATG5 CDS. (B) The mutations made in the start codon of ATG5 uORFs in the plasmid constructs are shown as indicated (represented as 
a change from a red triangle to a green triangle). (C) ATG5-PA mRNA levels were determined in WT and ATG5 uORF mutant cells under growing and 1-h nitrogen- 
starvation conditions by RT-qPCR. Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; ns: not significant. (D) Atg5-PA levels were measured 
by western blot in WT and ATG5 uORF mutant cells under growing conditions and after 2 h of nitrogen starvation. Pgk1 was used as a loading control. (E) The ratio of 
total Atg5-PA to Pgk1 was quantified. Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; ns: not significant, *: p < 0.05, **: p < 0.01, ***: 
p < 0.005. (F) The ratio of Atg12–Atg5-PA to Pgk1 was quantified. Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; ns: not significant, *: 
p < 0.05, **: p < 0.01, ***: p < 0.005. (G) Autophagy activity was measured using the Pho8Δ60 assay in WT, and ATG5 uORF mutant cells under growing conditions 
and after 3 h of nitrogen starvation. Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; *: p < 0.05, ns: not significant. (H) Autophagy was 
measured with the GFP-Atg8 processing assay in WT, and ATG5 uORF mutant strains under growing conditions and after 1.5 h of nitrogen starvation; a representative 
image is shown. (I) The ratio of free GFP to GFP-Atg8 after 1.5 h of nitrogen starvation was quantified. Mean±SD of n = 3 independent experiments are shown as 
indicated. ANOVA; *: p < 0.05. SD-N, synthetic minimal medium lacking nitrogen; +N (YPD), yeast extract-peptone-dextrose; WT, wild type; PA, protein A.
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NRBF2, and UVRAG; 3) the ATG9 trafficking system, which 
is composed of ATG2A, ATG2B, WIPI1, WIPI2, WDR45/ 
WIPI4 and the transmembrane protein ATG9A; 4) the Atg8- 
family ubiquitin-like (Ubl) conjugation system, composed of 
ATG4A, ATG4B, ATG4C, ATG4D, ATG3, MAP1LC3A, 
MAP1LC3B, MAP1LC3C, GABARAP, and GABARAPL2; 5) 
the ATG12 Ubl conjugation system, composed of ATG5, 
ATG12, ATG16L1, ATG7, and ATG10 [3,42]. We provide 
the list of uORFs predicted to be active for ATG genes in 
Table S2. We found that among the 32 chosen genes, 18 of 
them possess one or more canonical uORFs with an AUG 
start codon (Figure 5A). We noticed that ATG5 had 3 poten-
tial AUG-initiated uORFs, whereas ATG12, and ATG13 did 
not display the existence of uORFs with AUG start codons.

Several prior studies revealed that in addition to canonical 
AUG start codons, numerous uORFs initiate with non-AUG 

start codons, including ACG, AUU, AUA, AUC, CUG, GUG 
and UUG [43,44]. We therefore decided to examine whether 
ATG12, ATG13 and other human ATG genes exploit non- 
canonical uORFs, which initiate with a non-AUG start codon, 
to regulate their translation. Hence, we determined the com-
position of potential active uORFs (including uORFs that 
started with AUG and near-cognate start codons) of ATG 
genes. We found that 27 out of 32 human ATG genes have 
at least one predicted functional uORF (Figure 5B). ATG5, 
ATG12, and ATG13 have 46, 4 and 29 uORFs, respectively. 
AUG has been identified as the most prevalent uORF start 
codon in the genome [25]. However, our analysis of the data 
from McGillivray et al. [25] indicated that uORFs for ATG 
genes exhibit translation initiation mostly at CUG and GUG 

Figure 4. Yeast Atg12 and Atg19 translation are mediated by a single inhibitory uORF in the corresponding 5’ UTR. (A) Schematic representation of partial ATG12 or 
ATG19 mRNA transcripts with a potential functional uORF identified by ribosome profiling (yellow box). The ATG12 uORF has a start codon (AUG) in the 5’ UTR, and 
an in-frame stop codon preceding the end of the ATG12 CDS. The ATG19 uORF has a start codon (AUG) in the 5’ UTR, and a stop codon preceding the ATG19 CDS. The 
mutations made in the start codon of the ATG12 or ATG19 uORF in the plasmid constructs are shown as indicated (represented as a change from a red triangle to 
a green triangle). (B) Atg12-PA levels were measured by western blot in WT and ATG12 uORF mutant cells under growing conditions and after 2 h of nitrogen 
starvation. Pgk1 was used as a loading control. (C) The ratio of Atg12-PA to Pgk1 was quantified. Mean±SD of n = 3 independent experiments are shown as 
indicated. ANOVA; *: p < 0.05. (D) Atg19-PA levels were measured by western blot in WT and ATG19 uORF mutant cells under growing conditions and after 0.5 h and 
1 h of nitrogen starvation. (E) The ratio of total Atg19-PA to Pgk1 under growing and 1-h nitrogen-starvation conditions was quantified. Mean±SD of n = 4 
independent experiments are shown as indicated. ANOVA; ***: p < 0.005. (F) ATG12-PA mRNA levels were determined in WT and ATG12 uORF mutant cells under 
growing and 2-h nitrogen-starvation conditions by RT-qPCR. Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; ns: not significant. (G) 
ATG19-PA mRNA levels were determined in WT and ATG19 uORF mutant cells under growing and 1-h nitrogen-starvation conditions by RT-qPCR. Mean±SD of n = 3 
independent experiments are shown as indicated. ANOVA; ns: not significant. SD-N, synthetic minimal medium lacking nitrogen; +N (YPD), yeast extract-peptone- 
dextrose; WT, wild type; PA, protein A.
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(Figure 5C). CUG and GUG are more likely to be scanned 
through/bypassed during start codon recognition, suggesting 
that leaky scanning is a common feature in the repressive 
mechanism for uORF-mediated translational control of ATG 
genes.

Identification of singleton variants provides tremendous 
information for human phenotypic variation and disease sus-
ceptibility [45]. We scanned singleton variants on start codons 
of predicted uORFs of ATG genes from the ExAc catalog 
[25,46]. We found that 10 genes encoding core autophagy 
machinery, including ULK2, RB1CC1/FIP200, PIK3C3/ 
VPS34, ATG14, NRBF2, ATG5, ATG10, ATG4C, MAP1LC3A 
and MAP1LC3B, are associated with altered start codons of 
predicted active uORFs at a low allele mutation frequency 
(from 8.24e−06 to 1.04e−05) (Table S3, Figure 5D). These data 
imply that there is a high possibility that the predicted uORFs 
in these ATG genes are active and functionally important, 
because a lower frequency of singletons is often due to 
heavy selection pressure of regions with essential func-
tions [47].

Non-canonical uORFs regulate starvation-induced ATG4B 
and ATG12 translation in human

Among the four members of the ATG4 family (ATG4A, 
ATG4B, ATG4C, and ATG4D), the role of ATG4B is best 
characterized. ATG4B is a crucial cysteine protease that pro-
teolytically cleaves Atg8-family proteins (LC3 and GABARAP 
subfamilies) to their active forms and promotes efficient 
autophagosome biogenesis [48]. We noticed that ATG4B is 
predicted to have only one active non-canonical uORF that 
initiates with a UUG codon and partially overlaps with the 
downstream CDS (Figure 6A). To validate the function of this 
single uORF in ATG4B expression regulation, we generated 
constructs with a luciferase reporter coding sequence down-
stream of the ATG4B 5' UTR containing either the WT pre-
dicted active ATG4B uORF or a mutant version with the start 
codon changed from UUG to AAG. We chose AAG because 
a previous study suggested that AAG is employed as the start 
codon of uORFs with the least probability of function [49]. 
The constructs containing WT ATG4B 5'UTR-LUC and 
uORF mutant ATG4B 5'UTR-LUC were transfected into 
293 FT cells.

To investigate whether and how the ATG4B uORF affects 
protein translation upon stress, we determined the luciferase 
activity and luciferase mRNA levels under nutrient-rich con-
ditions or after 4 h of Hanks’ balanced salt solution (HBSS)- 
mediated starvation. The luciferase mRNA level was not 
affected by mutation of the ATG4B uORF during either grow-
ing or starvation conditions (Figure 6B), suggesting the 
ATG4B uORF does not affect mRNA stability. However, the 
cells with the mutant construct displayed a fold-increase of 2.4 
and 2.0 in luciferase activity compared with WT cells under 
nutrient-rich and HBSS starvation conditions, respectively 
(Figure 6C). These results indicate that the ATG4B uORF 
inhibits downstream ORF translation under both conditions.

Although human ATG12 is highly conserved down to yeast 
Atg12 in terms of structure and function [50,51], human 

ATG12 mRNA was not predicted to possess a canonical 
uORF as seen with yeast ATG12. Instead, ATG12 had four 
predicted non-canonical uORFs, all of which initiate with 
non-AUG codons, in the order of CUG, GUG, ACG, and 
UUG from 5' to 3' (Figure 6A). We named the four non- 
canonical uORFs as uORF1, uORF2, uORF3 and uORF4 
based on the order of start codon positions from 5' to 3'. To 
determine the role of each ATG12 uORF in translational 
regulation, we constructed a WT ATG12 5' UTR-LUC plas-
mid that contains the luciferase reporter coding sequence 
downstream of the ATG12 5' UTR. We then generated a set 
of mutant plasmids by mutating the start codon of each 
predicted uORF to AAG. These constructs were again trans-
fected into 293 FT cells.

We first measured luciferase mRNA levels by RT-qPCR. 
Luciferase mRNA levels were not affected by mutation in any 
of the ATG12 uORFs during either growing or 4-h HBSS 
starvation conditions (Figure 6D), demonstrating no effect 
of ATG12 uORFs on mRNA stability. Next, we examined 
luciferase activity as a readout of translation activity. During 
growing conditions, mutations in uORF1 or uORF2 did not 
significantly change luciferase activity, whereas mutations in 
uORF3 and uORF4 resulted in a fold-increase of 3.27 and 
2.81, respectively (Figure 6E). Upon 4 h of HBSS starvation, 
we observed a fold-increase of 1.82, 2.11, 3.57 and 3.35 in 
luciferase activity in the cells with mutations in the start 
codons of uORF1 to uORF4, respectively. Collectively, these 
results indicate that the ATG12 uORF3 and uORF4 are pre-
dominant cis regulators for downstream ORF translation, 
although ATG12 uORF1 and uORF2 displayed a mild inhibi-
tory effect on translation.

Discussion

Though substantial effort has been made to delineate the 
mechanisms for how ATG genes are regulated transcription-
ally and post-translationally, little is known about how ATG 
genes bypass the general translation suppression that occurs 
during stress conditions to maintain the activation of auto-
phagy. In this study, we proposed and validated the hypoth-
esis that uORFs act as an important regulatory element for the 
translation of ATG genes, especially in response to starvation, 
controlling proteins that participate in different stages of 
autophagy, including initiation, phagophore expansion, and 
cargo selection.

We first hypothesized that the canonical ATG13 uORF 
mediates Atg13 translation through a leaky-scanning mechan-
ism and showed that the suboptimal Kozak sequence for the 
ATG13 uORF is involved in regulation of Atg13 translation. 
However, the +4 position in the Kozak sequence may not play 
as much of a role as the −3 position [52]. Thus, depending on 
the relative importance of the −3 and +4 positions, if we 
consider the ATG13 uORF to have an optimal Kozak 
sequence, the likelihood of a leaky-scanning mechanism is 
decreased. Accordingly, we also considered whether the 
ATG13 uORF exploits a translation reinitiation mechanism. 
The reinitiation model was proposed by Kozak and suggests 
that when there is a relatively long distance between a uORF 
and the downstream ORF, the ribosomes are able to 
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reassemble along with initiation factors and initiate the trans-
lation of the downstream ORF [32]. Our data fit either 
mechanism, but we think there is a low probability that this 
ATG13 uORF exploits a reinitiation mechanism; reinitiation is 
found to be highly inefficient when the two ORFs are located 
very close together, within 8 nucleotides, or overlap with each 

other [53]. In addition, the reinitiation model is based on the 
presence of a termination site downstream of the uORF, but 
upstream of the canonical ORF. Considering that the identi-
fied ATG13 uORF in this study ends inside the ATG13 CDS, 
we think that the reinitiation model is not likely to be used. 
The main piece of data that would seem to argue against the 

Figure 5. More than 20 human ATG genes are predicted to have functional uORFs. (A) The number of active canonical uORFs initiated with an AUG start codon for 
ATG genes predicted by a machine learning algorithm [25]. ATG genes are classified into 5 groups, including those encoding components of the ULK1 complex, the 
PtdIns3K complex, the ATG9 trafficking system, the ATG12 Ubl conjugation system, and the Atg8-family Ubl conjugation system. ATG genes with no active canonical 
uORFs are not shown. (B) Composition analysis of uORFs (initiated with AUG or near-cognate start codons) in ATG genes predicted by a machine learning algorithm 
[25]. ATG genes with no active uORFs are not shown. (C) The frequency of AUG start codons and near-cognate start codons of predicted positive uORFs in all ATG 
genes. (D) Ultra-rare variants (singletons) from the Exome Aggregation Consortium (ExAC) catalog v.1 that are associated with predicted active uORFs of ATG genes 
are counted [25,46]. The composition of uORFs (initiated with AUG and near-cognate codons) that are associated with singleton variants are analyzed. PtdIns3K, 
phosphatidylinositol 3-kinase; Ubl, ubiquitin-like.
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leaky-scanning model is the finding that Gcn2 is required to 
bypass the uORF-mediated decrease in translation. However, 
the general regulation of ATG gene expression is typically 
opposite that of most other genes. That is, under starvation 
conditions approximately 98% of the genes in a cell are down-
regulated, whereas ATG genes are upregulated. Along these 
lines, factors that promote the expression and translation of 
genes in growing conditions, such as TOR, often act in the 
opposite manner for ATG genes. Although we do not know 
the precise mechanism, we hypothesize that Gcn2 may be 
acting in this way, participating in the downregulation of 
most genes under starvation conditions, while facilitating the 
expression of ATG genes. Thus, we hypothesize that the 
decreased availability of ternary complexes mediated by 
Gcn2 upon starvation contributes to the leaky scanning 
mechanism, by decreasing the efficiency of start codon recog-
nition for the ATG13 uORF compared to that for the ATG13 
CDS. Similarly, the uORFs for ATG5, ATG12 and ATG19 

have weak Kozak sequences or completely lack a canonical 
sequence, in line with a leaky-scanning mechanism. At pre-
sent, we cannot make a definitive conclusion as to which 
mechanism, leaky scanning or translation reinitiation, is 
used in the context of the ATG uORFs, but overall our results 
favor the former.

We showed that uORF-mediated Atg13 translation is 
dependent on Gcn2 kinase activity in yeast. It has been 
reported that many human genes, such as ATF4 and ATF5, 
exploit uORFs to regulate translation by EIF2 phosphoryla-
tion [22,54]. In human cells, there are four EIF2A/eIF2α 
kinases (EIF2AK1/HRI, EIF2AK2/PKR, EIF2AK3/PERK, and 
EIF2AK4/GCN2) involved in the integrated stress response 
[55]. These kinases are activated in response to various types 
of stress. Among all the human EIF2A kinases, EIF2AK4/ 
GCN2 and EIF2AK3/PERK are altered upon nutrient depri-
vation and ER stress, respectively. uORFs regulate ATF4 
translation in response to EIF2 phosphorylation during ER 

Figure 6. Non-canonical uORFs regulate ATG4B and ATG12 translation in human. (A) Schematic representation of WT and mutant human ATG12 or ATG4B 5'UTR-LUC 
constructs. ATG12 or ATG4B 5’ UTR-containing uORFs (yellow box) with non-AUG start codons (purple triangle) were cloned upstream of the luciferase CDS in WT 
constructs. The start codons of the uORFs were changed to AAG (green triangle) in the mutant constructs. (B) Relative luciferase mRNA levels were measured in 
293 FT cells transfected with WT and uORF mutant ATG4B 5'UTR-LUC constructs under control (nutrient-rich medium) and 4-h HBSS starvation conditions. Mean±SD 
of n = 3 independent experiments are shown as indicated. ANOVA; ns: not significant. (C) Relative luciferase activities were measured in 293 FT cells transfected with 
WT and uORF mutant ATG4B 5'UTR-LUC constructs under control (nutrient-rich medium) and 4-h HBSS starvation conditions. Mean±SD of n = 3 independent 
experiments are shown as indicated. ANOVA; **: p < 0.01, ***: p < 0.005. (D) Relative luciferase mRNA levels were measured in 293 FT cells transfected with WT and 
uORF mutant (MUT 1 to MUT 4) ATG12 5'UTR-LUC constructs as in (B). Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; ns: not 
significant. (E) Relative luciferase activities were measured in 293 FT cells transfected with WT and uORF mutant (MUT 1 to MUT 4) ATG4B 5'UTR-LUC constructs as in 
(C). Mean±SD of n = 3 independent experiments are shown as indicated. ANOVA; **: p < 0.01, ***: p < 0.005. WT, wild type; HBSS, Hanks’ balanced salt solution.
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stress. Because the upregulation of the ATG proteins with the 
omission of the uORFs seem to be most consistent with the 
translational control of Gcn4 in yeast or ATF4 in human, we 
think it is also possible and worth investigating whether 
activation of EIF2AK3/PERK by ER stress may have 
a potential role in uORF-mediated translational control of 
ATG genes in human cells.

We identified inhibitory effects of canonical uORFs on 
downstream CDS translation of ATG5, ATG12, ATG13 and 
ATG19 during both nutrient-replete and -depleted conditions; 
however, we are aware that the underlying translation regula-
tion mechanism might be at least in part different from what 
we propose here. For example, the protein levels of Atg13 and 
Atg19 are both upregulated upon starvation. We did not 
observe a significant increase of Atg13 protein levels in the 
ATG13 uORF mutant cells upon starvation compared to 
growing conditions, whereas in the ATG19 uORF mutant 
cells, Atg19 protein levels were markedly enhanced upon 
starvation, suggesting that the identified ATG19 uORF may 
have less impact on its CDS translation compared with the 
identified ATG13 uORF. There are multiple possibilities to 
explain these observations. For example, ATG19 mRNA may 
have more actively translated uORFs that were not identified 
by ribosome profiling due to the low sensitivity of transla-
tional signal capture, and thus the upregulation of the Atg19 
protein by a starvation stimulus may not be fully eliminated 
by simply mutating one uORF. It is also possible that there 
exists a more dominant but currently unknown mechanism 
for Atg19 translational control, such as RNA-binding proteins 
and trans-acting regulators like microRNAs [56,57]. 
A previous study reported that Dhh1, a DExD/H-box RNA 
helicase, is required for efficient translation of some Atg 
proteins such as Atg1 and Atg13 [8]. RNA-binding proteins, 
such as ELAVL1, ELAVL4, HNRNPA1 and ZFP36, are 
involved in translation regulation of ATG5, ATG16, ATG7 
and BECN1 in various human cell settings [10–14]. In addi-
tion, EIF5A is required for efficient ATG3 translation [58]. It 
will be interesting to further explore the mechanism by which 
some ATG genes regulate translation via a cis-acting uORF.

We also note that we observed that ATG19 uORF mutant 
cells demonstrated a fold-change of 1.9 and 1.3 in Atg19-PA 
levels compared with WT cells in nutrient-rich and nitrogen- 
starvation conditions, respectively. However, an analysis of 
prApe1 maturation to monitor activity of the Cvt pathway 
did not show a difference between WT and ATG19 uORF 
mutant cells (data not shown). Atg19 interacts with Atg11 
prior to binding Atg8; thus, increasing the expression of 
Atg19 and not Atg11 may not be adequate to induce 
a significant change in the delivery of prApe1 to the vacuole 
via the Cvt pathway.

Mutations in either ATG5 uORF1 or uORF2 resulted in 
enhanced total Atg5 and Atg12–Atg5 levels, as well as 
a consequent increase in autophagy. Intriguingly, although 
we observed a significant increase in these levels in cells 
containing mutations in ATG5 uORF3 and uORF4, autophagy 
activity monitored by the GFP-Atg8 processing and Pho8∆60 
assays was not consequently enhanced. uORF3 encodes 
a dipeptide, and the stop codon of uORF3 and uORF4 is 
only 3 nucleotides upstream of the ATG5 CDS. It is possible 

that besides having a role in impeding the translation of the 
downstream CDS, the dipeptide generated by uORF3 is bio-
logically functional and involved in autophagy activation. Due 
to technical limitations, we failed to directly overexpress or 
detect the uORF micro-peptide; however, a recent report 
showed that it is common that micro-peptides generated by 
uORFs are able to stabilize protein complexes together with 
CDS proteins [59]. Hence, the precise role of yeast ATG5 
uORF3 and uORF4 in autophagy regulation is yet to be 
uncovered. Furthermore, canonical uORFs are more con-
served compared with non-canonical ones in general [25]. 
Therefore, it would be interesting to determine whether cano-
nical uORFs of human ATG5 display similar unknown fea-
tures as the uORF3 of yeast ATG5.

A previous study showed that the translational enhance-
ment of ATG5, ATG12 and ATG16L1 upon starvation is 
mediated by the interaction between the RNA binding protein 
ELAVL1/HuA and the 3' UTR of the corresponding mRNAs 
in human cells [60]. In addition, three canonical uORFs and 
many non-canonical uORFs of ATG5 are predicted to be 
translationally active in human cells in our study, suggesting 
a very complex mechanism underlying ATG5 translation reg-
ulation and consequent autophagy induction upon stress. The 
detailed landscape requires further investigation.

Many studies indicated that gain and loss of uORFs fre-
quently occur in the human population [15,61]. A subset of 
EIF2A-targeted uORFs regulate oncogenic mRNAs during 
early stages of tumorigenesis [62]. In addition to the scan-
ning singleton variants associated with uORFs on ATG genes 
from the ExAc catalog (Figure 5), we also investigated if 
there are recurrent somatic mutations in cancers (obtained 
from the COSMIC database) occurring on predicted active 
uORFs of ATG genes in human [25,63]. Although 15 uORFs 
of ATG genes are linked with singleton variants in the ExAc 
catalog, we did not find any mutations in uORFs of ATG 
genes associated with cancers from COSMIC. The identifi-
cation of uORFs of ATG genes affected by singleton variants 
from the ExAC catalog suggests that these uORFs play an 
essential role in regulating autophagy as it reflects consider-
able selection pressure. We were not surprised to find that 
no uORFs of ATG genes are recurrently associated with 
cancers. Although autophagy is broadly recognized to play 
a bidirectional role in tumor suppression and cancer cell 
growth promotion, mutations of core ATG genes in cancer 
are not common [64]. The escape of genetic mutations in 
uORFs of ATG genes is consistent with this phenomenon; 
this escape presumably occurs because proper autophagy is 
essential for maintaining nuclear and mitochondrial stability 
[3]. In addition, uORF mutations may cause excessive auto-
phagy that are harmful for cell survival.

In summary, we found that canonical uORFs on the 
mRNA transcripts of multiple yeast ATG genes, including 
ATG5, ATG12, ATG13, and ATG19, inhibit downstream 
CDS translation under nutrient-rich conditions. The bypass 
of these uORFs plays an essential role in the translational 
upregulation of these ATG genes upon nitrogen starvation. 
ATG13 uORF translation is largely dependent on its Kozak 
sequence as well as Gcn2 kinase activity. We showed that the 
defined ATG5 uORF1 and uORF2 are essential for Atg5 
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translational control to regulate autophagy activation. 
Furthermore, we elucidated that non-canonical uORFs of 
human ATG4B and ATG12 play an inhibitory role of down-
stream CDS translation by reducing translation efficiency. 
Functional activity of uORFs has been demonstrated for 
only a limited number of genes, such as GCN4 in yeast and 
ATF4 in human; we extended the examples to ATG genes, the 
genes encoding components of autophagy, a critical mechan-
ism for cells to maintain survival and promote bioenergetic 
homeostasis in response to stress. Furthermore, there are 
currently no reports associating uORFs with the translational 
control of ATG genes. Thus, for the first time, we showed that 
a large subset of ATG genes is regulated by a specific uORF- 
mediated translational mechanism to modulate autophagy 
activity.

Materials and Methods

Yeast strains, media and growth conditions

Yeast strains used in this paper are listed in Table S4. For 
nutrient-rich conditions, yeast cells were grown in YPD med-
ium (1% [wt:vol] yeast extract, 2% [wt:vol] peptone, 2% [wt: 
vol] glucose). Autophagy was induced by shifting mid-log 
phase yeast cells from rich medium to nitrogen-starvation 
medium SD-N (0.17% yeast nitrogen base without ammo-
nium sulfate or amino acids, 2% [wt:vol] glucose) for the 
indicated times.

Key Reagents
Key Reagents used in the study are listed in Table 1.

Cell culture and HBSS starvation

The 293 FT (R70007) and HeLa (CCL-2) cell lines were 
obtained from Thermo Fisher Scientific and the American 
Type Culture Collection, respectively. These cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM; 
Thermo Fisher Scientific, 11,995,073) supplemented with 
10% heat-inactivated fetal bovine serum (Thermo Fisher 
Scientific, A3840001) and 1% penicillin and streptomycin 
(Thermo Fisher Scientific, 15,070–063) at 37°C, 95% humid-
ity, and 5% CO2. Hanks’ balanced salt solution (HBSS) was 
obtained from Sigma-Aldrich (55037C). Starvation was 
induced by changing the DMEM medium to HBSS for 4 h. 
Cell line identity was validated by short tandem repeat profil-
ing, and routine mycoplasma testing was negative for 
contamination.

Luciferase reporter assay

293 FT cells were seeded at a density of 5 × 104 cells per well in 
a 24-well plate and grown to 50% confluency. One μg of the 5' 
UTR-Firefly luciferase reporter construct (Addgene, 45968; 
deposited by Dr. Ralf Kuehn) and 100 ng of Renilla luciferase 
reporter construct (Addgene, 27163; deposited by Dr. Ron 
Prywes) were transfected into 293 FT cells using Lipofectamine 
3000 (Invitrogen, L3000001). After 24 h, cells were treated with 
HBSS for an additional 4 h, and then Firefly and Renilla lucifer-
ase activities were determined using a Dual Luciferase Assay 

System (Promega, E1910). Firefly luciferase signals were normal-
ized to Renilla luciferase internal control signals in each 
experiment.

RT-qPCR

For yeast, the cells were cultured in YPD medium to mid-log 
phase, and an aliquot was collected as the nutrient-rich sample. 
The remaining cells were shifted to SD-N medium for autopha-
gy induction. Cells were then collected and frozen in liquid 
nitrogen. Total RNA was extracted using an RNA extraction 
kit (NucleoSpin RNA II; Clontech, 740955.50). Reverse tran-
scription was carried out using the High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems/ThermoFisher 
Scientific, ILT4368814). RT-qPCR was performed using the 
Power SYBR Green PCR Master Mix (Applied Biosystems/ 
ThermoFisher Scientific, ILT4367659). The relative abundance 
of reference mRNAs and normalization for different total RNA 
amounts was done as described previously [65,66].

For human cells, 293 FT cells were seeded at a density of 
5 × 104 cells per well in a 24-well plate and grown to 50% 
confluency. One μg of the 5'UTR-Firefly luciferase reporter 
construct and 100 ng of Renilla luciferase reporter construct 
[67] were transfected into 293 FT cells using Lipofectamine 
3000. After 24 h, cells were treated with HBSS for an additional 
4 h. mRNA levels were determined by real-time PCR analysis.

Western blot

Western blot was performed as described previously [8,68]. The 
antiserum to Pgk1 was generously provided by Dr. Jeremy 
Thorner (University of California, Berkeley). Antibody to YFP 
(Clontech, 632381) was used to detect GFP-tagged proteins. 
Atg13-PA, Atg5-PA, Atg12-PA, and Atg19-PA were detected 
with antibody to PA (Jackson ImmunoResearch, 323–005-024). 
The endogenous antibody to Atg1 was described previously 
[69]. Western blot bands were quantified by Bio-Rad Image 
Lab Software. Lanes/bands were manually selected and added 
for lane file analysis. An analysis table showing band intensities 
was used to calculate relative protein expression levels. The 
bands used are described in the figure legends.

Plasmids

Plasmids used in the yeast cells were generated as follows: The 
pRS406-ATG13 5'UTR-ATG13-PA plasmid was made by fast- 
cloning from the integrating vector pRS406 as described pre-
viously [8]. The DNA fragment containing 600 base pairs 
(bps) upstream of the start codon of ATG13, the ORF encod-
ing ATG13-PA, and 423 bps downstream of the ATG13 CDS 
was amplified by PCR from the genomic DNA of a yeast 
strain in which the ATG13 gene was C-terminally-tagged 
with one copy of PA followed by the ATG13 endogenous 3' 
UTR. pRS406-ATG13 5'UTRmut-ATG13-PA, the plasmid with 
the ATG13 uORF mutation, was generated by site-directed 
mutagenesis based on the pRS406-ATG13 5'UTR-ATG13-PA 
plasmid. Similarly, the pRS406-ATG12 5'UTR-ATG12-PA and 
pRS406-ATG19 5'UTR-ATG19-PA plasmids were generated by 
fast-cloning from the pRS406 vector. The plasmids with uORF 
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mutations, pRS406-ATG19 5'UTRmut-ATG19-PA and pRS406- 
ATG12 5'UTRmut-ATG12-PA were mutated by site-directed 
mutagenesis. These integrating plasmids were linearized 
using StuI before being integrated into the corresponding 
strains. The pRS416-ATG5 5'UTR-ATG5-PA plasmid was gen-
erated by fast-cloning from the centromeric vector pRS416. 
uORF mutation versions of the pRS416-ATG5 5'UTR-ATG5- 
PA plasmid, including pRS416-ATG5 5'UTRmut1-ATG5-PA, 
pRS416-ATG5 5'UTRmut2-ATG5-PA, and pRS416-ATG5 
5'UTRmut3-ATG5-PA were generated by site-directed 
mutagenesis.

Plasmids used in the human cells were generated as fol-
lows: 518 nucleotides of the 5' UTR of ATG4B mRNA and 315 
nucleotides of the 5' UTR of ATG12 mRNA containing the 
wild-type uORFs were PCR-amplified using DNA polymerase 
on genomic DNA derived from the HeLa cell line, together 
with PCR primers. PCR-amplified 5' UTRs were purified 
using a DNA Gel Purification Kit (Qiagen, 28706X4), digested 
with KpnI and MluI, and inserted into the KpnI and MluI sites 
of a Firefly luciferase reporter system using T4 DNA ligase 
(New England BioLabs, M0202S). Site directed mutagenesis of 
uORFs were performed using a kit (New England BioLabs, 

Table 1. Key reagents used in these studies.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-YFP Clontech 632381; RRID: AB_2313808
Anti-peroxidase (anti-protein A) Jackson ImmunoResearch 323–005-024; RRID:AB_2315781
Anti-Pgk1 Dr. Jeremy Thorner N/A
Anti-Atg1 In house N/A
Goat anti-rabbit IgG, HRP Fisher Scientific ICN55676; RRID:AB_2334589
Rabbit anti-mouse IgG, HRP Jackson ImmunoResearch 315–035-003; RRID:AB_2340061

Chemicals, peptides, and recombinant proteins

Power SYBR Green PCR Master Mix Applied Biosystems/ThermoFisher Scientific ILT4367659
p-Nitrophenyl phosphate Sigma-Aldrich N4645
Complete EDTA-free protease inhibitor cocktail Roche 05056489001
TURBO DNA-free kit Fisher Scientific AM1907
RNasin® PLUS Rnase inhibitor Fisher Scientific PRN2615
Lipofectamine 3000 Invitrogen L3000001

Critical commercial assays

BCA Protein assay Fisher Scientific PI23223, PI23224
Dual Luciferase Assay System Promega E1910
NucleoSpin® RNA II Clontech 740955.50
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems/ThermoFisher Scientific ILT4368814
DNA Gel Purification Kit Qiagen 28706X4
Q5® Site-Directed Mutagenesis Kit New England BioLabs E0554S

Experimental models: Cell lines

Human: HEK293-FT Thermo Fisher Scientific R70007
Human: HeLa American Type Culture Collection CCL-2

Experimental models: Organisms/strains

S. cerevisiae: strain background: SEY6210 See Table S4 N/A

Oligonucleotides

Primers for RT-qPCR in yeast [66] N/A
Primers for RT-qPCR in human See Table S5 N/A
Primers for plasmid cloning and strains construction See Table S6 N/A

Recombinant DNA

pRS406-ATG13 5'UTR-ATG13-PA This study N/A
pRS406-ATG135'UTRmut-ATG13-PA This study N/A
pRS406-ATG12 5'UTR-ATG12-PA This study N/A
pRS406-ATG125'UTRmut-ATG12-PA This study N/A
pRS406-ATG19 5’ UTR-ATG19-PA This study N/A
pRS406-ATG195'UTRmut-ATG19-PA This study N/A
pRS416-ATG5 5'UTR-ATG5-PA This study N/A
pRS416-ATG55'UTRmut1-ATG5-PA This study N/A
pRS416-ATG55'UTRmut2-ATG5-PA This study N/A
pRS416-ATG55'UTRmut3-ATG5-PA This study N/A
pCMV-ATG4B 5'UTR-LUC This study N/A
pCMV-ATG4B5'UTRmut-LUC This study N/A
pCMV-ATG12 5'UTR-LUC This study N/A
pCMV-ATG125'UTRmut1-LUC This study N/A
pCMV-ATG125'UTRmut2-LUC This study N/A
pCMV-ATG125'UTRmut3-LUC This study N/A
pCMV-ATG125'UTRmut4-LUC This study N/A
pRL-SV40P [67] Addgene, 27163; deposited by Ron Prywes

Software and algorithms

CFX Manager Software Bio-Rad N/A
R studio R studio® https://www.rstudio.com/
Bio-Rad Image Lab Software Bio-Rad
GraphPad Prism 9 GraphPad https://www.graphpad.com/
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E0554S) with PCR primers. The sequence of constructs was 
confirmed by dideoxy sequencing.

Identification of putative uORFs of ATG genes

The following published datasets were analyzed in this study: 
(1) All possible canonical uORFs annotated by ribosome 
profiling performed by Ingolia et al. [17]; (2) canonical and 
noncanonical uORFs catalog predicted by a machine learning 
algorithm from the study by McGillivray et al. [25]. Potential 
translational active uORFs associated with core ATG genes 
were extracted and further analyzed based on their position, 
type, and start codon usage, etc. as shown in Tables S1 and S2.

Autophagy assays

The Pho8Δ60 assay and GFP-Atg8 processing assay were 
performed as described previously [29,70].

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9. 
Statistical significance was determined from at least 3 inde-
pendent experiments using either Student’s t-test or ANOVA. 
*: p < 0.05; **: p < 0.01; ***: p < 0.005. Number of independent 
experiments (n), statistical test utilized, dispersion of mea-
surements and significance are described in the figure legends.
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