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Abstract 

Macroautophagy/autophagy is a conserved, eukaryotic, highly regulated cellular 

degradative process that removes superfluous cytoplasmic components and damaged organelles 

in either non-selective or selective manner. Autophagy occurs at the basal level in almost all cells 

to ensure homeostatic removal of cytoplasmic components, however, it is significantly 

upregulated in response to stressful conditions such as nutrient starvation. For the appropriate 

induction and execution of the process, the coordinated function of several autophagy proteins is 

required. However, during nutrient starvation, global translation is downregulated to conserve 

essential metabolic reserves such as nucleotides and amino acids. Therefore, an important 

question arises, how does the cell selectively upregulate the translation of autophagy related 

(ATG) genes in response to nutrient starvation?  

Protein synthesis is controlled by post-transcriptional mechanisms influenced by RNA-

binding proteins. The localization, stability and translational efficiency is controlled by RNA-

binding proteins that target specific mRNAs. In order the understand the mechanisms of post-

transcriptional control of autophagy, in this dissertation, I focus on ATG1 mRNA that encodes 

for an important kinase required for autophagy induction, Atg1. I ask if there are specific protein 

marks that prime ATG1 transcript for translation during nitrogen starvation.  

Towards this, in Chapter 2, I develop an in vitro assay using labeled mRNA to 

specifically identify RNA-binding proteins that bind to ATG1 5' and 3' untranslated regions 

(UTRs). Through this method, I identify Npl3 and Pub1 as positive regulators of autophagy that 
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targets 5’ and 3’ UTR of ATG1 respectively. Further analyses into the role of Npl3 and Pub1 

revealed that Npl3 “imprints” ATG1 transcript with Pub1 in the nucleus. Pub1, subsequently, 

facilitates export of ATG1 transcript to the cytoplasm and recruits translational factors and 

ribosome components to enhance translation of Atg1. Intriguingly, in non-small cell lung cancer 

cells, the mammalian homolog pf Pub1, TIA1, regulates the expression of ULK1, the 

mammalian counterpart of Atg1, at the post-transcriptional level, thereby positively upregulating 

autophagy.  

In Chapter 3, I explore the differential regulation of autophagy in yeast in response to two 

different nutrient states: nitrogen starvation and amino acid starvation. I discover that the 

differential regulation occurs at the level of post-transcriptional regulation of the ATG1 

transcript. Utilizing the approach developed in Chapter 2, I discovered that Ded1 is a nutrient 

responsive regulator of ATG1 regulation. Further investigation revealed that its upstream kinase 

Rad53 selectively enhances ATG1 and Ded1 interaction to facilitate the translational 

upregulation of Atg1. Additionally, I demonstrate that ULK1 undergoes similar post-

transcriptional regulation by DDX3, the mammalian homolog of Ded1, highlighting the 

conservation of this regulatory mechanism. 

 In summary, this dissertation, uncovers novel post-transcriptional regulatory mechanisms 

of autophagy. I develop a high-throughput methodology to identify RNA-binding proteins that 

specifically bind to a transcript, especially ATG1. I identify novel and conserved regulators of 

autophagy, Npl3 and Pub1. Finally, this dissertation expands the repertoire of autophagy 

regulators with potential clinical benefit.  

 

 



Metur, S. P., & Klionsky, D. J. (2021), Metur, S. P., Lei, Y., Zhang, Z., & Klionsky, D. J. 

(2023), Metur, S. P., & Klionsky, D. J. (2024).  
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Chapter 1 Introduction  

The ability to sense external nutrient pools and coordinate nutrient availability with 

growth and development is an inherent feature ubiquitous across all living organisms (Dibble & 

Manning, 2013). This fundamental process of detecting external and internal nutrient pools, 

including amino acids, sugars, and lipids, and integration with growth factors and stress-

responsive pathways is critical in cellular decision-making (Efeyan et al., 2015). For instance, 

nutrients such as amino acids and glucose can act as determinants of cell fate by influencing 

global transcription, protein translation, and organelle biogenesis to enhance cell growth and 

proliferation (Zhu & Thompson, 2019). Conversely, the absence of amino acids and glucose can 

result in a global downregulation of protein translation, restructuring of cellular contents, and 

sometimes even cell death. Therefore, nutrient molecules can orchestrate intricate gene 

expression programs and regulate metabolic fluxes via signaling pathways, ultimately 

modulating cellular physiology (Metur et al., 2023).  

In an ever-changing landscape, eukaryotic cells have developed elegant strategies to 

survive. One such process is macroautophagy (hereafter, autophagy). Autophagy is a conserved, 

catabolic process that maintains cellular homeostasis in response to environmental cues and 

nutrient availability. Autophagy removes superfluous cellular components via 

lysosomal/vacuolar degradation and releases essential macromolecules such as amino acids and 

nucleic acids, providing cells with the necessary building blocks to sustain essential functions. 

While autophagy occurs at a basal level in normal conditions, it is significantly upregulated 
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under nutrient-starvation conditions, therefore playing an important role in facilitating survival 

and adapting to the dynamic extracellular environment (Metur et al., 2023). 

The latter, the changing environment, offers a range of stressors, wherein some 

biomolecules are abundant while others are scarce. Cells rely on nutrient sensing and signaling 

pathways that precisely transduce nutrient status to the cell and appropriately induce autophagy 

to maintain metabolic homeostasis. This regulatory system maintains a delicate balance between 

excessive degradation of essential cellular components and insufficient recycling, ensuring 

cellular homeostasis (Lei et al., 2022; Russell et al., 2014).   

 Autophagy is a highly regulated cellular process of degradation and recycling observed 

across various eukaryotes, from yeast to more complex organisms (Metur et al., 2023). This 

coordinated process requires the functioning of several Atg proteins that work together to initiate 

and complete the process resulting in the degradation of unwanted cytoplasmic material. Due to 

its degradative nature, it is crucial that the strength of autophagy induction is appropriately 

regulated in response to environmental stress to prevent the degradation of essential cellular 

components. Dysregulation of autophagy is implicated in the manifestation of several diseases, 

including cancer, neurodegeneration and metabolic disorders. Therefore, modulation of 

autophagy, genetically or pharmacologically, has been used as a therapeutic strategy. However, 

complete block in autophagy can be detrimental to cell survival and therefore, a nuanced 

approach to subtly change autophagic processes provides a more optimal approach to preventing 

cell death. To this end, identifying regulators that modulate the strength of autophagic induction 

is crucial to devise novel therapeutic strategies.  
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In this chapter I discuss the following: 1. The overview of the autophagic process in 

Saccharomyces cerevisiae and mammalian cells; 2. signaling pathways that induce autophagy; 3. 

RNA-binding proteins; and 4. post-transcriptional regulation of autophagy.  

 

1.1 Overview of Autophagy  

1.1.1 Autophagy in Saccharomyces cerevisiae 

Autophagy is crucial in breaking down and recycling long-lived proteins, large protein 

complexes, and organelles, unlike the proteasome, which degrades short-lived individual 

proteins. Autophagy is responsible for the delivery of cytoplasmic cargo to the vacuole where it 

is ultimately degraded. This process encompasses three primary types of autophagy: 

microautophagy, macroautophagy, and chaperone-mediated autophagy/CMA, with chaperone-

mediated autophagy not present in fungi (Yang & Klionsky, 2009; Parzych & Klionsky, 2014). 

Among these types, macroautophagy has been extensively studied and will be referred to as 

autophagy throughout this chapter (Parzych & Klionsky, 2014). A defining feature of autophagy 

is the formation of autophagosomes (Nakatogawa, 2020). Once formed, the outer membrane of 

the autophagosome fuses with the lysosome/vacuole, initiating hydrolysis of the inner membrane 

and cargo within the degradative organelle's lumen, ultimately releasing breakdown products 

into the cytosol (Yim & Mizushima, 2020).  

Autophagy has been extensively studied and is categorized into distinct stages, including 

induction and nucleation of the phagophore, subsequent expansion and maturation of the 

phagophore into a fully closed, double-membraned autophagosome, tethering and fusion of the 

autophagosome with the vacuole, and, ultimately, degradation and release of the breakdown 

products (Ariosa et al., 2021; Delorme-Axford & Klionsky, 2018; Wen & Klionsky, 2016) . 
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Initially identified in yeast, more than 40 genes associated with the process of autophagy are 

grouped under the autophagy related (ATG) classification (Ohsumi, 2014). While numerous 

papers have provided comprehensive insights into this subject, this chapter will concisely outline 

the autophagy process in yeast (Figure 1) (Gatica et al., 2022; Metur et al., 2023; Parzych & 

Klionsky, 2014; Wen & Klionsky, 2016). 

The process of autophagy initiation commences at a distinct location, known as the 

phagophore assembly site (PAS), located proximal to the vacuole. This step is tightly regulated 

by the Atg1 protein complex, consisting of the Atg1 kinase, Atg13, and the ternary subcomplex 

Atg17-Atg31-Atg29 (Mizushima, 2010; Suzuki et al., 2001). During the nucleation phase, the 

Atg14-containing class III phosphatidylinositol 3-kinase complex I, comprised of Vps34, Vps30, 

Vps15, Atg14, and Atg38, is recruited to the PAS. Subsequently, the phagophore undergoes 

expansion and closure, ultimately forming the autophagosome. Central components involved at 

this stage are two ubiquitin-like (Ubl) conjugation systems responsible for conjugating Ubl 

proteins Atg12 and Atg8 (Geng & Klionsky, 2008). Atg12 is activated by Atg7 (an E1-like 

enzyme) and subsequently conjugated to Atg5 through Atg10 (an E2-like enzyme), and the 

Atg12–Atg5 conjugate associates non-covalently with Atg16 (Yin et al., 2020). This system 

facilitates membrane recruitment during phagophore expansion. 

The second Ubl protein, Atg8, is conjugated to the lipid phosphatidylethanolamine (PE), 

allowing for its association with the membrane. Atg8 initially contains a C-terminal extension, 

which the Atg4 cysteine protease cleaves to expose a C-terminal Gly (Yin et al., 2020). The 

modified Atg8 is then activated by Atg7 and transferred to an E2 enzyme, called Atg3. This 

process attaches the C terminal Gly to phosphatidylethanolamine (PE) to generate Atg8–PE. 

Atg8–PE is present on both sides of the phagophore and initially the autophagosome; the portion 
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on the autophagosome's outer membrane is deconjugated (removed from PE) by a second Atg4-

dependent cleavage upon autophagosome formation completion. The transmembrane protein 

Atg9 may undergo cycling between the PAS and peripheral sites, potentially facilitating 

membrane delivery during the expansion phase. Once matured, the intact autophagosome fully 

encloses the cargo and fuses with the vacuolar membrane to deliver the cargo to the vacuole. 

Various hydrolases degrade the cargo within the vacuole, and the breakdown products are 

released back into the cytoplasm through permeases in the vacuolar membrane (Reggiori et al., 

2004). 

1.1.2 Autophagy in mammalian cells 

Autophagy in mammalian cells follows a similar pathway as in yeast, including the four 

stages of autophagy: induction and nucleation of phagophore, expansion and closure of 

autophagosome, fusion with the vacuole and finally, degradation and efflux of nutrients. While 

most of the autophagy components discovered in yeast are homologous in mammalian cells, a 

few proteins found in the core autophagy machinery in yeast are not present in mammals (Figure 

1).  

The initiation of the double-membrane phagophore begins with the phosphorylation of 

various components of the PIK3C3/VPS34 kinase complex (comprised of BECN1, 

PIK3C3/VPS34, PIK3R4/VPS15, ATG14, NRBF2 and AMBRA1) (Yu et al., 2015) by the ULK 

kinase complex comprised of ULK1/ULK2, RB1CC1/FIP200, ATG13 and ATG101 (Figure 1). 

This results in the activation of the lipid kinase PIK3C3/VPS34 and the production of local pools 

of phosphatidylinositol-3-phosphate (PtdIns3P) needed for the nucleation of the phagophore 

(Hurley & Young, 2017). The ATG9 trafficking system, composed of ATG2, WDR45/WIPI4 and 
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the transmembrane protein ATG9A in conjunction with lipid channeling from the ER, supplies 

membrane precursors to meet the high demands of membranes required for autophagosome 

biogenesis (Chowdhury et al., 2018; Mari et al., 2010; Nishimura & Tooze, 2020; Valverde et al., 

2019). Following phagophore nucleation, two ubiquitin-like conjugation systems are essential for 

membrane expansion and fusion. The two systems function to covalently conjugate the Atg8-

family proteins (i.e., the MAP1LC3/LC3 and GABARAP subfamilies) to the expanding 

phagophore. First, the E1 like enzyme ATG7 and the E2 like enzyme ATG10 conjugate the 

ubiquitin-like protein ATG12 to ATG5. This complex subsequently binds to ATG16L1 and acts 

as an E3 enzyme for the conjugation of Atg8-family proteins to the membrane resident lipid 

phosphatidylethanolamine, with the help of E1 enzyme ATG7 and E2 enzyme ATG3. Lipidation 

of the Atg8-family proteins drives phagophore expansion and facilitates the recognition of specific 

cargo via interaction with receptors (Yu et al., 2018; Martens & Fracchiolla, 2020). Through 

completion of phagophore expansion and closure, the resulting double-membraned 

autophagosome topologically separates the autophagic cargo from the cytoplasm (Figure 1). 

Following the dissociation of the autophagic machinery from its surface, the outer membrane of 

the autophagosome fuses with the lysosome to form an autolysosome. Subsequently, the inner 

membrane and its enclosed contents are exposed to the lysosomal resident hydrolases and are 

degraded to generate simple metabolites, which are released into the cytoplasm via transporters 

and subsequently reused.  

Autophagy is induced constitutively at a basal level for homeostatic maintenance of 

cellular function. However, when cells are subject to stress conditions, specifically nutrient 

starvation, autophagy is upregulated to meet the demands of the situation and promote the turnover 

of superfluous or damaged organelles to restore homeostasis. This tunable, rheostatic control of 
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autophagy, thus ensures that autophagic induction and execution is aligned with the stress 

observed.  

In the following sections, I will discuss the various factors that induce autophagy, including 

sensors and regulators that coordinate to influence autophagy by integrating external signaling 

cues and internal metabolic homeostasis.  

  



 8 

Figure 1 
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Figure 1: Overview of autophagy in mammalian cells. 

Macroautophagy is initiated by the ULK1 and PIK3C3/Vps34 complexes which triggers the 

nucleation of the phagophore at the omegasome. The membrane sources required for phagophore 

biogenesis are supplied by ATG9-containing vesicles as well as phospholipids channeled from the 

ER into the growing phagophore by the ATG2-WDR45/WIPI4 complex. The two ubiquitin-like 

conjugation systems aid in phagophore expansion and closure. Subsequently, the autophagosome 

fuses with the lysosome where its contents are degraded, and the macromolecules generated are 

recycled.  
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1.2 Induction of Autophagy by the External Nutrient Environment  

Here I explore the current understanding of nutrient-dependent signaling pathways that 

control autophagy. I focus specifically on studies that use Saccharomyces cerevisiae as the 

model system. I divide the section based on the specific nutrient limitations to contextualize the 

role of major signaling pathways that regulate autophagy. The complexity of biological systems 

means that that there are typically several nodes of intersection between and among signaling 

pathways; however, here I focus on signaling pathways that are primarily stimulated by the 

presence or lack of certain metabolites. By elucidating the molecular intricacies of nutrient-

dependent regulation of autophagy, I can deepen our understanding of the role of autophagy in 

cellular adaptation and its potential implications for human health and disease. 

1.2.1 Autophagy induction by nitrogen and amino acid starvation 

Amino acids are important building blocks of proteins and therefore play significant roles 

in protein synthesis. Additionally, amino acids are central signaling metabolites capable of 

eliciting anabolic programs (Zhu et al., 2022). Amino acids exist in distinct pools in the cells, 

whose concentration is precisely regulated, especially by the vacuole (Kitamoto et al., 1988; 

Klionsky et al., 1990; Ohsumi & Anraku, 1981). The vacuolar amino acid pool is rich in basic 

and neutral amino acids, and glutamate is rapidly exchanged between the cytoplasmic and 

vacuolar compartments, where glutamate functions as fuel for the TCA cycle in the mitochondria 

(Klionsky et al., 1990; Ljungdahl & Daignan-Fornier, 2012). The methionine-derived co-factor, 

S-adenosyl methionine, is actively transported in and out of the vacuole and is an essential 

precursor for histone methylation and gene regulation. Furthermore, amino acids provide a 

nitrogen source and are precursors for carbon metabolism and nucleotide biosynthesis 

(Ljungdahl & Daignan-Fornier, 2012). Amino acids, therefore, are important signaling 
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molecules, and the vacuole plays a vital role in regulating the concentration of amino acid pools 

in the cell and actively communicating this information to metabolic sensing hubs such as TOR 

and SNF1. During external limitation of amino acids, autophagy is crucial in maintaining 

appropriate vacuolar amino acid levels to sustain life. During nitrogen and amino acid starvation, 

autophagy-deficient cells have lower levels of intracellular amino acids and therefore experience 

a dramatic loss in total protein synthesis. This in part explains the growth defects of autophagy-

deficient cells under starvation conditions. Therefore, autophagy is crucial to maintain cellular 

homeostasis during starvation primarily by supplying amino acids for protein synthesis (Onodera 

& Ohsumi, 2005).   

  The earliest discoveries on the regulation of autophagy, much before the discovery and 

characterization of ATG genes, showed that this pathway is highly responsive to fluctuations in 

the external amino acids pool. In 1976, James Mitchener and colleagues observed by electron 

microscopy that depriving HeLa cells of serum and amino acids results in robust induction of 

autophagy (Mitchener et al., 1976). Pioneering work by Glenn Mortimore and colleagues 

showed that autophagosome numbers dramatically increased in perfused rate livers without 

amino acids (Mortimore & Schworer, 1977). In 1992, Kazuhiko Takeshige and colleagues 

showed that, under nitrogen-deprivation conditions, yeast cells accumulate autophagic bodies 

inside the vacuole, which gradually increase in number. These bodies contain cytoplasmic 

ribosomes, rough endoplasmic reticulum, mitochondria, and other cytoplasmic components, 

suggesting sequestration of the cytosol in the vacuoles in response to nitrogen and amino acid 

starvation (Takeshige et al., 1992). Just a year previously, in 1991, Joe Heitman, Rao Movva, 

and Michael Hall had published a seminal paper identifying the targets of the 

immunosuppressive drug rapamycin and named the components TOR proteins (Heitman et al., 
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1991). Furthermore, in 1995, it was reported that rapamycin, an inhibitor of TOR, induces 

autophagy in rat hepatocytes and inhibits the phosphorylation of the ribosomal protein RPS6/S6 

(Blommaart et al., 1995). In 1998, Yoshinori Ohsumi's group reported that rapamycin induces 

autophagy in yeast as well, with TOR being the upstream regulator, highlighting the conserved 

nature of this nutrient-dependent mechanism and setting the stage for investigating signaling 

pathways that regulate autophagy (Noda & Ohsumi, 1998).  

With the discovery of TOR proteins as a regulator of autophagy, tremendous progress 

was made in the understanding of how autophagy is regulated under different nutrient conditions, 

the mechanisms of fine-tuning this process concomitant with the severity of the starvation, and 

the identification of other regulators that control autophagy. In the following sections, I briefly 

summarize our current understanding of how amino acids are sensed by TORC1 and the 

subsequent regulation of autophagy.  

 

1.2.1.1 Amino acids activate TORC1 

The target of rapamycin (TOR) kinase is a highly conserved central regulator responsible 

for integrating signals from many stress-inducing stimuli to coordinate cell growth and maintain 

homeostasis (Gonzalez & Hall, 2017; Wullschleger et al., 2006). TOR forms two complexes that 

differ in structure, function, and localization, TORC1 and TORC2. In S. cerevisiae, TORC1 has 

four components: either Tor1 or Tor2 kinase, Kog1, Lst8 and Tco89, while TORC2 consists of 

Tor2, Avo1, Avo2, Bit61, Lst8 and Tsc11. Tor2 is mainly located at the plasma membrane and 

on endosomes, where it regulates membrane homeostasis, and actin cytoskeleton polarity and 

dynamics (Gonzalez & Hall, 2017). Tor1 is primarily associated with the vacuole and is 

considered the master regulator of nutrient sensing, stimulating protein synthesis and other 



 13 

anabolic programs while suppressing catabolic processes such as autophagy. While the 

mechanisms by which it may sense extracellular nutrients are unclear, several studies have 

suggested that TORC1 proteins sense intracellular availability of nitrogen and amino acids 

(Gonzalez & Hall, 2017).  

Amino acid sufficiency is signaled to TORC1 via different mechanisms involving the 

conserved family of Rag GTPases (Powis & De Virgilio, 2016). In response to amino acids, 

these small GTPases modulate the localization and activity status of TORC1. These GTPases, 

Gtr1 and Gtr2, form heterodimers and are tethered on the vacuolar member by the palmitoylated 

and myristoylated EGO complexes (Binda et al., 2009; Dubouloz et al., 2005; Gong et al., 2011; 

Hirose et al., 1998; Powis et al., 2015; Zhang et al., 2012). In the presence of amino acids, Gtr1 

is loaded with GTP, while Gtr2 is bound to GDP (Kim et al., 2008). The active Gtr1GTP-Gtr2GDP 

heterodimers bind Kog1 to activate TORC1 (Binda et al., 2009; Hughes Hallett et al., 2015; Kira 

et al., 2016; Kira et al., 2014). GTPase activating proteins/GAPs and guanine nucleotide 

exchange factors/GEFs tightly regulate the nucleotide-binding status of Gtr1 and Gtr2 (Kim et 

al., 2008; Powis & De Virgilio, 2016; Shimobayashi & Hall, 2016). Vam6 has been proposed as 

the guanine nucleotide exchange factor while SEACIT (Seh1-associated subcomplex inhibiting 

TORC1; consisting of Npr2, Npr3, and Iml1) functions as the GTPase activating protein for Gtr1 

(Neklesa & Davis, 2009). The SEACAT complex (Seh1-associated subcomplex activating 

TORC1; consisting of Sec13, Seh1, Sea2, Sea3, and Sea4) negatively regulates SEACIT and is 

critical for normal TORC1 function (Binda et al., 2009; Dokudovskaya & Rout, 2015; Panchaud 

et al., 2013; Shimobayashi & Hall, 2016). 

In summary, when Gtr1 binds to GTP, it binds to Kog1 and Tco89; TORC1 is active and 

is localized all along the vacuolar membrane. When Gtr1 binds to GDP, TORC1 is inactive, and 
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its vacuolar localization becomes a singular punctate structure, now called the TORC1 body. 

Therefore, amino acids modulate the GTP binding status of the Rag GTPases, which enables 

vacuolar localization of TORC1 through Kog1. Consistently, the dynamic localization of 

TORC1 on the vacuole is correlated with nutrient condition (Kira et al., 2016; Kira et al., 2014; 

Noda, 2017). While the mechanism of how a change in TORC1 localization affects its 

downstream target is unknown, this single punctate structure of TORC1 under nutrient-starvation 

conditions may sequester it away from Atg13, a regulator of the Atg1 kinase, thus allowing the 

recruitment of Atg13 to the PAS (Noda, 2017). However, another study identified two spatially 

distinct pools of TORC1 with different targets; vacuolar TORC1 promotes protein synthesis via 

Sch9, whereas endosomal TORC1 phosphorylates Atg13 and Vps27 to inhibit macroautophagy 

and endosomal sorting complexes required for transport/ESCRT-driven microautophagy, 

respectively (Hatakeyama et al., 2019). Why TORC1 exists in these different pools is still being 

determined. Furthermore, it would be interesting to investigate if these distinct pools are 

activated differentially by regulatory elements and metabolic content on endosomes and 

vacuoles.  

Individual amino acids activate TORC1. For example, leucine activates TORC1 by 

modulating the nucleotide binding status of Gtr1. Furthermore, leucine-bound tRNA 

synthetases/LeuRS also act as leucine sensors by binding to Gtr1 and mediating activation of 

TORC1. Glutamine also activates TORC1, however, this occurs in a Gtr1-independent manner 

and the exact mechanism by which glutamine is sensed and relayed to TORC1 remains elusive. 

In mammalian cells, individual amino acids activate MTORC1 via amino acid-specific sensors; 

however, such sensors have not yet been identified in yeast. It is possible that the mechanism of 

activation of TORC1 in yeast is entirely different from mammalian cells. Activated tRNA 
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synthetases and amino acid transporters may play a more prominent role in activating TORC1 in 

yeast. For example, the general amino acid control/GAAC signaling pathway that coordinates 

protein translation and amino acid availability intersects with the TORC1 pathway wherein 

TORC1 inhibits Gcn2 activation by uncharged tRNAs. However, a more detailed understanding 

as to how this interplay manifests is needed to elucidate the mechanism of TORC1 activation.  

 

1.2.1.2 Mechanism of autophagy regulation by TORC1 

While amino acids robustly activate TORC1, several other contexts also activate this 

regulatory complex. By sensing external stressors such as nutrient limitation (including nitrogen, 

carbon, glucose, amino acids and phosphate) or extreme environments (high temperature, 

hypoxia and redox imbalance) or internal stressors such as dysfunctional proteins, and 

superfluous or damaged organelles, signaling cascades are initiated which ultimately converge at 

TORC1 and the downstream effectors enable initiation of bulk autophagy. TORC1 exerts its 

regulatory control on autophagy by directly modulating the activity of the Atg1 kinase complex 

through phosphorylation (Hu et al., 2019). The main target of TORC1 is Atg13, a serine-rich 

protein that is phosphorylated at multiple residues (Kamada et al., 2010). Several sites are in or 

near the interaction domain with Atg1 and the scaffold protein Atg17 (Licheva et al., 2022). 

Phosphorylated residues in these sites enable weak binding of Atg13 and Atg17. However, these 

interactions are strengthened through dephosphorylation (Fujioka et al., 2014). Subsequently, the 

intermolecular bridges of Atg17-Atg31-Atg29 hexamers facilitate the formation of 

supramolecular complexes consisting of Atg13 and Atg17-Atg31-Atg29 (Yamamoto et al., 

2016). Atg13 interacts with Atg1 at the MIT-interacting motif/MIM domains, an interaction 

which again is strengthened through dephosphorylation. While the Atg17-Atg31-Atg29 
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subcomplex is constitutively present at the PAS, its association with Atg1 and Atg13 is regulated 

by their phosphorylation status (Fujioka et al., 2014).  

When nutrients are available, TORC1 directly represses the autophagy initiation complex 

by phosphorylating both Atg1 and Atg13. During nutrient limitation, TORC1 is inhibited, and 

Atg13 is rapidly dephosphorylated, which allows it to form an active Atg1-Atg13-Atg17 

initiation complex to induce autophagy (Yamamoto et al., 2016). While over 40 phosphorylation 

sites have been mapped on Atg13, only some have been verified as direct TORC1 or Atg1 

targets (Fujioka et al., 2014; Hu et al., 2019; Kamada et al., 2010). Ser428 and Ser429, targets of 

both TORC1 and Atg1, are involved in regulating the Atg13-Atg17 interaction, while Ser344, 

Ser437, and Ser581 have an effect on Atg13 interaction with the PAS (Fujioka et al., 2020; Hu et 

al., 2019; Rao et al., 2016). In vivo studies show that Ser646 is targeted by TORC1, and Ser496 

and Ser535 are targets of Atg1. A phosphatase that dephosphorylates Atg13 in response to 

nutrient starvation has yet to be identified. However, several PP2A phosphatases have been 

implicated in dephosphorylating Atg13 (Janssens & Goris, 2001; Yeasmin et al., 2016). Double 

deletions of PPH21 and PPH22, and CDC55 and RTS1 show defects in autophagy; however, the 

effect on dephosphorylation of Atg13 is not complete (Yeasmin et al., 2016). In contrast, another 

study investigating the role of PP2A in autophagy found that the inactivation of PP2A stimulates 

autophagy, and overexpression of its catalytic subunit blocks rapamycin-induced autophagy 

(Yorimitsu et al., 2009). Therefore, the role of PP2A in regulating autophagy is yet to be fully 

understood. Ptc2 and Ptc3, two of the PP2C phosphatases, also show a block in autophagy in a 

double-mutant background (Memisoglu et al., 2019). Furthermore, Atg13 remains 

hyperphosphorylated irrespective of TORC1 status, indicating that Ptc2 and Ptc3 are involved in 

the dephosphorylation of Atg13 (Memisoglu et al., 2019). Later, it was confirmed that Ptc2 
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dephosphorylates Atg13 at the Ser428 and Ser429 sites, enhancing the phase separation 

propensity of the Atg1 kinase complex (Fujioka et al., 2020).   

Global proteomic analysis has revealed that TORC1 likely exerts control over several 

other Atg proteins, including Atg1, Atg2, Atg9, and Atg29, suggesting that not only does 

TORC1 control the initiation of autophagy but also downstream processes such as phagophore 

nucleation and expansion. Interestingly, these targets are shared with Atg1, suggesting an 

intimate relationship between TORC1 and Atg1 in coordinated control of autophagy initiation 

(Hu et al., 2019).  

TORC1, therefore, exerts its regulatory effects on autophagy through phosphorylation. In 

particular, Atg13 and Atg1 have emerged as key proteins that undergo TORC1-dependent post-

translational modification. While I have only discussed phosphorylation by TORC1, it is 

important to note that several other kinases phosphorylate a myriad of autophagy targets and are 

also dynamically regulated by phosphatases. These observations underpin the role of phospho-

regulation of autophagy and highlight an opportunity for the development of kinase and 

phosphatase inhibitors to modulate autophagy in human diseases.  

1.2.2  Autophagy induction by carbon starvation 

Yeast can utilize a diverse array of carbon sources for energy generation and as 

precursors of anabolism. It exhibits a bias toward utilizing fermentable sugars like glucose or 

fructose, while showing less preference for non-fermentable carbon sources such as glycerol or 

ethanol. These hierarchical preferences achieved by allosteric regulation of various glycolytic 

and gluconeogenesis enzymes. Furthermore, glucose controls transcriptional regulatory networks 

where it suppresses genes responsible for the catabolism of non-fermentable sugars, including 

genes involved in oxidative phosphorylation (Fendt & Sauer, 2010; Kayikci & Nielsen, 2015). 
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Therefore, even in the presence of oxygen, yeast cells exclusively use glycolysis to obtain energy 

from glucose. This specific metabolic program, called the Warburg effect, is also adopted by 

cancer and stem cells (Diaz-Ruiz et al., 2011; Fiechter et al., 1981; van Dijken et al., 1993). 

Because ATP is mainly derived through glycolysis under these conditions, a precipitous drop in 

ATP is observed following glucose starvation (Lang et al., 2014). When the cell's energy status 

is disrupted due to glucose limitation, cells must proactively switch to utilizing an available 

alternate carbon source. The Snf1 complex is primarily involved in enabling this switch via 

transcriptional regulation and modulation of enzyme activity (Crozet et al., 2014). Thus, cells 

transition from a glucose to ethanol utilization phase (Perez-Samper et al., 2018). 

Additionally, in the absence of reserves and limited ATP available for transporting 

catabolic substrates from external sources, it is highly probable that cells primarily depend on the 

hydrolysis of their own cellular components for sustenance during the initial stages of glucose 

starvation, enabled by autophagy. Interestingly, cytosolic degradation is dependent on Atg17, but 

not Atg11, another scaffold protein that functions primarily during growing conditions (Iwama & 

Ohsumi, 2019). Furthermore, nuclear and cytoplasmic ER is turned over by reticulophagy in an 

Atg39- and Atg40-dependent manner, respectively. Once the ethanol in the extracellular medium 

is depleted, cells begin to degrade excess mitochondria in an Atg11- and Atg32-dependent 

manner, suggesting that cells adapt the type of autophagy induction concomitant to carbon 

source availability (Iwama & Ohsumi, 2019). In parallel to autophagy, microautophagy is also 

induced in both the ethanol utilization and ethanol-depleted phases. Thus, a multifaceted 

autophagic response is initiated to different carbon sources and glucose limitation conditions 

wherein the metabolic states switch from glucose-driven rapid growth to respiratory growth and 

then survival without any carbon source (Iwama & Ohsumi, 2019). Future investigations into the 
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fine-tuning and regulating autophagic substrates will be critical in understanding how cells 

utilize autophagy to adapt to changing metabolic conditions.  

Although autophagy induction is less pronounced under glucose limitation compared to 

nitrogen starvation, it remains crucial for efficient growth and adaptation to non-fermentable 

carbon sources. The availability of respiratory carbon sources is adequate to promptly trigger 

nonselective autophagy, and any disruption of this process leads to impaired mitochondrial 

metabolism. Serine, an amino acid supplied through autophagy, plays a supportive role in 

mitochondrial translation, function, and facilitates adaptation to respiratory growth. (May et al., 

2020).  

Given the different stages of metabolic and autophagic responses to carbon availability, 

experimental procedures wherein cells are shifted from growing conditions to glucose starvation 

(a complete lack of any carbon source or supplemented with glycerol or other non-fermentable 

carbon sources) may result in discrepancies in the autophagic responses observed (Gross & 

Graef, 2020). For example, when cells grown in glucose-rich media are shifted to carbon-free 

media, autophagy is induced (Adachi et al., 2017). In contrast, glucose depletion and nitrogen 

starvation inhibit autophagy (Lang et al., 2014). These findings indicate that the concentration of 

different metabolites' intracellular pools may modulate the strength of autophagy induction.  

1.2.2.1 Glucose limitation activates Snf1 

Snf1 is a protein kinase in the Snf1/AMPK family and was identified by Carlson et al. in 

1981 when they performed a screen for mutants that were unable to utilize sucrose and other 

non-fermentable carbon sources (therefore, sucrose nonfermenting) (Carlson et al., 1981). It was 

later uncovered that the SNF1 gene encodes the catalytic subunit of a serine-threonine kinase 

(Celenza & Carlson, 1984, 1986). Following studies identified the non-catalytic components, the 



 20 

beta and the gamma subunits, demonstrating the Snf1 complex to be heterotrimeric. In yeast, 

three alternative beta subunits (Sip1, Sip2, Gal83) and one regulatory gamma subunit, Snf4, are 

present. Consequently, this results in the presence of three distinct Snf1 complexes (Yang et al., 

1992; Erickson & Johnston, 1993; Celenza & Carlson, 1989; Celenza et al., 1989; Matsumoto et 

al., 1981; Neigeborn & Carlson, 1984; Schmidt & McCartney, 2000; Yang et al., 1994).  

In response to glucose limitation, the catalytic subunit is activated by phosphorylation of 

Thr210 in the activation loop and is regulated by upstream kinases Sak1, Elm1, and Tos3 and the 

protein phosphatase PP1 (Hong et al., 2003; Sutherland et al., 2003; Sanz et al., 2000; Tu & 

Carlson, 1995). Unlike the mammalian AMPK, Snf1 is not allosterically activated by AMP, but 

the activation is correlated with a high AMP:ATP ratio (Mitchelhill et al., 1994; Adams et al., 

2004; Wilson et al., 1996; Woods et al., 1994). Through adaptation to glucose limitation, Snf1 

activity reduces to minimal levels required for continued growth (Hedbacker & Carlson, 2008). 

Other environmental conditions such as nitrogen starvation and rapamycin treatment also 

induces the phosphorylation of Snf1 (Orlova et al., 2006). While the beta subunits are not 

essential for glucose derepression, they are regarded as the scaffold for Snf1 complex assembly, 

as their C-terminal domains appear to bridge the catalytic and regulatory subunits. Furthermore, 

a functional regulatory gamma subunit is required for the kinase activity of Snf1 (Coccetti et al., 

2018). 

Additionally, the subcellular localization of the Snf1 complex is regulated by glucose 

availability (Vincent et al., 2001). In glucose-rich conditions, the Snf1 complex is cytoplasmic; 

however, when glucose is limiting, the beta subunits have a different localization pattern 

depending on their N-terminal sequences (Vincent et al., 2001); Sip1 relocates to the vacuolar 

membrane, Sip2 remains cytoplasmic, and Gal83 moves to the nucleus (Ghaemmaghami et al., 
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2003; Hedbacker et al., 2004). These subunits, therefore, direct the localization of Snf1 

(Hedbacker et al., 2004). However, the activation of Snf1 by the kinase Sak1 is required for 

Snf1-Gal83 to localize to the nucleus. (Hedbacker & Carlson, 2006). The Snf4 subunit is 

localized both in the cytoplasm, and the nucleus, and its localization is independent of the 

nutritional status of the cell (Vincent et al., 2001).  

1.2.2.2 Mechanism of autophagy regulation by Snf1 

Snf1 is a positive regulator of autophagy, and deletion of SNF1 completely blocks 

autophagy induction (Wang et al., 2001). Snf1 directly phosphorylates Atg1, suggesting that 

Snf1 activates Atg1 during glucose starvation (Yao et al., 2020). Atg11, critical for the 

cytoplasm-to-vacuole targeting/Cvt pathway and selective autophagy, is also essential for 

autophagy under glucose-starvation conditions. By controlling the interaction of Snf1 and Atg1, 

and therefore, Snf1-dependent Atg1 phosphorylation, Atg11 modulates the kinase activity of 

Atg1 during glucose starvation (Yao et al., 2020). Atg11 also binds to Snf1; however, whether 

Snf1 phosphorylates Atg11 is unknown.  

Glucose starvation induces the movement of Snf1 to the mitochondria, wherein Snf1 

phosphorylates Mec1, an essential genome integrity checkpoint protein (Yi et al., 2017). 

Phosphorylated Mec1 interacts with Atg1, enabling its recruitment to the mitochondria and 

promoting glucose starvation-induced autophagy. As a DNA damage sensor, Mec1 is also 

essential for DNA-damage induced autophagy (Yao et al., 2023). Furthermore, Mec1 also 

localized to the mitochondria, providing a hint to its role in mitophagy. Additionally, the Snf1-

Mec1-Atg1 axis maintains mitochondrial activity, which is crucial doe both the phosphorylation 

fo Mec1 and the interaction between Atg1 and Atg13 in response to glucose starvation. 
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Therefore, activated Snf1 supports mitochondrial respiration by phosphorylating Mec1 and 

promoting the binding of Atg1 and Atg13 to initiate autophagy (Yi et al., 2017).  

Furthermore, Mec1 plays a pivotal role in recruiting Atg13 to the PAS and facilitates the 

interaction between mitochondria and autophagosomes through Ggc1 and Atg13 (Yao et al., 

2023). Nevertheless, the specific necessity of the link between mitochondria and 

autophagosomes mediated by Mec1 to initiate autophagy during glucose scarcity remains 

unclear. One hypothesis posits that mitochondria might serve as a potential source of essential 

materials required for the formation of autophagosomes. Additionally, mitochondria serve as an 

energy center and supply ATP to Snf1, which resides in the mitochondria during glucose 

starvation. To adapt to the energy stress during glucose starvation, it is possible that cells 

transmit the signal from Snf1 to autophagy initiation via Mec1 (Wu et al., 2020).  

Interestingly, mitochondria are the regulatory hub of glucose starvation-induced 

autophagy, analogous to the vacuole for nitrogen or amino acid starvation-induced autophagy 

(Yi et al., 2018). Mitochondrial respiration and mitochondrial fusion are necessary for the 

association between Snf1 and Mec1 and the subsequent recruitment of Atg protein to the PAS 

(Wu et al., 2020). Consequently, Atg1-Atg13 interacts with Snf1-Mec1, so it will be interesting 

to investigate if the PAS could be close to the mitochondrial network instead of the vacuole 

during glucose starvation-induced autophagy, drawing attention to the broader question of what 

determines the location of the PAS.  

1.2.2.3 Glucose activates PKA 

The Ras-cyclic AMP (cAMP)-dependent protein kinase A (PKA) is another crucial signal 

transduction pathway that governs autophagy in response to fluctuations in nutrient 

availability(Stephan et al., 2009). The PKA pathway plays a role in regulating cellular 



 23 

metabolism and growth, working in tandem with glucose levels (Tamaki, 2007). Glucose 

activates the production of cAMP, which in turn activates the Ras-cAMP-PKA pathway, thereby 

mediating cellular functions such as cell growth, metabolism, and stress resistance in response to 

glucose (Tamaki, 2007). The G protein coupled receptor Gpr1 and secondary messenger cAMP 

control glucose-mediated activation of PKA (Peeters et al., 2017; Rolland et al., 2000). However, 

other nutrients, such as nitrogen, phosphate, and sulfate, activate PKA in starvation conditions 

without cAMP signaling (Van Zeebroeck et al., 2020).   

The Ras GTPase family consists of the Ras1 and Ras2 proteins that coexist in their 

different nucleotide-bound states, influencing glucose availability (Van Zeebroeck et al., 2020). 

By shift from a non-fermentable carbon source to a fermentable carbon source, Ras proteins are 

activated, and they subsequently bind to the enzyme adenylate cyclase to promote cAMP 

production (Thevelein & de Winde, 1999). cAMP then promotes the dissociation of the catalytic 

subunits of PKA (Tpk1, Tpk2, and Tpk3) from the repressor Bcy1, thus activating PKA. 

Activated PKA continues the signaling cascade by phosphorylating its substrates, allowing 

adaptation to the new condition (Mitchener et al., 1976).  

1.2.2.4 Interplay of the PKA and TORC1 pathways regulates autophagy  

The Ras-PKA pathway negatively regulates autophagy (Budovskaya et al., 2004). 

Interestingly, simply blocking PKA kinase activity alone does not trigger the induction 

autophagy. It simultaneously requires the inhibition of Sch9, the TORC1 substrate. This 

highlights a cooperative role of PKA and TORC1 in regulating autophagy. Additionally, 

inhibition of TORC1 and PKA has a synergistic effect on autophagy induction. Thus, the 

signaling cascades of TORC1 and PKA need to be efficiently integrated to regulate autophagy, 

possibly at multiple regulatory nodes (Schmelzle et al., 2004).  
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One such node is at the level of Atg proteins. Sequence analysis revealed two potential 

PKA sites in Atg1, later confirmed by in vitro and in vivo studies(Budovskaya et al., 2005). 

However, mutations of these sites does not affect Atg1 kinase activity but alters its localization. 

The Atg1 variant that lacks the PKA sites is constitutively localized to the PAS irrespective of 

the nutritional status. Additionally, constitutively active PKA, utilizing the Ras2G19V allele, 

disrupts the localization of Atg1 to the PAS, suggesting that PKA negatively regulates autophagy 

by phosphorylating Atg1 and preventing its localization to the PAS by autophagy induction 

(Budovskaya et al., 2005).  

In addition to Atg1, PKA also phosphorylates Atg13 (Stephan et al., 2009). This 

phosphorylation, distinct from the Tor1-dependent sites, regulates the localization of Atg13 to 

the PAS. Mutating PKA-dependent phosphorylation sites on Atg13 sequesters the protein at the 

PAS, irrespective of the nutritional state. Furthermore, the localization of Atg13 to the PAS is 

disrupted in the presence of constitutively active PKA, suggesting that PKA regulates autophagy 

at the early stages by controlling the localization of crucial autophagy induction proteins to the 

PAS (Stephan et al., 2009).  

The second regulatory node is at the level of transcription. Rim15, a protein kinase, 

integrates signals from TORC1 and PKA to positively regulate autophagy (Yorimitsu et al., 

2007). When nutrients are abundant, Rim15 is phosphorylated by TORC1 and PKA, thus 

inhibiting its nuclear translocation. In response to TORC1 inhibition, Rim15 is dephosphorylated 

and enters the nucleus. Here, it phosphorylates Ume6, a negative regulator of ATG8 expression. 

Rim15-mediated phosphorylation inhibits Ume6, thus promoting ATG8 transcription 

(Bartholomew et al., 2012). Similarly, Rim15-dependent phosphorylation of Rph1, a histone 
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demethylase and negative regulator of autophagy, inhibits it, thus enabling the transcription of 

ATG1, ATG7, ATG8, ATG9, ATG14, ATG29, and ATG32 (Bernard et al., 2015).  

Another regulatory node where TORC1 and PKA coordinate to suppress autophagy is at 

Ksp1 (Umekawa & Klionsky, 2012). Ksp1 has several consensus phosphorylation sites and is 

activated by PKA. Upon activation, Ksp1 activates TORC1, as evidenced by Atg13 

hyperphosphorylation, inhibiting autophagy. However, a feedback mechanism may exist through 

PKA-independent phosphorylation because Ksp1 is also a target of TORC1 phosphorylation. 

Thus, together, TORC1 and PKA regulate autophagy based on the nutritional conditions within 

the cell (Umekawa & Klionsky, 2012).  

1.3 Regulation of ATG gene expression 

Signaling pathways that sense nutrient availability and influence autophagy provide 

deeper understanding how spatially separated processes are integrated to elicited a cellular 

response to external cues. However, tuning autophagy by modulating the activation/suppression 

of these pathway tend to be tedious due to various pleotropic effects. In order to specifically 

target and tune autophagy without disrupting other important cellular pathway, regulators that act 

directly on the autophagy-related gene product are best suited. Toward this, regulation of ATG 

expression at various stages such as transcription, post-transcription, translation and post 

translation can occur. In this thesis, I specifically look at post-transcriptional and translational 

mechanisms that regulate autophagy.  

In the following sections, I provide a primer on RNA-binding proteins, the current 

understanding of post transcriptional regulation in yeast and mammalian systems, and post 

transcriptional regulators that influence autophagy in health and disease.  

1.3.1 RNA-binding protein: primary drivers of mRNA life cycle 
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RNA-binding proteins engage with mRNA during every stage of its lifecycle, influencing 

its sysnthetis, modification, localization, translation and stability. They are critical effectors of 

post-transcriptional regulation of genes and the interplay of RNA and RBPs within dynamic 

ribonucleoproteins (RNPs) orchestrate the various facets of RNA biology. Distinct cellular 

contexts, therefore, utilize varying RBP repertoire with differential activates to respond to 

environmental cues. A subset of constitutive RNA-binding proteins may be ubiquitously active 

whereas many RBPs may have distinct expression pattern or activity based on specific PTMs.  

RBP-RNA interactions can be single protein-RNA interaction or a dynamic assembly of 

an array of RBPs that interact with multiple regions of the RNA. The mechanism that defines the 

selectivity of RNA-RBP interaction is not known, however, several studies have identified 

different types of intermolecular interactions and preferred amino acid required for the 

interaction. RNA-binding domains in proteins are the modular units that bind to mRNA. 

Multiple types of domains can occur in one RBP or the same domain can be repeated multiple 

times. These modular arrangement coordinate, enhance and specify RNA-binding. These 

domains, more than 600 identified, are regularly linked by intrinsically disorder regions (IDR), 

able to bind RNA as well, but aid in the modular architecture of RNA-binding proteins. 

(Gerstberger et al., 2014). IDRs rich in serine and arginine (S.R) and arginine and glycine (R/G) 

were found to contribute to RNA-binding activity and co-occur with other types of RNA-binding 

domains.  

 The RNA Recognition Motif (RRM) is one of the most abundant RNA-binding domains 

(RBDs) in eukaryotes (Maris et al., 2005). In the human proteome, about 30% of the RBPs with 

RNA-binding function contain one or more RRM. RRM consistently also co-occur with other 

types of RBDs, with zinc fingers being the most common. Proteins that contain RRM are 
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involved in RNA metabolism, enriched in the spliceosome or mRNA surveillance. Interestingly, 

about 18% of RRM containing proteins are associated with human diseases suggesting the 

crucial role played by RRM in RNA biology and human physiology (Agarwal & Bahadur, 2023).  

 RBPs mainly function in two cellular compartments: nuclear, with a role in splicing of 

pre-mRNAs or cytoplasmic with a role in post transcriptional regulation. Some RBPs remain 

associated with mRNA throughout the life-time whereas others bind either at early or later stages 

of the mRNA life cycle (Choi et al., 2024; Coppin et al., 2018). These spatial and temporal 

interaction dynamics ensure specificity of RNA regulation while ensuring homeostatic processes 

to occur without disruption. Composition of mRNPs determines the fate of RNA in this 

spatiotemporal paradigm wherein the mRNA can be immediately translated or transported for 

storage or translation at local areas. mRNPs therefore undergo constant remodeling, aided by 

competitive RBP-RNA interactions and post-translational modifications to meet the demands of 

the cell.  

1.3.1.1 Role of RNA-binding proteins in the nucleus  

RBPs in the nucleus are primarily involved in co-transcriptional processes of the mRNA 

life cycle. Newly synthesized eukaryotic transcripts undergo maturation consisting of the 

addition of a 5' cap, a 3' poly(A) tail, and the removal of introns by splicing. Various RNA-

binding proteins coordinate to complete the maturation process of mRNA while some 

interactions also control the mRNA export and fate of the mRNA in the cytoplasm. This 

predetermination is brought about my co-transcriptional imprinting of mRNA with proteins 

which in turn regulate the metabolism of the mRNA in the cytoplasm (Haimovich et al., 2013). 

For example, Rap1 binding to the promoter of a gene can alter the stability of the transcript in the 

cytoplasm by affecting the composition of the exported mRNP, which in turn regulates mRNA 
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decay in the cytoplasm (Bregman et al., 2011). This highlights the presence of a co-

transcriptional mechanism that defines the mRNP assembly surrounding the newly synthesized 

transcript.  

The nascent mRNA is thus surrounded with proteins that determine correct RNA 

processing, integrity, export and subsequent steps in the cytoplasm. Defective mRNP assembly, 

thus prevents the mRNA to be exported, leading to nuclear retention of the transcript and 

eventual degradation. In yeast, numerous factors ensure the biogenesis of export-competent 

mRNPs, including Npl3, the THO complex and Yra1. Npl3 is a major SR-like RNA-binding 

protein that is recruited to the newly synthesized transcript. Npl3 is found in the same complex 

with RNA Pol II and directly stimulates its elongation activity (Dermody et al., 2008). Mutations 

in Npl3 block mRNA export suggesting that Npl3 interacts with RNA co-transcriptionally and 

primes the transcript for export (Lei et al., 2001).  

  Following proper packing of the mRNA in the mRNP complex is released from the 

transcription site and transported to the cytoplasm by the mRNA export receptor: Mex67-Mtr2, 

that guide the complex through nuclear pore complexes that embed the nuclear envelope. 

Mex67-Mtr2 transcript across the NPC through interactions with several nnucleoporins that 

contain FG repeats. These FG repeats form a mesh in the NPC that selectively allows access for 

nuclear transport receptors. Once the mRNA reaches the cytoplasmic side of the NPC, Nup159 

and Nup42 recruit Dbp5 that impart directionality to the export process by remodeling the mRNP 

in an ATP dependent manner. Dbp5 thus aides in the disassembly of the mRNP complex which 

prevent reentry to the cytoplasm before mRNA release. Mex67-Mtr2 then return to the nucleus 

to begin another round of mRNP export from nucleus to the cytoplasm. The essential role of both 
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Mex67 and Dbp5 requires there localization to the NPC (Adams & Wente, 2020; Derrer et al., 

2019).  

1.3.1.2 Role of RNA-binding proteins in the cytoplasm 

The mRNP composition is remodeled close to the NPC before cytoplasmic release of 

mRNA but the mRNP continues to be dynamically remodeled in the cytoplasm. The new mRNP 

thus controls the fate of the mRNA and can control its localization, stability and translation. 

 Subcellular localization of mRNA provide precise control over the location of protein 

synthesis (Holt & Bullock, 2009). This spatial control results in the configuration of distinct 

subcellular compartments for specialized functions as seen in, for example, the synaptic activity 

of mammalian neurons (Mofatteh, 2020). Molecular motor-based transport is a predominant 

mechanism of localization, but RNA granules ‘hitchhiking’ onto membrane-bound organelles to 

traverse across the cellular plane is also quite common (Liao et al., 2019). Further understanding 

of RBP-motor protein interactions and pathways of transport will elucidate the spatial and 

temporal control of gene expression.  

 RNA-binding proteins have been shown to regulate several biological roles by 

modulating mRNA translation (Li et al., 2022). Eukaryotic mRNAs contain 5' and 3' untranslated 

regions that impose regulatory control on the fate of the mRNA by guiding RBP-RNA 

interactions. The 5' UTR, the entry point for ribosome recruitment during translation, can adopt 

complex secondary structures. At the 5' UTR, translation begins with the recruitment of the 43S 

preinitiation complex, containing a GTP bound eIF2 at the 5' cap. This recruitment is facilitated 

by the eIF4F complex containing eIF4E, eIF4G, eIF4A and the poly(A) binding protein, PABP. 

The PIC scans the mRNA 5' untranslated region until it finds the AUG triplet complementary to 

the anticodon of Met-tRNA. Upon recognition, the GTP bound to eIF2 hydrolyzes to produce a 
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stable 48S PIC. eIF5B then catalyzes the recruitment of 60s ribosome subunit followed by the 

release of eIF2-GDP. The newly formed 80S initiation complex thus begins translation process 

(Hinnebusch et al., 2016). Due to the importance of the 5' UTR in forming the pre-initiation 

complex, secondary structures in the region can influence the efficiency of translation initiation. 

In order to ensure smooth translation scanning, RNA-binding proteins called DEAD-box ATP 

dependent RNA helicases overcome structural hindrances to increase translation efficiency. 

eIF4E preferentially stimulates the translation of mRNAs containing secondary structures 

(Koromilas et al., 1992). Ded1/DDX3 plays a crucial role in resolving stable structures and this 

ensures efficient translation initiation (Abaeva et al., 2011). 

 RBPs bind to the 3' UTR cis elements and mediate recruitment of effector proteins. As 

RBPs interact with several different proteins, the 3' untranslated region of the mRNA provide a 

platform for defining RBP-RNA interactions that control crucial decisions such as translation 

and stability (Szostak & Gebauer, 2013). The cellular state also defines the RBP-3' UTR 

interactions and the function of the 3' UTR is context dependent based on the type of RBP that is 

bound. Therefore, the 3' UTR-RBP interactome is dynamic and is remodeled in response to 

environmental cues through changes in post-translational modifications and interaction with 

other RBPs (Berkovits & Mayr, 2015).  

 During nutrient and ribosomal stress, translation is inhibited wherein the mRNAs are 

released from ribosomes and bound to RBPs knowing to granules which consists of ribosomal 

subunits, translation factors, decay enzymes, helicases, scaffold proteins, and RNA-binding 

proteins. The two main types of granules are processing bodies (PBs) and stress granules (SGs). 

PBs facilitate mRNA degradation, while SGs inhibit translation by harboring stalled 48S 

initiation complexes. For instance, Pub1 and Dhh1 are involved in the assembly of these 
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granules, modulating translation during stress. These granules interact with the cytoskeleton, 

enabling their dynamic properties, and can exchange mRNAs. However, if the RBPs involved in 

granule formation also have other roles to may in the cellular mRNA metabolism is yet to be 

explored. 

1.4 Post-transcriptional regulation of autophagy in yeast  

Recently, ATG1 has emerged as a transcript regulated by multiple players in a nutrient-

dependent manner. Notably, under nutrient-rich conditions, the cytoplasmic exoribonuclease 

Xrn1 reduces the stability of ATG1 mRNA, leading to its degradation (Delorme-Axford et al., 

2018). During nitrogen deprivation, the Pat1-Lsm complex plays a protective role, preventing the 

degradation of ATG1 mRNA by the exosome from the 3' to the 5' end, thereby maintaining its 

stability (Gatica et al., 2019). In the presence of ample nutrients, Dhh1, an RNA helicase, 

collaborates with Dcp2 to accelerate the breakdown of ATG1 messages, leading to a decrease in 

autophagy (Hu et al., 2015). However, under prolonged nitrogen starvation, Dhh1 works with 

Eap1 to enhance ATG1 mRNA translation, specifically targeting the structured region close to 

the start codon and promoting autophagy (Liu et al., 2019). The translation of ATG1 mRNA is 

further enhanced during extended periods of nitrogen limitation by the RGG motif-bearing 

protein Psp2, which interacts with translation machinery components eIF4E and eIF4G2 and 

targets the 5' UTR of ATG1, independent from Dhh1 (Yin et al., 2019). Finally, Ded1, in 

conjunction with Rad53, upregulates Atg1 protein expression only in response to nitrogen 

starvation but not in amino acid starvation, suggesting the sensitivity of this regulatory network 

to minute changes in external nutrient environments (Lahiri et al., 2022). These novel insights 

point to a complex web of ATG1 mRNA-protein interactions, suggesting extensive regulatory 
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oversight across its metabolic lifecycle. However, how these various factors, that make up P-

bodies, coordinate to regulate the same mRNA is yet unknown. 

1.5 Post-transcriptional regulation of autophagy in mammals  

In searching for RBPs that regulate autophagy, a high throughput small interfering RNA 

screen targeting 1,530 RBPs in MCF-7 cells determined that ablation of the eukaryotic translation 

initiation factors 5A (EIF5A) and 4A3 (EIF4A3) causes a decrease in GFP-LC3B puncta in 

autophagy-inducing conditions (Lubas et al., 2018; Sakellariou et al., 2021) . Association of EIF5A 

with ribosomes increases during starvation conditions, suggesting that recruitment of EIF5A to 

ribosomes can reflect the repertoire of the actively translated pool of transcripts that promote 

autophagy. Analysis of newly synthesized proteins by LC-MS determined that ATG3 protein 

levels are decreased upon EIF5A ablation and revealed that EIF5A assists the translation of ATG3 

through a hard-to-translate motif called the DDG motif. This facilitates the lipidation of LC3B and 

thus the promotion of autophagosome biogenesis (Lubas et al., 2018). Interestingly, in B cells, the 

polyamine spermidine post-translationally modifies EIF5A by adding the unusual amino acid 

hypusine (Zhang et al., 2019). Hypusinated EIF5A is required for the translation of hard-to-read 

motifs and is also important for the translation of TFEB, a key autophagy regulator (Zhang et al., 

2019).  

The human embryonic lethal abnormal vision (ELAV/Hu) family is a highly conserved family of 

RBPs that consists of four members, ELAV like RNA-binding protein 1 (ELAVL1 also known 

as HuA or HuR), ELAVL2/HuB/Hel-N1, ELAVL3/HuC and ELAVL4/HuD. These RBPs are 

characterized by the presence of three RNA recognition motifs (RRMs), with RRM2 and RRM3 

connected by a flexible linker region (Maris et al., 2005).The ELAV/Hu family RBPs stabilize 
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mRNAs and subsequently activate its translation. Analyses of their targets have revealed these 

RBPs regulate autophagy by stabilization and translational upregulation of ATG transcripts. For 

example, in pancreatic beta cells, ELAVL4 associates with ATG5 mRNA (Kim et al., 2014; Lee 

et al., 2012). Here, ELAVL4 binds to the 3' UTR of ATG5 mRNA. Ablation or overexpression of 

ELAVL4 does not affect endogenous ATG5 mRNA levels; however, the protein levels of ATG5 

are significantly reduced following silencing of ELAVL4 (Kim et al., 2014). Furthermore, 

analysis of translation of ATG5 mRNA by polysome fractionation confirms that ELAVL4 

enhances ATG5 translation by increasing its association with actively translating polysome 

fractions. ELAVL4 promotes autophagosome biogenesis by increasing ATG5 abundance, 

therefore acting as a positive regulator of autophagy (Kim et al., 2014). Furthermore, ELAVL1 

was found to bind to ATG5, ATG12 and ATG16L1 mRNAs at their 3' UTR regions and regulates 

autophagy by enhancing translation of these transcripts (Ji et al., 2019). Studies focusing on 

elucidating the role of ELAVL1 in hypoxia-induced autophagy demonstrate that ELAVL1 binds 

to ATG7 and ATG16L1 in the coding and 3' UTR regions, respectively, which results in the 

upregulation of the protein levels and enhanced autophagosome formation (Palanisamy et al., 

2019). Another study determined that ELAVL1 activates autophagy by stabilizing ATG7 

transcripts to suppress senescence in diabetic NP cells (Shao et al., 2021). Together, these studies 

show that ELAV proteins, such as ELAVL4 and ELAVL1, are important regulators of ATG 

mRNA stability and promote autophagy by enhancing ATG mRNA translation through 

association with their 3' UTRs. It is worth noting that ATG mRNAs can also be negatively 

regulated by RBPs. For instance, ZFP36/TTP binds to the 3' UTR of ATG16L1 mRNA to recruit 

deadenylating and degradation factors during ferroptosis, thus acting as a negative regulator of 

autophagy (Zhang et al., 2020) 
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1.6 Outlook 

The field of autophagy has made tremendous progress in the past 30 years, wherein over 

40 genes involved in the autophagy pathway have been identified, and many of the 

morphological, molecular, and cellular mechanisms underlying autophagosome biogenesis have 

been elucidated (Feng et al., 2014; Khandia et al., 2019; Nakatogawa, 2020). When faced with 

changing metabolic environments, cells rely on autophagy to maintain homeostasis and generate 

building blocks to feed into processes and metabolic networks critical for survival. In utilizing 

available nutrients, cellular systems integrate complex metabolic and functional information to 

fine-tune the extent of autophagy induction and execution. In integrating the external nutrient 

cues to functional autophagy, cells utilize several signaling pathways, mainly TORC1, Snf1, and 

cAMP-PKA pathways, that exert control over multiple levels of cellular outputs (Russell et al., 

2014). By sensing nutrient changes, sensors transduce information to master regulators. These 

regulators, usually kinases, act By effectors such as transcription factors spatially and 

temporally. Transcription factors target genes involved in nutrient import, vacuolar export, 

biosynthesis, and autophagy. Building blocks generated from autophagy are then reutilized. This 

perpetual feedback loop of activation-inactivation utilizing kinases, transcription factors, and 

import/export proteins defines the cellular survival mechanisms for adapting to external nutrient 

environments.  

Physiologically, changes in external nutrient environments are more gradual. However, 

the experimental approaches currently use drastic switches from one condition to another. It will 

be interesting to investigate how cellular responses change and what signaling cascades are 

revealed when gradual nutrient limitation is employed. Additionally, these experimental 
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procedures only study single-nutrient limitations, whereas physiologically there may exist 

multiple starvation conditions at the same time. Therefore, it will be interesting to explore how 

autophagic processes are prioritized under such conditions. Studies have shown that the extent of 

autophagy is dependent on the severity of starvation. For example, nitrogen starvation induces a 

stronger autophagy response compared to amino acid starvation and glucose starvation. This 

subtle fine tuning of autophagy is driven by the post-transcriptional regulation of ATG1 

transcript by an RNA-binding protein, Ded1 (Lahiri et al., 2022). Furthermore, comparison of 

molecular and cellular changes in autophagic responses with regard to Atg protein utilization, 

PAS site formation, and organelle involvement to various external nutrient cues are yet to be 

investigated.  

An intriguing aspect is the requirement for multiple signaling pathways in autophagy 

regulation. It is plausible that these pathways respond to different nutritional cues, resulting in 

distinct autophagy responses during various types of starvation within the cell. The existence of 

multiple inputs offers the cell increased adaptability to cope with dynamic environmental 

changes. Unraveling the impact of these pathways on the degradative process and understanding 

the coordination of their signaling activities represents significant areas for future research. 

A fascinating nexus that needs further investigation is towards strategic utilization of 

nutrients during starvation conditions; global translation is downregulated via TORC1 and 

general amino acid control pathways. However, selectively driven translation of specific protein 

subsets, especially Atg proteins, is critical for cellular survival mechanisms (Hu et al., 2015). 

How this selectivity is achieved and how the translation of specific RNA subsets is enhanced are 

questions under investigation. To uncover this, I focus on an important Atg protein required for 

autophagy induction, Atg1. Despite the known involvement of RNA-binding proteins in 
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autophagy and RNA-binding proteins (RBPs) that interact with ATG1 transcript, a 

comprehensive understanding of the ATG1-RBP interaction network is lacking. How ATG1-RBP 

interaction influences the lifecycle of ATG1 transcript, including export, interaction with 

translation factors and finally translation by ribosomes is yet to be comprehensively elucidated. 

Further, I are yet to understand how the translation of the ATG1 transcript is modulated during 

different nutritional stresses. I address these questions in my thesis work.  
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Chapter 2 : Identification of Translational Regulators of Autophagy 

Macroautophagy/autophagy is crucial for maintaining metabolic homeostasis and cell 

survival during nutrient starvation. Autophagy requires the coordinated function of several Atg 

proteins, especially Atg1, for efficient induction and execution. Recently, several RNA-binding 

proteins have been shown to interact with the ATG1 transcript. However, a comprehensive 

understanding of the interaction network has yet to be elucidated. Here, I developed and utilized 

an approach to identify RNA-binding proteins that specifically interact with ATG1 untranslated 

regions. Our investigation revealed Npl3 and Pub1 as novel regulators of autophagy, and Atg1 

protein translation by targeting its 5' UTR and 3' UTR, respectively. I show that Npl3 is required 

for the Pub1-ATG1 interaction and export to the cytoplasm. Subsequently, Pub1 interacts with 

the translational machinery and facilitates recruitment of polysomes to the ATG1 transcript, 

promoting its translation and thus autophagy induction. Significantly, in non-small cell lung 

cancer cell lines, TIA1 upregulates ULK1 protein expression at the post-transcriptional level, 

thereby positively regulating autophagy. Overall, our study highlights the intricate regulatory 

landscape that fine-tunes ATG1 mRNA export and translation, thereby uncovering several novel 

regulators of the autophagy process.  
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2.1 Introduction 

A fundamental challenge all living organisms face is adapting to ever-changing external 

environments, with fluctuations in nutrient availability being the most critical and ubiquitous of 

these changes (Howell & Manning, 2011). In response to nutrient scarcity, cellular decisions are 

made to strategically utilize available metabolic nutrients to ensure survival. This response is 

characterized by the upregulation of macroautophagy (hereafter, autophagy), a critical process 

that plays a central role in adapting to metabolic perturbations (Ryter et al., 2013).  

Autophagy is an evolutionarily conserved catabolic mechanism in eukaryotes designed to 

maintain cellular homeostasis in response to changes in the nutrient composition of the external 

environment (Metur & Klionsky, 2024). A characteristic feature of autophagy is the formation of 

double-membraned structures called phagophores, which engulf cytoplasmic cargo; the 

phagophores mature into autophagosomes that deliver the cargo to the vacuole for degradation 

(Parzych & Klionsky, 2014). Following degradation, metabolic building blocks are released to 

the cytosol, which mitigates the metabolic strain brought on by nutrient depletion, ensuring 

survival during periods of starvation (Abeliovich & Klionsky, 2001). Moreover, this mechanism 

is crucial for the clearance of damaged organelles and misfolded proteins, the accumulation of 

which has been shown to cause cancer, neurodegenerative diseases, and various metabolic 

disorders. Therefore, autophagy is not only an essential cytoprotective process that eliminates 

superfluous materials but also a key player in maintaining metabolic homeostasis and preventing 

the onset of various diseases.  

Autophagy is primarily a degradative process and, therefore, must be fine-tuned to meet 

cellular requirements while avoiding unnecessary breakdown of the cytoplasm (Metur et al., 

2023). Therefore, autophagy is subject to regulation by a complex interplay of several nutrient 
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responders that control its induction and execution. These nutrient responders act at multiple 

levels that upregulate autophagy by directly modulating the expression of essential autophagy 

genes, both at the level of transcription and translation. While several studies have described the 

transcriptional regulation of autophagy, I are only now beginning to discover novel post-

transcriptional and translational regulators of autophagy (Ma et al., 2022).   

Atg1/ULK1 is a crucial autophagy protein in yeast and mammalian cells; it is an essential 

Ser/Thr kinase for initiating autophagy and the only protein kinase among the core autophagy 

machinery that is required for autophagosome formation (Noda & Fujioka, 2015). Immediately 

By the induction of starvation-dependent autophagy, both ATG1 mRNA and protein levels of 

Atg1 are upregulated (Lahiri et al., 2022). However, during nitrogen starvation, global 

translation is downregulated. How ATG1 transcripts escape this global repression still remains 

elusive. RNA-binding proteins (RBPs) are effective nutrient responders that link external 

nutrient cues with post-transcriptional regulation (Lukong et al., 2008). Recent studies have 

identified several RBPs interacting with ATG1 mRNA, influencing its stability and association 

with translation initiation factors. These interactions have significant implications for autophagy 

regulation (Lahiri et al., 2022; Liu et al., 2019; Yin et al., 2019). Furthermore, these studies 

allude to the intricate network of interactions involving ATG1 mRNA, hinting at layers of 

potential regulatory control that span the multiple stages of its biosynthesis and usage. Therefore, 

I hypothesized the presence of a dynamic RBP interactome with ATG1 transcripts in response to 

changing nutrient cues that regulate Atg1 protein expression, uncovering potential regulators of 

autophagy.  

To comprehensively understand the nutrient-responsive regulatory paradigm of ATG1 

transcripts, I profiled the RNA-binding proteome of the ATG1 5' and 3' untranslated region 
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(UTR) in response to nutrient-rich and nitrogen-starvation conditions (Lahiri et al., 2022). I 

identified Npl3 and Pub1 as interacting partners of the ATG1 transcript at the 5' UTR and 3' 

UTR, respectively and also showed that they are positive regulators of autophagy. I further 

characterized the role of Npl3 in conjunction with Pub1, a stress granule protein, in regulating 

ATG1 mRNA export and ribosome association to promote its translation during nitrogen 

starvation. Intriguingly, the mammalian homolog of Pub1, TIA1, also positively regulates ULK1 

expression at the post-transcriptional level, thereby promoting autophagy in response to nutrient 

starvation. This finding not only underscores the evolutionary importance of this regulatory 

pathway but also highlights the potential for translatability of this mechanism. Taken together, I 

provide insights into the intricate network of protein interaction linked with ATG1 mRNA that 

governs the expression of the Atg1 protein and, thus, autophagy.   

2.2 Results 

2.2.1 An in vitro interactome capture reveals several new binding partners of ATG1 mRNA 

To identify potential RNA-binding proteins involved in autophagy regulation at the level of 

the ATG1 transcript, I performed an in vitro transcribed ATG1 5' UTR RNA affinity isolation 

followed by western blot and proteomics to identify interactors in nitrogen-rich (+N) and 

nitrogen-limited (-N) conditions (Figure 2a). I verified through western blot that Dhh1 and Ded1, 

known interactors with the ATG1 5' UTR (Figure 3a), were enriched only in the presence of 

labeled ATG1 5' UTR RNA (Fig 3). Proteomic profiling of the affinity isolate identified 

previously known interacting proteins of the ATG1 5' UTR, such as Eap1 and Psp2, under 

nitrogen-starvation conditions (Figure 3b), further validating the utility of this method to identify 

potential RBPs that could regulate autophagy at the level of ATG1 mRNA. I identified 13 RBPs 

that were significantly enriched on the ATG1 5' UTR during nitrogen starvation relative to 
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growth in rich medium (Figure 2b). Out of the 13, I decided to test three non-essential proteins 

with a previously unknown role in regulating autophagy (Table 1). Accordingly, I created 

genomic deletion strains of SRO9, NPL3, and MLF3 and tested them for effects on Atg1 protein 

expression using immunoblotting (Figure 2c). I found that NPL3 deletion severely abrogated the 

increase in Atg1 protein levels seen in the wild-type (WT) strain under nitrogen-starvation 

conditions, suggesting a potential role of Npl3 in regulating Atg1 expression. In contrast, the 

other two deletion strains caused no obvious change in Atg1 levels relative to the WT.  

 

2.2.2 Npl3 is a novel regulator of Atg1 protein expression and autophagy.  

To confirm that Npl3 does indeed bind to the ATG1 transcript, I performed an Npl3 

immunoprecipitation followed by RT-qPCR to measure ATG1 transcript levels and determine if 

the transcript was enriched. Our results show that Npl3 bound to both the 5' UTR (-290) and the 

coding region (+35) but not the 3' UTR (Figure 2d), revealing that Npl3 is indeed an interactor 

with the ATG1 5’UTR. I hypothesized that this interaction is crucial for the upregulation of Atg1 

protein levels during nitrogen starvation-induced autophagy. To rule out the possibility that 

increased protein turnover results in lowered Atg1 protein levels in Npl3 mutants, I performed a 

cycloheximide (CHX) chase assay where Atg1 protein levels were allowed to accumulate during 

6 h of nitrogen starvation, following which CHX was added. The Atg1 protein levels were then 

chased in nitrogen starvation medium for another 1 and 2 h and measured by immunoblotting 

using an Atg1-specific antibody. The results show that the turnover of Atg1 protein levels in both 

WT and npl3∆ strains was similar, and therefore, the regulation was upstream of protein 

degradation (Figure 2e, 2f). Next, I measured the mRNA levels of the ATG1 transcript in WT 

and npl3∆ cells to assess if the lowered amount of Atg1 protein is due to a decrease in ATG1 
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mRNA levels and, therefore, a form of transcriptional regulation by Npl3. However, both WT 

and npl3∆ strains had similar levels of ATG1 mRNA transcript (Figure 2g), suggesting that Npl3 

regulates Atg1 protein levels at the post-transcriptional/translational level.  

The decline in Atg1 protein levels By ablation of the NPL3 gene led us to test if the decrease 

affects autophagy activity. Toward this end, I tested GFP-Atg8 processing. Atg8, or green 

fluorescent protein (GFP)-tagged Atg8, is attached to both sides of the phagophore via 

conjugation to phosphatidylethanolamine. After autophagosome maturation, Atg8/GFP-Atg8 is 

removed from the autophagosome outer membrane and recycled; in contrast, the protein on the 

inner surface is delivered to the vacuole after fusion with the autophagosome (Nair et al., 2011). 

Atg8 is degraded within the vacuole lumen, whereas GFP is relatively stable and accumulates 

within the vacuole. Thus, the generation of free GFP is an indication of autophagy activity. I 

determined that deletion of NPL3 resulted in decreased GFP-Atg8 processing after 6 h of 

nitrogen starvation and, therefore, a lower level of autophagy activity (Figure 2h, 2i).  

Finally, autophagy is required for yeast cell viability during starvation; autophagy mutants 

display decreased viability under starvation conditions (Suzuki et al., 2011). Thus, resistance to 

starvation is another measure of functional autophagy. The npl3 deletion resulted in decreased 

cellular viability during long-term starvation compared to the WT strain (Figure 2j). This result 

suggests that Npl3 is an essential factor required for survival during nitrogen starvation and that 

it acts by promoting Atg1 protein levels and autophagy activity.  
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Figure 2 
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Figure 2: Exploring ATG1-RBP interactions reveals Npl3 as a novel regulator of autophagy. 

a. Schematic of in vitro ATG1 mRNA interactome capture: Lysates from rich medium (+N) 

and nitrogen starvation medium (-N) were incubated with streptavidin beads conjugated 

with desthiobiotin-tagged ATG1 5' UTR. The beads were washed and the RBPs bound to 

the beads were identified by mass spectrometry.  

b. RBP-5' UTR interaction reveals novel binding partners of ATG1: Volcano plot of RBPs 

interacting with the ATG1 5' UTR in -N compared to +N. Results from 3 biological 

replicates are plotted. Student’s t test between -N and +N condition was performed to 

identify statistically significant enrichments. 

c. Npl3 is a novel regulator of Atg1 expression: WT (WLY176) and RBP deletion strains 

were grown in +N media and shifted to -N for 6 h, following which lysates were analyzed 

by immunoblotting to measure Atg1 protein levels using Atg1-specific antibody. Pgk1 

was used as a loading control. 

d. RNA-IP confirms Npl3 interaction with ATG1: Npl3 tagged with PA (YZY312) was 

affinity isolated using IgG Sepharose beads and bound mRNA was extracted and 

quantified by qRT-PCR. The region of interaction was determined using primers specific 

to different regions of the ATG1 mRNA as indicated. PGK1 was used as an internal 

control, and an untagged strain (SEY6210) was used for normalization. Data are 

representative of three independent biological replicates, showing mean +/- SD. One-way 

ANOVA was used to determine statistical significance. * p value = 0.028. 

e. The npl3 deletion does not increase turnover of the Atg1 protein: WT (WLY176) and 

npl3∆ (SPY77) cells were grown in +N and transferred to -N for 6 h, then treated with 

cycloheximide (CHX). Following treatment, cells were harvested at the indicated time 
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points. Atg1 protein levels were measured by immunoblotting. Pgk1 was used as a 

loading control.  

f. Quantification of e, representing data from two biological replicates, mean +/- SD. Two-

way ANOVA was used to determine statistical significance, * p value = 0.0124. 

g. Npl3 does not regulate ATG1 at the level of transcription: WT (WLY176) and npl3∆ 

(SPY77) strains were subjected to nitrogen starvation for 6 h, then total RNA was 

extracted and cDNA synthesized. qRT-PCR was performed to quantify the abundance of 

ATG1 mRNA. Data are representative of three biological replicates. Student’s t test was 

performed to determine statistical significance. ns = not significant.  

h. Ablation of NPL3 results in reduced autophagic flux: WT (JMY347) and npl3∆ 

(YZY311) cells expressing genomically tagged Atg8-GFP were starved for nitrogen, 

harvested after 4 h and assessed by immunoblotting.  

i. Quantification of h. The ratio of the free GFP to total GFP is a measure of autophagic 

flux. Data is representative of three biological replicates, showing mean +/- SD. Student’s 

t test was performed to determine the statistical significance. **** p value < 0.0001. 

j. Loss of Npl3 leads to reduced cell survival during nitrogen starvation: WT (SEY6210) 

and npl3∆ (SPY77) cells were grown in +N and then starved for the indicated time 

points. The indicated dilutions were grown on YPD plates for 2 days at 30°C.  
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Figure 3 
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Figure 3: An ATG1 5' UTR in vitro mRNA interactome capture identifies previously known 
interactions. 

a. Dhh1 and Ded1 interact with in vitro transcribed ATG1 5' UTR: Epitope-tagged Dhh1 
(XLY345) and Ded1 (VLY017) cells were subjected to nitrogen starvation and harvested. 
The lysates were incubated with streptavidin beads conjugated with or without 
desthiobiotin-tagged ATG1 5' UTR RNA. The beads were boiled, and the affinity 
isolation was monitored by immunoblotting. 

b. Mass spectrometry following ATG1 5' UTR affinity isolation identified Eap1 and Psp2: 
The abundance of RNA-binding proteins identified during mass spectrometry is shown. 
Data are representative of two independent biological replicates. Two-way ANOVA was 
performed to determine the statistical significance. ** p value < 0.001. 
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2.2.3 Npl3 regulates ATG1 expression and autophagy in an RRM-dependent manner.  

Npl3 belongs to a family of serine-arginine/SR proteins, well studied for its role in mRNA 

splicing. Npl3 has also been implicated in various stages of gene expression such as transcription 

elongation, termination, and mRNA splicing. The ATG1 transcript in Saccharomyces cerevisiae 

does not contain any introns and because the depletion of NPL3 did not affect ATG1 mRNA 

levels but only the Atg1 protein level, I asked if 1) export and 2) translational efficiency of ATG1 

mRNA was affected. To test if there was defect in mRNA export, I isolated total mRNA from 

nuclear and cytoplasmic fractions from WT and npl3∆ cells after nitrogen starvation and, 

measured the percentage of ATG1 mRNA. The percentage of ATG1 mRNA in the nuclear 

fraction was significantly higher in npl3∆ cells compared to the wild type, whereas there was no 

significant difference seen with PGK1 suggesting a specific defect in ATG1 mRNA export 

(Figure 3a).  

For this defect to subsequently affect Atg1 protein expression, I hypothesized that the 

translational efficiency of the transcript should be affected in npl3∆ cells. Accordingly, I 

assessed the translational efficiency by measuring ribosome occupancy of ATG1 mRNA during 

nitrogen starvation, carrying out polysome profiling of WT and npl3∆ cells followed by qRT-

PCR to determine the localization of the transcript in free and ribosome-bound fractions. The 

resulting polysome profiles showed a negligible increase in the 60S and 80S fractions; however, 

there was no significant change in the polysome fraction suggesting that the global translation 

remained unaffected in npl3∆ cells during nitrogen starvation (Figure 4a). Higher translational 

efficiency is a factor of higher ribosome occupancy, which localizes the transcript in the heavier 

polysome fractions. ATG1 has high ribosome occupancy in WT cells during nitrogen starvation, 

as evidenced by the recruitment of 2 or more ribosomes on the transcript (Figure 4b). 
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Furthermore, almost 40% of ATG1 mRNA was occupied by 1 ribosome, suggesting the 

importance of monosomes in translating stress-responsive genes (Heyer & Moore, 2016; 

Schieweck et al., 2023). In contrast, npl3∆ cells had a significant decrease in the abundance of 

ATG1 mRNA in the polysome fraction, compared to the WT, where two or more ribosomes 

occupy the transcript. There was a modest yet significant decrease in monosome loading and a 

proportional increase in the mRNA in the free mRNA-protein complexes (mRNP) fraction in the 

npl3∆ strain, suggesting that depletion of NPL3 reduced the ribosome loading onto the ATG1 

transcript; this effect was exacerbated in the polysome fractions. In contrast, the localization of 

the control mRNA, PGK1, was not drastically different in the mutant cells in the polysome 

fraction, with a modest decrease in the monosome and the free mRNP fractions (Figure 5b). 

Together, our data suggest that a decrease in Atg1 protein levels By npl3 deletion is due a 

deficiency in ATG1 mRNA export and therefore a subsequent decrease in ribosome accessibility 

of the ATG1 transcript.  

Npl3 is an RNA-binding protein with three potential RNA-binding motifs: 2 RNA 

recognition motifs (RRMs) and a C-terminal arginine-serine/RS domain containing an Arg-Gly-

Gly (RGG) domain (Santos-Pereira et al., 2014). Genetic interactions analyzing the RNA 

recognition mechanism of Npl3 highlight the role of RRM1 during chromatin remodeling while 

RRM2 might be linked to the regulation of a specific transcript (Moursy et al., 2023). 

Furthermore, RRM2 recognizes a 5'-GNGG-3' motif, which is present in the 5' UTR of ATG1 

starting at position 65 (Figure 4c). Therefore, I sought to determine if Npl3 interacted with ATG1 

via its RRM2 domain. I deleted the Npl3 residues between 200 and 275 and tested the effect of 

this truncation on ATG1 interaction and Atg1 protein levels. I performed RNA 

immunoprecipitation with protein A (PA)-tagged WT Npl3 and Npl3 ∆RRM2 and analyzed the 
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interaction with ATG1 transcript fragments by qRT-PCR. Deleting RRM2 led to a significant 

reduction in ATG1 mRNA enrichment compared to WT Npl3 (Figure 4c). Next, I tested the 

effect of deleting RRM2 on Atg1 protein levels using immunoblotting. Compared to the WT, the 

∆RRM2 mutant showed significantly reduced Atg1 protein levels (Figure 4d-c). In contrast, 

ATG1 mRNA levels remained unchanged (Figure 3f), suggesting that the RRM2 motif is 

essential for Npl3 to promote Atg1 protein expression but not for ATG1 transcription. Finally, I 

asked if this reduced binding in the ∆RRM2 mutant led to reduced accessibility for ribosome 

recruitment on the ATG1 transcript. Indeed, the recruitment of both monosomes and polysomes 

on the ATG1 transcript was significantly reduced in ∆RRM2 mutants compared to the WT, with 

a proportional increase in the percentage of ATG1 in the free mRNP fraction (Figure 4g). 

When the global translational status was profiled, I noticed a modest decrease in polysomes 

in the ∆RRM2 mutant during nitrogen starvation (Figure 5d), suggests potential functional 

redundancy that may compensate for the loss of the complete protein (i.e., npl3∆) but not for the 

RRM2 deletion alone and further suggests a weak dominant negative effect of the ∆RRM2 

protein. Additionally, compared to WT, the control mRNA PGK1 had a similar effect on the 

monosome and the free mRNP fractions, however, had no effect on polysomes. (Figure 5e). 

These results suggest that Npl3 interacts with ATG1 mRNA in an RRM2-dependent manner, and 

this interaction is necessary for the export and the subsequent recruitment of ribosomes and, thus, 

translational upregulation of Atg1 during nitrogen starvation. Together, I have identified Npl3 as 

a novel post transcriptional regulator of ATG1 mRNA during nitrogen starvation.  
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Figure 4 
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Figure 4: Npl3 promotes ATG1 translation and autophagy through an RRM-motif dependent 
mechanism. 

a. Npl3 is required for export of ATG1 mRNA: WT (SEY6210) and npl3∆ (SPY77) strains 

were starved for nitrogen for 4 h and fractionated to obtain nuclear and cytoplasmic 

fractions. Then 20 pg of spike-in control RNA was added, and total RNA was extracted. 

qRT-PCR was performed to quantify the percentage of ATG1 mRNA in the two fractions. 

PGK1 was used as a control RNA, showing the specificity of this regulation. The spike-in 

RNA was used for normalization. Data are representative of three biological replicates, 

showing mean +/- SD. Two-way ANOVA was performed to determine the statistical 

significance. ** p value = 0.0388 

b. Polysome recruitment onto ATG1 mRNA is reduced when NPL3 is deleted: WT 

(SEY6210) and npl3∆ (SPY077) cells were subject to nitrogen starvation. Lysates were 

fractionated in a sucrose gradient and the abundance of ATG1 transcript was analyzed by 

qRT-PCR. Data are representative of two independent biological replicates, showing 

mean +/- SD. Two-way ANOVA was performed to determine the statistical significance. 

**** p value <0.0001, *** p value <0.0005, ** p value < 0.01. 

c. Npl3 interacts with ATG1 in an RRM2-dependent manner: RNA immunoprecipitation of 

WT (untagged, SEY6210), Npl3-PA (SPY060) and Npl3 ∆RRM2-PA (SPY062) was 

performed to quantify the abundance of ATG1 mRNA interaction during nitrogen 

starvation. Data are representative of three biological replicates, showing mean +/- SD. 

Two-way ANOVA was performed to determine statistical significance. **** p value 

<0.0001, *** p value = 0.0001. 

d. The Npl3 RRM2 is required for upregulation of Atg1 protein during nitrogen starvation: 

WT (SEY6210), Npl3 ∆RRM2 (SPY060) and npl3∆ (SPY077) strains were subjected to 
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nitrogen starvation for 6 h and Atg1 protein levels were determined by immunoblotting. 

Pgk1 was used as a loading control.  

e. Quantification of d. Two-way ANOVA was performed to determine statistical 

significance. ** p value = 0.0043, * p value = 0.0239. 

f. Npl3 RRM2 truncation does not affect ATG1 mRNA transcription: WT (SEY6210) and 

Npl3 ∆RRM2 (SPY060) cells were subjected to nitrogen starvation for 4 h and the 

abundance of ATG1 mRNA was determined. Student’s t test was performed to determine 

statistical significance.  

g. Polysome profiling shows that ATG1 mRNA localization in cells expressing the Npl3 

RRM2 deletion phenocopies npl3∆ during nitrogen starvation: ATG1 mRNA abundance 

in different polysome fractions was quantified in the WT (SEY6210) and Npl3 ∆RRM2 

strains. Two-way ANOVA was performed to determine the statistical significance. ****p 

value <0.0001, *** p value < 0.001. 
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Figure 5 
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Figure 5: Npl3 mutants do not affect global translation during nitrogen starvation. 

a. The polysome profile of the npl3∆ strain is similar to the WT: WT and npl3∆ cells were 
subjected to nitrogen starvation and the polysome profiles were analyzed using a gradient 
fractionator.  

b. The distribution of PGK1 is minimally changed in the polysome fractions due to loss of 
Npl3: WT and npl3∆ cells were subjected to nitrogen starvation and equal amounts of 
different ribosomal fractions were collected using a gradient fractionator. The abundance 
of PGK1 mRNA was determined using qRT-PCR. 

c. The position of the -GNGG- motif in the ATG1 5' UTR is shown. 
d. Polysome profile of WT and Npl3 ∆RRM2: WT and Npl3 ∆RRM2 cells were subjected 

to nitrogen starvation and the polysome profiles were analyzed using a gradient 
fractionator. 

e. The distribution of PGK1 is minimally changed in the polysome fractions due to the loss 
of the Npl3 RRM2: WT and Npl3 ∆RRM2 cells were subjected to nitrogen starvation and 
equal amounts of different ribosomal fractions were collected using a gradient 
fractionator. The abundance of PGK1 mRNA was determined using qRT-PCR. 
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2.2.4 Pub1 promotes the translation of ATG1 mRNA and autophagy.  

Now that I had mapped the interaction network of the ATG1 5' UTR, I were interested in 

analyzing the 3' UTR. The ATG1 3' UTR region binds to the Pat1-Lsm complex that protects the 

transcript from decay (Gatica et al., 2019). Specific RBP-3' UTR interactions also influence 

association with translational machinery and ribosome components (Szostak & Gebauer, 2013). I 

employed the mRNA affinity-isolation approach followed by a proteomics analysis utilizing the 

labeled 3' UTR of the ATG1 transcript. Proteomics identification revealed that the ATG1 3' UTR 

interacted with the 5'-3' exonuclease Xrn1, previously shown to regulate Atg1 and autophagy 

(Delorme-Axford et al., 2018) (Figure 6a). In addition, I found that the Npl3-interacting protein 

Gbp2, involved with the nuclear export of transcripts, also associated with ATG1. Hrb1, a 

paralog of Gbp2, was similarly identified as an interactor of the ATG1 3' UTR (Data File 2) 

(Hurt et al., 2004). Furthermore, I identified ribosome component Rps27A, suggesting the 

crucial role of the 3' UTR in regulating ATG1 mRNA stability, export, and translation (Data File 

2).  

The stress granule core protein Pub1 was also identified as interacting with the 3' UTR of 

ATG1 (Fig 3a). Pub1 is not previously implicated in autophagy, and therefore I were curious as 

to the significance of the Pub1 interaction with ATG1 mRNA. To confirm this interaction, I 

immunoprecipitated Pub1-sfGFP, expressed on a plasmid and tested if it interacted with ATG1 

mRNA. I found significant enrichment of the ATG1 3' UTR, with additional binding in the 5' 

UTR, suggesting that Pub1 indeed interacted with ATG1 (Figure 6b).  

As an interactor of the ATG1 3' UTR, I next asked whether Pub1 regulates the expression of 

Atg1. From immunoblot analysis, I determined that pub1∆ cells did not upregulate Atg1 protein 

levels compared to the WT (Figure 6c). However, the transcript levels of ATG1 remained similar 
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to WT (Figure 6d). This result suggests that Pub1, similar to Npl3, regulates ATG1 at the post-

transcriptional level. To confirm this hypothesis, I performed polysome profiling and analyzed 

the distribution of ATG1 transcript in the different polysome fractions as I did for the npl3∆ 

strain. The polysome profiles confirmed that pub1 deletion did not significantly affect the global 

translation (Figure 7a). However, PUB1 deletion did significantly reduce the localization of 

ATG1 transcript in the polysome fractions, with a significant increase in the free mRNP fraction, 

suggesting a failure to recruit polysomes in the absence of Pub1 (Figure 6e). 

In contrast, the control RNA PGK1 did not show a drastic change in localization compared to 

the WT in the polysome fraction (Figure 7b). The difference in ATG1 translation and, therefore, 

Atg1 protein expression resulted in a difference in autophagy activity as measured by Pho8∆60 

activity (Figure 6f), an enzymatic assay that monitors autophagic flux (Noda & Klionsky, 2008). 

Finally, pub1 deletion drastically reduced the viability of the cells during long-term starvation, 

providing insights into the critical role of Pub1 in ensuring cell survival during nutrition 

limitation (Figure 6g).  

  



 73 

Figure 6 
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Figure 6: Nuclear localization of Npl3 is necessary for ATG1 mRNA interaction and Atg1 
protein expression. 

a. An analysis of ATG1 3' UTR interaction network reveals novel interactors: Volcano plot 

showing RBPs interacting with the ATG1 3' UTR compared to PGK1 as a control. The 

data show Npl3 interacting partners such as the previously identified Gbp2, and novel 

ATG1 binding partners such as Xrn1 and Pub1 (highlighted in salmon). Data are 

representative of two independent biological replicates, mean +/- SD. Student’s t test was 

performed to determine statistical significance. P values above 0.05 were considered 

significant.  

b. Pub1 interacts with the 3' UTR of ATG1 during nitrogen starvation: Pub1-sfGFP was 

expressed using a centromeric plasmid in a WT (SEY6210) strain and subjected to RNA 

immunoprecipitation following nitrogen starvation for 4 h. ATG1 mRNA bound to Pub1 

was quantified through qRT-PCR using primers specific to different regions on the 

transcript. Data are representative of two independent biological replicates, showing 

mean+/- SD. One-way ANOVA was performed to determine statistical significance. **** 

p value = 0.0003, ** p value = 0.0043, * p value = 0.0164. 

c. Loss of Pub1 reduces Atg1 protein expression: WT (WLY176) and pub1∆ (SPY006) 

strains were subjected to nitrogen starvation for 3 h and Atg1 protein levels were 

determined by immunoblotting. Pgk1 was used as a loading control. 

d. Loss of Pub1 does not affect ATG1 transcription: WT (WLY176) and pub1∆ (SPY006) 

cells were subjected to nitrogen starvation for 3 h and the abundance of ATG1 mRNA 

was determined by qRT-PCR. Data are representative of three independent biological 

replicates, showing mean +/- SD. Student’s t test was performed to determine statistical 

significance.  
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e. Pub1 recruits polysomes onto the ATG1 transcript during nitrogen starvation: WT 

(WLY176) and pub1∆ (SPY006) strains were subjected to nitrogen starvation for 3 h and 

the abundance of ATG1 transcript in the different polysome fractions were determined 

using qRT-PCR. Data are representative from two independent biological replicates, 

showing SD+/- mean. Two-way ANOVA was used to determine statistical significance. 

*** p value = 0.0004, ** p value = 0.0022, * p value < 0.05. 

f. Pub1 is a positive regulator of autophagy during nitrogen starvation: WT (WLY176) and 

pub1∆ (SPY006) strains were subjected to nitrogen starvation for 4 h and assayed to 

determine Pho8∆60 activity. Data are representative of three independent biological 

replicates, showing mean +/- SD. One-way ANOVA was performed to determine 

statistical significance. **** p value <0.0001 

g. Loss of Pub1 reduces viability during long-term nitrogen starvation: WT (WLY176) and 

pub1∆ (SPY006) strains were subjected to nitrogen starvation for the indicated times and 

the indicated dilutions were spotted on YPD plates and grown for 3 days at 30°C.  
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Figure 7 
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Figure 7: Loss of Pub1 does not affect global translation during nitrogen starvation. 

a. The polysome profile of pub1∆ is similar to WT: WT and pub1∆ strains were subjected 
to nitrogen starvation and the polysome profiles were analyzed using a gradient 
fractionator.  

b. The distribution of PGK1 is minimally changed in the polysome fractions due to loss of 
Pub1: WT and pub1∆ cells were subjected to nitrogen starvation and equal amounts of 
different ribosomal fractions were collected using a gradient fractionator. The abundance 
of PGK1 mRNA was determined using qRT-PCR. 
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2.2.5 TIA1 promotes ULK1 expression and autophagy  

To explore the conservation of Pub1’s role, a protein I have shown here to regulate Atg1 

expression, I studied the capacity of TIA1, its mammalian counterpart, to influence ULK1 (a 

homolog of Atg1) protein expression. I used a non-small cell lung cancer cell line, Calu-1, to test 

the effect of TIA1 on ULK1 levels and autophagy. I found that the knockdown of TIA1 led to a 

reduction in protein levels of ULK1 (Figure 8a, 8b). Crucially, stable knockdown of TIA1 using 

siRNA had no effect on the transcript levels of ULK1, suggesting post-transcriptional regulation 

(Figure 8c). Next, I analyzed MAP1LC3B/LC3B-II levels using immunoblotting, which showed 

a consistent decrease post-knockdown of TIA1 following serum starvation (Figure 8a, 8d). 

Treatment with bafilomycin A1 blocks a late stage of autophagy and resulted in a substantial 

increase in ULK1 in the WT cells. In contrast, this treatment resulted in a significantly reduced 

accumulation of LC3B-II in TIA1 KD cells, indicating the reduction of autophagy in these cells 

as a result of lowered ULK1 levels (Figure 8d). Finally, I investigated whether TIA1 directly 

interacted with ULK1 mRNA. Indeed, TIA1 showed significant enrichment at the 3' UTR of 

ULK1, similar to Pub1 (Figure 8e). Taken together, these results indicate that TIA1 plays a 

significant role in regulating ULK1 expression and autophagy, emphasizing the conserved nature 

of the regulation at the 3' UTR of both ATG1 and ULK1 via Pub1 and TIA1, respectively. 
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Figure 8 
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Figure 8: TIA1 promotes ULK1 protein expression and autophagy during nutrient starvation. 

a. Loss of TIA reduces ULK1 protein expression and autophagy: Calu-1 cells transfected 

with either siRNA (control) or siRNA specific to TIA1 were subjected to serum starvation 

for the indicated times with or without treatment with bafilomycin A1. Cells were 

harvested after the indicated times and protein levels of ULK1, TIA1 and LC3 were 

determined by immunoblotting. ACTB was used as a loading control. 

b. Quantification of ULK1 protein levels in a. Data are representative of three independent 

biological replicates, showing mean +/- SD. **** p value <0.001. 

c. TIA1 knockdown does not affect ULK1 transcription: Total RNA was extracted from 

cells harvested under the conditions indicated in a and ULK1 mRNA abundance was 

determined by qRT-PCR. GAPDH was used as a control. Data are representative of three 

independent biological replicates.  

d. Quantification of LC3-II levels in a. Data are representative of three independent 

biological replicates, showing mean +/- SD. Two-way ANOVA was used to determine 

statistical significance. **** p value < 0.01, *** p value <0.05. 

e. TIA1 binds to the 3' UTR of ULK1: RNA immunoprecipitation was performed using 

TIA1-specific antibody and the mRNA bound to the protein was quantified by qRT-PCR 

using two primers spanning different regions in the 5' UTR and 3' UTR. Data are 

representative of three independent biological replicates, showing mean +/- SD. One-way 

ANOVA was performed to determine statistical significance. ** p value = 0.0013, * p 

value = 0.0358. 

 

2.2.6 Npl3 coordinates with Pub1 to export ATG1 mRNA and recruit polysomes for 

translation 
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Our investigations into the ATG1 mRNA interactome revealed Npl3 and Pub1 as post-

transcriptional regulators. Previous high-throughput studies have shown that Npl3 interacts with 

Pub1 (Gotor et al., 2020). This led us to ask whether Pub1 and Npl3 coordinate to enhance the 

translation of ATG1 during nitrogen starvation. To examine this, I performed co-

immunoprecipitation of Npl3 tagged with PA and determined the interaction of Pub1-tagged 

with sfGFP using immunoblot. Consistently, Npl3 interacted with Pub1 during nitrogen-

starvation conditions (Figure 9a). Furthermore, this interaction was dependent on RNA; RNase 

treatment of the cell lysate prior to immunoprecipitation essentially eliminated the interaction 

between the two proteins. This finding suggests that Npl3 and Pub1 might coordinate to post-

transcriptionally regulate the ATG1 transcript. Therefore, I tested if the two proteins worked 

together in the polysome fraction. Towards this end, I tested the localization of Npl3 and Pub1 in 

the different fractions of free mRNPs, monosomes and polysomes. Npl3 showed no enrichment 

in the monosome and polysome fractions (Figure 9b). In contrast, Pub1 interacted with both 

monosome and polysome fractions during nitrogen starvation, suggesting a more direct role in 

translational regulation of ATG1.   

Considering that Npl3 did not interact with polysome components, I were interested to 

further dissect its role and localization in regulating ATG1 at the posttranscriptional. In line with 

this, I found that following growth in nutrient-rich conditions and during nitrogen starvation, 

Npl3 was predominantly localized to the nucleus (Figure 9c). Previously, studies have shown 

that the point mutation E409K results in a protein predominantly localized to the cytosol (Lei et 

al., 2001). I constructed a strain containing this mutation and asked if the E409K mutant showed 

defects in Atg1 expression. Indeed, Npl3E409K had lowered Atg1 protein but not ATG1 mRNA 

levels (Figure 10a-c). This defect resulted from the severe reduction in ATG1 mRNA-binding 
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exhibited by the E409K mutant (Figure 9d). Npl3 interacts with the transcription machinery and 

loads transcripts onto mRNPs responsible for transcript export, underscoring its pivotal role in 

the nucleus (Keil et al., 2023). These findings suggest a mechanism where the surveillance 

protein Npl3 recruits Pub1 onto the ATG1 transcript. Therefore, I asked if the interaction of 

ATG1 mRNA and Pub1 is dependent on the presence of Npl3. RNA immunoprecipitation of 

Pub1 in WT and npl3∆ backgrounds, showed that the interaction of Pub1 and the ATG1 3' UTR 

was severely reduced in the absence of NPL3 (Figure 9e). Given that localization of Npl3 in the 

nucleus is critical for the Npl3-ATG1 interaction and Npl3 is required for Pub1-ATG1 

interaction, I hypothesized that ATG1 loading onto Pub1 by Npl3 is required to export ATG1 

transcript to the cytosol. Therefore, I asked if pub1∆ cells also have an export defect of ATG1 

mRNA. I found that the percentage of mRNA in the nuclear fraction was much higher in the 

absence of Pub1 compared to the WT (Figure 9f), thus phenocopying npl3∆ cells.  

An obvious question was, does Pub1 link ATG1 mRNA export and translation? Pub1 

interacts with polysomes, and several independent studies have shown that it also can interact 

with mRNA export proteins (Apponi et al., 2007). However, Pub1 is also a core stress granule 

component, with primary functions in the cytoplasm. Therefore, I wanted to determine all the 

interactions of Pub1 during nitrogen starvation, and thus I performed immunoprecipitation of 

Pub1-sfGFP followed by mass spectrometry analysis to identify the factors that interact with 

Pub1 (Figure 9g). From this analysis, I confirmed the interaction of Pub1 with Npl3. 

Furthermore, I found that Pub1 interacted with several mRNA export proteins, along with Npl3. 

Notably, Pub1 interacted with Yra1 and Sem1, whose role in mRNA export from the nucleus has 

been long established (MacKellar & Greenleaf, 2011). I found that Pub1 bound to over 40 

ribosome components, including large and small subunits, and interacted with translation factors 
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such as Sui1 and Gcd1, involved in translation initiation, as well as Yef3, a translation elongation 

factor, thus suggesting that Pub1 indeed shuttles between the nucleus and the cytoplasm, linking 

mRNA export and translational machinery. Furthermore, Pub1 interacted with known RBPs that 

influence Atg1 protein levels, such as Dhh1, Pat1, Ded1, and Cdc33 (Data File 3), confirming 

that Pub1 links the ATG1 mRNA-protein interactome to the translational machinery and 

ribosome components to aid in translation. These results also suggest that Pub1 mediates two 

spatially separated processes of nuclear mRNP loading and cytoplasmic translation, providing a 

unifying mechanism of how previously identified interactors of ATG1 help to deliver the 

transcript to translating ribosomes to enhance the Atg1 production needed to sustain starvation-

dependent autophagy. 
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Figure 9 
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Figure 9: Pub1 links ATG1 mRNA export and translation. 

a. Npl3 and Pub1 interaction is RNA dependent: An Npl3-PA tagged strain expressing a 

centromeric Pub1-sfGFP was subjected to nitrogen starvation and harvested after 4 h. 

Npl3-PA was affinity isolated using IgG Sepharose beads with or without RNase and 

immunoblotted to determine Npl3 and Pub1 interaction.  

b. Npl3 and Pub1 localize to different ribosome compartments: Npl3-PA (SPY060) and 

Pub1-PA (SPY034) strains were subjected to nitrogen starvation for 4 h and equal 

fractions were collected by polysome profiling. Two consecutive fractions were 

combined, and proteins were analyzed by immunoblotting.  

c. Npl3 is predominantly localized to the nucleus: Npl3 was tagged with mNeongreen 

(SPY067) and imaged under rich medium (+N) and nitrogen starvation medium (-N) 

conditions. DAPI was used to stain DNA. Data are representative of 200 cells analyzed. 

Scale bar: 5 µm. 

d. Nuclear localization of Npl3 is required for it to bind to ATG1 mRNA: RNA 

immunoprecipitation was performed using WT (untagged, SEY6210), Npl3-PA 

(SPY060) and Npl3E409K-PA (SPY057) strains and ATG1 mRNA abundance was 

determined by qRT-PCR. Data are representative of three independent replicates, 

showing mean +/-SD. **** p value <0.0001. 

e. Loss of Pub1 causes defects in ATG1 mRNA export, similar to npl3∆: WT (WLY176), 

npl3∆ (SPY077) and pub1∆ (SPY006) strains were subjected to nitrogen starvation for 4 

h and fractionated to obtain nuclear and cytoplasmic fractions. ATG1 abundance was 

determined by qRT-PCR. PGK1 was used as a control. Two-way ANOVA was 

performed to determine statistical significance. **** p value = 0.0005, *** p value = 

0.0097. 
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f. Npl3 is required for Pub1-ATG1 interaction during nitrogen starvation: A centromeric 

plasmid harboring Pub1-sfGFP was expressed in WT (WLY176) and npl3∆ (SPY077) 

strains and subjected to nitrogen starvation for 4 h, following which GFP-trap nanobeads 

were used to immunoprecipitate Pub1. Untagged WLY176 was used as a control. ATG1 

3' UTR abundance was determined by qRT-PCR. Data are representative of three 

independent biological replicates, showing mean +/- SD. Two-way ANOVA was 

performed to determine statistical significance. ** p value = 0.0095. 

g. Pub1 interacts with ribosomal components and translation factors during nitrogen 

starvation: A Pub1-sf-GFP-expressing and untagged WT (SEY6210) strain were 

subjected to nitrogen starvation for 4 h and immunoprecipitated using GFP-trap 

nanobeads. The interactome of Pub1 was identified by mass spectrometry. Data are 

representative of two independent replicates. Student’s t test was used to determine 

statistical significance. A p value above 0.05 was considered significant.  
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Figure 10 
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Figure 10: Nuclear localization of Npl3 is required to upregulate Atg1 protein expression. 

a. The loss of nuclear localization of Npl3 results in reduced Atg1 protein levels: WT and 
npl3∆ strains and cells expressing the Npl3E409K mutant were subjected to nitrogen 
starvation for 6 h and Atg1 protein levels were monitored by immunoblotting. Pgk1 was 
used as a loading control. 

b. Quantification of a. Data are representative of three independent biological replicates. 
One-way ANOVA was performed to determine statistical significance. ** p value <0.01. 

c. Nuclear localization is not required for ATG1 mRNA transcription: Cells expressing Npl3 
WT and the E409K mutant were subjected to nitrogen starvation for 1 h and ATG1 
mRNA abundance was determined by qRT-PCR.  
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2.3 Discussion 

2.3.1 ATG1 mRNA-protein interaction landscape 

Understanding how cells fine-tune autophagy concomitant with the severity of metabolic 

stress continues to be a significant question in studying cell survival during nutrient starvation 

(Chun & Kim, 2018). Accumulating evidence has shown that an intricate interplay of nutrient-

sensitive signaling cascades such as the TOR, general amino acid control/GAAC, and Snf1 

pathways up to complex regulatory networks at multiple layers of molecular regulation work 

together to affect autophagy in response to nutrition limitation (Conrad et al., 2014). During 

nutrient limitation, cells, with the intention of conserving the limited energy and metabolite 

reserves, downregulate all energy-intensive processes, especially protein translation (Holcik & 

Sonenberg, 2005). How ATG transcripts escape the global repression of translation in order to 

elicit the required autophagy levels is an exciting question in the field. This question forces us to 

think about the regulatory architecture of autophagy at a detailed molecular level. This granular 

approach allows us to uncover regulators that specifically target autophagy without the 

pleiotropic effects that may result from interfering with major signaling pathways. One such 

class of regulators that have gained prominence over the last few years is the RNA-binding 

proteins that act at the post-transcriptional and translational level of autophagy (Frankel et al., 

2017). These regulators target different stages of mRNA metabolism in a nutrient-dependent 

manner, thus allowing for autophagy activation and deactivation mechanisms.   

To understand this process at the molecular level, I focused on ATG1 mRNA in S. 

cerevisiae. Atg1, a serine/threonine kinase, plays a central role in the autophagy process. This 

protein orchestrates the initiation and regulation of autophagy by integrating signals of nutrient 

status and cellular energy, leading to the phosphorylation of autophagy machinery components 
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that function in the formation of autophagosomes. Beyond its pivotal role in cellular degradation 

and recycling, Atg1 also interfaces with other critical cellular processes, such as the cell cycle, 

apoptosis, and stress response, underlining its importance in maintaining cellular homeostasis 

and responding to environmental stresses (Noda & Fujioka, 2015). Recently, ATG1 has emerged 

as a transcript regulated by multiple players in a nutrient-dependent manner. Notably, under 

nutrient-rich conditions, the cytoplasmic exoribonuclease Xrn1 reduces the stability of ATG1 

mRNA, leading to its degradation (Delorme-Axford et al., 2018). During nitrogen deprivation, 

the Pat1-Lsm complex plays a protective role, preventing the degradation of ATG1 mRNA by the 

exosome from the 3ʹ to the 5ʹ end, thereby maintaining its stability (Gatica et al., 2019). In the 

presence of ample nutrients, Dhh1, an RNA helicase, collaborates with Dcp2 to accelerate the 

breakdown of ATG1 messages, leading to a decrease in autophagy (Hu et al., 2015). However, 

under prolonged nitrogen starvation, Dhh1 works with Eap1 to enhance ATG1 mRNA 

translation, specifically targeting the structured region close to the start codon and promoting 

autophagy (Liu et al., 2019). The translation of ATG1 mRNA is further enhanced during 

extended periods of nitrogen limitation by the RGG motif-bearing protein Psp2, which interacts 

with translation machinery components eIF4E and eIF4G2 and targets the 5' UTR of ATG1, 

independent from Dhh1 (Yin et al., 2019). Finally, Ded1, in conjunction with Rad53, upregulates 

Atg1 protein expression only in response to nitrogen starvation but not in amino acid starvation, 

suggesting the sensitivity of this regulatory network to minute changes in external nutrient 

environments (Lahiri et al., 2022). These novel insights point to a complex web of ATG1 

mRNA-protein interactions, suggesting extensive regulatory oversight across its metabolic 

lifecycle. However, how these various factors, that make up P-bodies, coordinate to regulate the 

same mRNA is yet unknown. I propose a dynamic assembly of RNA-binding proteins linked to 
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ATG1 mRNA, adjusting to shifts in nutritional signals to manage Atg1 protein synthesis, 

potentially identifying new autophagy modulators. Our research suggests that the stress granule 

protein Pub1 links the export of ATG1 transcript and these previously identified regulators to 

upregulate ATG1 translation.  

Our research strategy involved in vitro transcription of the ATG1 5' and 3' UTRs, 

followed by labelling with desthiobiotin. This labelled RNA served as bait for affinity-isolation 

assays, enabling the identification via mass spectrometry of proteins that interact with the ATG1 

UTRs. Our investigation into the protein network associated with ATG1 UTRs, under both 

nutrient-rich conditions and nitrogen starvation, unveiled 36 interactors specific to nitrogen 

starvation, and 62 interactors specific to growing conditions at the 5' UTR. Notably, 26 of these 

proteins were previously shown to have mRNA-binding capacity. Furthermore, I identified 18 

RNA-binding proteins interacting with the 3' UTR of ATG1 mRNA (Table 1). Screening the 

interactors enriched specifically in nitrogen starvation at the 5' UTR and 3' UTR, I discovered 

Npl3 and Pub1 as significant interacting partners of the ATG1 transcript, which emerged as 

crucial promoters of autophagy and survival during nitrogen starvation.  

 

2.3.2 The Npl3-Pub1 axis facilitates ATG1 mRNA export and translation  

Npl3 is an mRNA surveillance protein involved in multiple events immediately after the 

transcription of messenger RNA. Previous reports have shown that Npl3 directly binds to RNA 

polymerase II components and facilitates transcription elongation (Santos-Pereira et al., 2014). 

Npl3 is then involved in ensuring proper processing of the newly synthesized transcript. For 

example, Npl3 monitors proper 5' capping of the transcript, wherein uncapped mRNAs are 

subject to degradation by the nuclear exosome complex (Keil et al., 2023; Klama et al., 2022). 
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Evidence suggests that following proper processing, Npl3 recruits export-competent mRNPs. 

Our research reveals that deletion of NPL3 leads to accumulation of the ATG1 transcript in the 

nucleus, suggesting its role in the export of the transcript. Furthermore, Pub1 is a key protein 

recruited by Npl3 onto the ATG1 transcript to facilitate ATG1 export, and thus increase 

accessibility to ribosomes in the cytosol for translation. The diminished autophagy activity and 

lowered cell survival in cells lacking NPL3 are likely tied to the reduced translation of Atg1. 

However, the potential upregulation of other autophagy-related or regulatory proteins by Npl3 

cannot be dismissed, as our study focused primarily on Atg1 regulation. I found that Npl3 

directly binds to the ATG1 transcript through its RRM motif, providing a new perspective on the 

role of Npl3 in autophagy regulation.  

Furthermore, phosphorylation of Npl3 by Sky1 promotes Npl3 shuttling to the cytosol 

and mRNA dissociation (Gilbert et al., 2001). However, our experiments showed that Sky1 did 

not affect Atg1 protein levels, suggesting that its role in the phosphorylation of Npl3 is not 

relevant to the export and translation of ATG1 during nitrogen starvation (Figure 11a). Consistent 

with this, I found that mutations that prevent proper nuclear localization of Npl3 led to a 

decrease in ATG1 binding and expression with a concomitant decrease in autophagy. Therefore, 

while Npl3 is a known nuclear-to-cytosol shuttling protein, in the context of nutrient starvation it 

predominantly functions in the nucleus and facilitates priming of ATG1 mRNA for export by 

Pub1.  

 

2.3.3 Possible dual role of Pub1 in response to nutrient stress 

Pub1 is an RBP known for its role in stabilizing stress-responsive mRNA and facilitating 

its translation; one such example is seen with Gcn4 (Ruiz-Echevarria & Peltz, 2000). Here, I 
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show that the deletion of PUB1 does not affect the stability of ATG1 mRNA; however, it directly 

affects its translation. Most importantly, I discovered that Npl3 binds to Pub1 in an RNA-

dependent manner during nitrogen starvation. Using immunoprecipitation combined with mass 

spectrometry, I identified the interactors of Pub1 in nitrogen starvation. Pub1 interacts with 

export proteins such as Yra1 and Sem1, and likely escorts ATG1 transcripts to the cytosol, where 

it interacts with several translation factors, including initiation and elongation factors, as well as 

over 40 ribosomal components. (Faza et al., 2009; Infantino et al., 2019) Additionally, I found 

that Mex67, Dbp2 and Nab2 interact with the ATG1 5' UTR (Figure 11b). Dbp2 is required for 

the assembly of export components such as Nab2, Mex67 and Yra1 onto the RNA (Ma et al., 

2013). This complex may also include Pub1. However, the interaction of Pub1 and Nab2 is 

independent of RNA (Apponi et al., 2007). Interestingly, I showed that Pub1 also interacts with 

previously known ATG1 interactors mentioned above, either directly or indirectly via the ATG1 

transcript (Data File 3). This finding suggests that the proteome components of the ATG1 

transcript function in close proximity to each other.  

Crucially, I found this role to be conserved in humans as well via TIA1, a homolog of 

Pub1. Depletion of TIA1 results in the decrease of ULK1 protein levels and autophagy levels 

while not affecting the mRNA levels of ULK1. Finally, similar to Pub1, I found that TIA1 

interacts with ULK1 at the 3' UTR. Mutations in the TIA1 gene have been linked to various 

neurodegenerative disorders. For instance, some studies have associated TIA1 mutations with 

amyotrophic lateral sclerosis/ALS and frontotemporal dementia/FTD, suggesting that these 

mutations may disrupt normal protein aggregation and RNA metabolism processes in neurons 

(Mackenzie et al., 2017). The ability of TIA1 to influence autophagy, therefore, has significant 

implications for diseases where autophagy is dysregulated. For instance, in neurodegenerative 



 94 

diseases altered autophagy can contribute to the accumulation of toxic protein aggregates (Park 

et al., 2020). Modulating TIA1 function could potentially offer therapeutic strategies to enhance 

autophagy and mitigate disease progression. 

Pub1 and its mammalian equivalent TIA1 interact with Sup35 and GSPT2 (Li et al., 

2014). Our study reveals that the ATG1 3' UTR binds to Sup35 (Figure 6a), suggesting a novel 

mechanism where Pub1-Sup35 could facilitate local translation of autophagy-related proteins, 

akin to their proposed function in cytoskeleton integrity via tubulin translation. Interestingly, I 

found that Pub1 physically interacts with Atg3, Atg7, Atg8, and the marker for the phagophore 

assembly site, precursor Ape1 (Fig 5g). This presents us with two intriguing possibilities: One is 

the potential for local translation of autophagy-related proteins at the site of autophagosome 

formation. The second possibility is that these interactions are critical for “granulophagy,” which 

involves autophagy’s selective degradation of stress granules (Buchan et al., 2013). Further 

investigation is necessary to tease apart the importance of these interactions.  

Meanwhile, Pub1/TIA1’s role in forming phase-separated stress granules is well 

established (Kroschwald et al., 2018; Rayman et al., 2018). Here, in nitrogen starvation, typically 

not associated with phase-separated stress granule formation, I show that Pub1 shuttles between 

the nucleus and cytosol to aid in ATG1 translation by recruiting translation initiation and 

elongation factors and both large and small ribosome subunits, suggesting the importance of its 

stress granule-independent role. Interestingly, TIA1 mutations exhibited in patients with 

amyotrophic lateral sclerosis increase the propensity of the protein to undergo phase transition, 

possibly removing its interaction with ULK1 and its positive influence on autophagy, leading to 

autophagy defects (Mackenzie et al., 2017). This dual functionality of Pub1/TIA1 may represent 
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the robustness of the system wherein the ATG1/ULK1 transcript is primed to switch between 

translation and storage depending on the severity of the nutrient starvation.  

2.3.4 Modularity of ATG regulation 

Our study has unveiled a trove of novel interactors of the ATG1 mRNA transcript at the 

5' and 3' UTR regions and has brought to light two previously unknown regulators of autophagy, 

with Pub1’s role conserved in mammalian cells. The sheer diversity of the ATG1 mRNA-protein 

interactome hints at the modular nature of ATG1 transcript regulation; different regulators can 

function independently, enabling nutritional control, but can also operate interchangeably, 

underscoring the redundancy of the system, thereby bolstering its robustness (Reynaud et al., 

2023). Crucially, these independent regulators can collaborate in a coordinated manner to 

achieve synergistic regulation. The modular architecture of the system has allowed us to identify 

individual regulators, but it is only now that I are beginning to fathom the true complexity of the 

process. Utilizing our approach of mRNA affinity isolation followed by proteomics, I can now 

map the protein interaction landscape of other ATG transcripts to comprehensively understand 

the interaction network that regulates not only Atg protein expression but also autophagy. 

Together, our study found that following transcription, Npl3 loads ATG1 transcript onto Pub1, 

which then exports it to the cytosol. In the cytosol, Pub1 interacts with several translational 

factors and previously identified ATG1 interactors to recruit ribosomal components onto the 

ATG1 transcript and facilitate its translation and autophagy during nitrogen starvation.  

The ATG1 transcript, with its myriad interactions, highlights the cell’s ingenious strategy 

to maintain homeostasis and prepare for uncertain metabolic landscapes, showcasing the 

elegance and complexity of autophagic regulation. Through this lens, I begin to appreciate the 
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exquisite sensitivity of cells to their environment and the sophisticated mechanisms they employ 

to thrive in the face of metabolic adversity. 
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Figure 11 
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Figure 11: Pub1 interactors bind to the ATG1 5' UTR. 

a. Established export proteins and Pub1 interactors bind to the ATG1 5' UTR: RBP 
enrichment of Mex67, Dbp2 and Nab2 as determined by mass spectrometry is shown 
from two independent biological replicates. One-way ANOVA was performed to 
determine statistical significance. **** p value <0.001, * p value <0.05. 

b. Sky1, which phosphorylates Npl3, is not a regulator of Atg1 protein expression: WT and 
sky1∆ cells were subjected to nitrogen starvation for the indicated times. The Atg1 level 
in protein extracts was then determined by immunoblotting. Pgk1 was used as a loading 
control.  
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2.4 Materials and Methods 

2.4.1 Yeast Methods 

Yeast strains, media and growth conditions 

 Yeast strains used in this study are listed in Table S1. Standard methods were used to 

generate gene deletions and tagging.  

 Yeast cells were grown in rich media, YPD (1% yeast extract, 2% peptone and 2% 

glucose), until the OD reached 0.8-1.0. An appropriate volume of cells was collected by 

centrifugation, washed with water and transferred to nitrogen starvation medium (-N; 0.17% 

yeast nitrogen base without ammonium sulfate or amino acid, 2% glucose) for the indicated 

times to induce starvation-dependent autophagy 

 

Plasmids  

 pUC19-ATG1 5' UTR has been described previously (Yin et al., 2019) , consisting of 500 

base pairs (bp) upstream of the ATG1 start codon. pUC19-ATG1 3' UTR was constructed by 

amplifying the ~600 bp downstream of the ATG1 stop codon and inserting the fragment into the 

pUC19 plasmid containing the T7 promoter. pUC19-PGK1 5' UTR was constructed by 

amplifying 500 bp upstream of the PGK1 start codon and inserting the fragment into the pUC19 

plasmid. Centromeric Pub1sf-GFP was described previously (Kroschwald et al., 2018). 

2.4.2 RNA methods  

mRNA invitro transcription  
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 This method was carried out using the pUC19 plasmids as described above. Briefly, the 

plasmids were linearized using HindIII at 37°C for 2 h. One ug of linearized plasmid was then 

subject to in vitro transcription using the HiScribe T7 Quick High Yield RNA Synthesis Kit 

(NEB). The resulting RNA was purified using an RNA clean-up kit (New England Biolabs, 

T2050)) and quantified.  

 

RNA labeling and affinity isolation 

In vitro transcribed RNA (50 pmols) was used for a single labeling reaction with the 

desthiobiotin RNA labelling kit (Thermo, 20164) according to the manufacturer’s instructions. 

The labeled RNA was then conjugated with streptavidin beads (Thermo, 20164)). Cells (200 

OD600 units) grown in the appropriate medium was used for a single affinity-isolation reaction. 

Cells were lysed with polysome buffer (10 mM Tris-HCl, pH 7, 0.1 M NaCl, 30 mM MgCl2, 

supplemented with a cOmplete protease inhibitor tablet [Roche, 11836170001] and 40 units of 

RNase inhibitor [Promega, N2611]) and protein was quantified using the BCA assay. Equal 

amounts of protein were incubated with ATG1 and PGK1 RNA-conjugated beads at 4°C 

overnight on a rocking platform. The beads were then washed with wash buffer (provided in the 

kit) and sent to the Proteomics core in the Pathology Department, University of Michigan for on-

beads digestion and protein identification. For analysis by immunoblotting, the beads were 

boiled in an equal volume of 2x MURB buffer (Liu et al., 2019) and loaded onto SDS-PAGE 

gels and quantified by western blot.  

 

Polysome profiling 
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All buffers were prepared using DEPC-treated water and cells and polysome fractions were kept 

on ice throughout the procedure. WT and mutant cells were grown in 125 mL of an appropriate 

rich medium to an OD600 of 0.8-1.0, and shifted to nitrogen starvation medium. To the cells, 100 

μg/mL cycloheximide was added and the culture was continuously shaken for 15 min at 250 rpm 

at 30°C. The cells were collected and lysed in a buffer containing 80 μg/mL cycloheximide, 200 

μg/mL heparin, 0.2% DEPC, 10 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 30 mM MgCl2, and RNAse 

inhibitor. The lysates were centrifuged at 16,000g for 10 min at 4°C and the supernatant 

collected. Sucrose gradients for ultracentrifugation were prepared a day in advance with 7% to 

47% sucrose solutions, including 20 mM Tris-HCl, pH 7.5, 140 mM KCl, 5 mM MgCl2, 50 

µg/mL cycloheximide, 0.1 mg/mL heparin, and 0.5 mM DTT. Equal amount of RNA across 

different experimental conditions were loaded onto the gradients and centrifuged at 35,000 rpm 

for 3 h at 4°C in an SW41Ti rotor. Following centrifugation, 500 µl fractions were collected in 

microcentrifuge tubes using a Brandel density gradient fractionator. Equal volumes of 100% 

ethanol, 0.2 ng/µl of FLuc mRNA and 5 µl of Glycoblue (Thermo, Am9516) were added to each 

fraction and stored overnight at -80°C. The fractions were centrifuged at 16,000g for 15 min at 

4°C. The resulting pellet was dissolved in 100 µl of water and RNA was extracted using a 

standard acid phenol and chloroform method(Chomczynski & Sacchi, 2006) , followed by 

isopropanol and ethanol precipitation. The pellet was washed with 70% EtOH and air dried, then 

dissolved in 30 µl DEPC-treated water. A portion of this RNA (8 µl) was treated with TURBO 

DNase according to the manufacturer’s instructions. A 9.6-µl aliquot of this reaction was used to 

convert to cDNA and the resulting cDNA was used to perform qPCR using a previously 

published protocol (Hu et al., 2015). Each gene was normalized first to FFLuc mRNA to account 

for differences in capture and precipitation of each sample. Next, the abundance of each mRNA 
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in each fraction was normalized to the total amount of that mRNA on the gradient. These data 

were then used to determine the percentage abundance of RNA in each fraction.  

 

RNA immunoprecipitation 

The RNA immunoprecipitation protocol was adapted from earlier methods documented in 

several studies(Liu et al., 2019; Yin et al., 2019) . To explore the interaction between Npl3 and 

ATG1 mRNA, strains with Npl3 tagged with PA in the genome and untagged control strains 

were grown to mid-log phase (~100 OD600 units of cells) and then subjected to nitrogen 

starvation for 3 h. Formaldehyde was at a final concentration of 0.8%, and the cultures were 

gently agitated for 10 min at room temperature to facilitate cross-linking. This reaction was 

quenched by adding glycine to a final concentration of 0.2 M and shaking for 5 more min. 

Afterward, the cultures were harvested, rinsed with PBS, and lysed in FA buffer (50 mM 

HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 

0.1% SDS) supplemented with 5 mM PMSF, a complete protease inhibitor cocktail tablet, 

PhoSTOP (Roche, Phoss-RO) and RNasin® PLUS RNase inhibitor (Promega, N2611). Cells 

were lysed by the addition of glass beads and mixing with a vortex at 4°C. The lysates were 

sonicated and subsequently divided into input and immunoprecipitation (IP) fractions. The IP 

fractions were incubated overnight with IgG Sepharose 6 Fast Flow beads (Cytiva, 17096901)) at 

4°C, while input samples were stored at −80°C. After multiple washes with FA buffer, IP 

fractions were eluted in RIP elution buffer (50 mM Tris-HCl [pH 7.5], 10 mM EDTA, 1% 

SDS)and treated with proteinase K in the presence of RNase inhibitor, at 42°C for 1 h followed 

by 65°C for 1 h to allow for the reversal of RNA-protein crosslinks. Samples were then subjected 

to acid phenol-chloroform extraction, and the aqueous phase was treated with sodium acetate, 
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Glycoblue and ethanol to precipitate RNA. After incubation at −80°C, the RNA was pelleted, 

washed, dried, and resuspended in nuclease-free water. DNase treatment was used to remove any 

contaminating DNA, followed by qRT-PCR analysis as detailed in prior publications. For the 

analysis of Pub1-GFP interaction with ATG1, the same protocol was followed, except the lysates 

(after sonication and centrifugation) were incubated with GFP-trap nanobeads from Chromtek 

for 3 h before being washed with FA lysis buffer and proteinase K treatment as described above.  

 

RNA extraction from nuclear and cytoplasmic fractions 

Cells were grown in rich medium until they reach OD600 = 0.8 and shifted to nitrogen starvation 

medium for 4 h. Cells (50 OD600 units) were collected, and the nuclear and cytoplasmic fractions 

were isolated using the Abcam Yeast Nuclei Isolation Kit (ab206997). To the nuclear and 

cytoplasmic fractions, 2 pg of FFLuc mRNA was added as internal control and total RNA was 

extracted using the standard acid phenol-chloroform method as described above.   

 

Total RNA extraction, cDNA synthesis and qPCR 

Total RNA was extracted using the Nucleo Spin RNA kit from Macherey Nagel, which includes 

DNAse treatment. One µg of total RNA was used to convert to cDNA using the High-capacity 

cDNA Reverse Transcription kit (Applied Biosystems). The transcript abundance in each sample 

was determined using methods and primers previously described. For comparison between wild 

type and mutants, the geometric mean of Taf10, Tfc1 and Cdc34/Ubc3 or Sld3 was used as 

reference.   

 

2.4.3 Protein methods 
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Protein extraction and immunoblotting  

For analysis of Atg1 levels and other proteins, 1.2 OD600 units of yeast cells in the appropriate 

condition were precipitated with 10% trichloroacetic acid, followed by washing the cell pellet 

with acetone and air drying. The dried pellets were then lysed by adding 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) and mixing on a vortex for 5 min. After lysis, 

samples were heated at 55°C for 15 min and then centrifuged at 10,000xg for 3 min to collect the 

supernatant for use in immunoblotting. Immunoblotting involved standard SDS-PAGE under 

denaturing conditions, followed by transfer using a Trans-Blot® SD Semi-Dry Transfer Cell 

(Bio-Rad). The membrane was blocked with TBST containing 5% skim milk for 1 h and 

incubated with appropriate antibodies. Signal detection was performed using Clarity and Clarity 

Max ECL Western Blotting Substrates (Bio-Rad) and imaged with a ChemiDoc Touch Imaging 

System (Bio-Rad), then quantified using Bio-Rad image lab.  

 

2.4.4 Mammalian methods 

Mammalian cell culture and RNA immunoprecipitation 

Calu-1 cells were cultured in Dulbecco’s modified eagle’s medium with 10% heat inactivated 

FBS, and antibiotics. TIA1 knockdown was performed by si-RNA (Sigma, SASI-Hs01-0007018) 

using Lipofectamine RNAiMAX (Invitrogen, 13778030). For serum starvation, cells were 

transferred to Hanks’ balanced salt solution for the specified time and collected for western blot. 

For RNA immunoprecipitation, I used a Magna RIP kit from Millipore Sigma.  

 

2.4.5 Statistical methods 
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Statistical analysis was done using GraphPad Prism from 2-3 independent biological replicates 

using either Student’s t test, one-way ANOVA or two-way ANOVA, corrected for multiple 

comparisons using Turkey’s test. For all figures, P value <0.05 were considered significant.  

 

2.5 Tables 

Table 1. Significantly enriched RBPs on the ATG1 5’UTR. 

Gene  Role Null mutant 

Crz1 Transcription factor Viable 

Yol107w Unknown function Viable 

Mlf3 Unknown function Viable 

Jsn1 RNA-binding protein Viable 

Sro9 RNA-binding protein Viable 

Yml6 Mitochondrial ribosomal 

protein 

 

Nab2 RNA-binding protein Inviable  

Npl3 RNA-binding protein Viable  

Ymr045C Retrotransposon TYA Gag  

Rrp40 RNA-binding protein Inviable 

Yet3 Unknown function Viable 

Rna14 RNA-binding protein Inviable  

Sbp1 RNA-binding protein Viable 
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Table 2. Strains used in this study. 

Name Genotype Ref 

JMY347 SEY6210, ZEO1p-pho13∆ 

pho8∆60, CUP1p-GFP-

ATG8(405)::LEU2 

(Wen et al., 2020) 

SEY6210 MATα leu2-3,112 ura3-52 

his3-∆200 trp1-∆901 suc2-∆9 

lys2-801 GAL 

(Robinson et al., 1988) 

SPY006 WLY176 pub1∆ This study  

SPY034 SEY6210 PUB1-PA This study 

SPY067 SEY6210 NPL3-

mNeonGreen 

This study 

SPY077 WLY176 npl3∆ This study 

SPY100 SEY6210 sky1∆ This study 

VLY017 SEY6210 DED1-3xPA (Lahiri et al., 2022) 

WLY176 SEY6210 pho13∆ 

pho8::pho8∆60 

(Mao et al., 2013) 

XLY345 SEY6210 DHH1-HA (Liu et al., 2019) 

YZY311 JMY347 npl3∆ This study  

YZY312 JMY347 NPL3-PA This study  

YZY313 JMY347 NPL3∆RRM2-PA This study 

YZY315 JMY347 NPL3-E409K-PA This study  
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Chapter 3 : Translational Regulation of Macroautophagy During Distinct Nutrient Stress 

 

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, I 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 

autophagy inducing kinase Atg1 (ULK1/ULK2 in mammals). I have identified two novel post-

transcriptional regulators of ATG1 expression, the kinase Rad53 and the RNA-binding protein 

Ded1 (DDX3 in mammals). Furthermore, I 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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3.1 Introduction 

Macroautophagy (hereafter, autophagy) is a nutrient-recycling pathway conserved among 

eukaryotes (Gatica et al., 2018). The hallmark of autophagy is the de novo synthesis of a transient 

membranous structure which expands to form the double-membrane autophagosome (Chang et al., 

2021; Melia et al., 2020). 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 subsequent engulfment within the lumen of 

autophagosomes (Corona Velazquez and Jackson, 2018; Nakatogawa, 2020). Autophagosomes 

subsequently fuse with the lysosomes or vacuole, to promote cargo degradation leading to the 

generation of simple metabolites that, upon efflux back into the cytosol, act as an alternative source 

of nutrients (Liu et al., 2021; May et al., 2020; White et al., 2015). The ability to provide nutrients 

makes autophagy a critical survival pathway in cancer cells (Amaravadi et al., 2016; White, 2015). 

Mutant KRAS-driven pancreatic cancers require autophagy-derived nutrients for survival (Guo et 

al., 2011; Lock et al., 2011; Mulcahy Levy and Thorburn, 2020). In pancreatic ductal 

adenocarcinoma, pancreatic stellate cells, present in the tumor microenvironment, upregulate 

autophagy to generate alanine, which is supplied to the tumor cells to meet their metabolic 

requirements (Fu et al., 2018; Sousa et al., 2016). The identification of autophagy inhibitors has, 

therefore, gained importance as a therapeutic tool (Amaravadi et al., 2019; Mulcahy Levy and 

Thorburn, 2020).  

 Autophagy inhibition for therapeutic purposes needs to be nuanced because a complete 

block of autophagy compromises survival (Karsli-Uzunbas et al., 2014; Mizushima and Levine, 

2020). 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 
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complex and requires the concerted activity of several Atg (autophagy related) proteins. (Feng et 

al., 2014; Yin et al., 2016). 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 (Gross and Graef, 2020; Kim et al., 

2011; Russell et al., 2014). 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 

(Abildgaard et al., 2020; Delorme-Axford and Klionsky, 2018; Lahiri et al., 2019). Additionally, 

Atg protein function is extensively regulated by post-translational modifications allowing for the 

exquisite regulation of autophagy in response to starvation (McEwan and Dikic, 2011; Xie et al., 

2015). 

Previous investigations, focused on genetically modulating the transcription of individual 

ATG genes, demonstrated that ATG8 (Xie et al., 2008) and ATG9 (Jin et al., 2014) expression 

levels are directly 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, I study how autophagy is modulated in response to 

subtle differences in nutrient availability. I do so by comparing autophagy flux during nitrogen 

and amino acid starvation – two related but distinct starvation conditions ¬– and show that 

modulation of autophagy under these conditions occurs primarily via post-transcriptional 

regulation of ATG gene expression, particularly that of ATG1. Atg1 (ULK1 in mammals) is a 

Ser/Thr kinase that is critical in the initiation of autophagy and the activation of Atg9 function 
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through phosphorylation. I explore regulation of ATG1 expression under these conditions and 

identify the kinase Rad53, as a post-transcriptional regulator of starvation-induced autophagy. 

Furthermore, I have identified a second novel regulator of ATG1 expression, the RNA-helicase 

Ded1. I show that Ded1 directly binds to the 5' UTR of ATG1 preferentially during nitrogen 

starvation, where it likely functions to resolve secondary structures in the ATG1 mRNA to facilitate 

efficient translation (Sen et al., 2019; Sen et al., 2015). In agreement with this, I 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 functions (Botlagunta et al., 2008; Chen et al., 2015; Wilky et al., 

2016) an attractive candidate for therapeutic exploration. 

3.2 Results 

3.2.1 Differential autophagy flux during distinct nutrient stresses is not determined by ATG 

transcription 

In yeast, autophagy is initiated in response to loss of nutrient availability (Cebollero and 

Reggiori, 2009). However, how different starvation stresses differentially modulate regulators to 

influence autophagy flux is unclear. To shed light on these mechanisms, I investigated the effect 

of differential nutrient availability on autophagy regulation by comparing complete nitrogen 

starvation with amino acid starvation (Conrad et al., 2014). Yeast cells subjected to nitrogen 

starvation were starved of organic nitrogen and limited for inorganic nitrogen, whereas amino-acid 

starved cells were deprived only of amino acids. I chose these two conditions for our study because 
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despite being similar stresses overall, they represent the subtle differences that are frequently 

associated with divergence from homeostasis that promotes physiological responses. Additionally, 

while these two conditions have been studied in yeast (Ecker et al., 2010), 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 (Natarajan et al., 2001). 

Cytoplasmic dearth of amino acids activates the eIF2 kinase Gcn2 which promotes the efficient 

translation of Gcn4 (Dever et al., 1992). 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 (“+”) (Figure 12A and 12B), highlighting the similar 

nature of both conditions. To compare autophagy flux between these starvation treatments, I 

utilized the GFP-Atg8 processing assay as an end-point measurement. I found that nitrogen 

starvation led to the robust activation of autophagy flux with the autophagy response being 

significantly lower with amino acid starvation (Figure 12C and 12D). This finding was 

corroborated by the prApe1 maturation assay for autophagy flux (Huang et al., 2014), which 

measures the autophagy-dependent maturation of precursor aminopeptidase I (prApe1; Figures 

13A and 13B). To assess the long-term effect of both starvation treatments, I carried out a longer 

time-course analysis using the Pho8Δ60 activity assay as an end-point measurement (Klionsky, 

2007). Extended nitrogen starvation elicited a significantly stronger autophagy response compared 

to extended amino acid starvation (Figure 12E) while both starvation treatments showed increased 

autophagy relative to nutrient-rich conditions.  
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I then sought to directly examine the characteristics—frequency and size—of 

autophagosome formation under these starvation conditions (Backues et al., 2014). 

Autophagosomes were monitored by the accumulation of autophagic bodies (ABs; the single-

membrane vesicle generated by fusion of an autophagosome with a vacuole) within the vacuole 

lumen of yeast cells lacking the major vacuolar protease Pep4 (to prevent autophagic body 

degradation) and Vps4 (to block the accumulation of multivesicular bodies). Consistent with 

biochemical assays, transmission electron microscopy (TEM) analyses revealed that ABs were 

more numerous in cells subjected to nitrogen starvation compared to amino acid starvation (Figure 

12F and 12G). In addition, ABs in nitrogen-starved cells were significantly larger than in amino-

acid starved cells (Figures 12F and 12C). Because the SEY6210 strain, used as the parent for 

constructing strains for autophagy flux analysis, is an auxotroph, I confirmed the autophagy 

responses to nitrogen and amino acid starvation using the prototrophic strain CEN.PK (Kummel 

et al., 2010). Consistent with the autophagy phenotype in SEY6210, I 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 responsible for 

the increased abundance of lipidated Atg8 (Figure 13D).  

Autophagy in yeast is robustly regulated by transcriptional control (Backues et al., 2012; 

Bernard et al., 2015b; Delorme-Axford and Klionsky, 2018; Jin et al., 2014; Jin and Klionsky, 

2014), so I hypothesized a differential ATG transcriptome under these starvation conditions. I 

tested our hypothesis by carrying out RNA-sequencing analysis for both sets of treatments. For 

high-confidence identification of DEGs (differentially expressed genes), I used the following 

significance parameters: 2-fold enrichment with an associated p < 0.05 cut-off. Contrary to our 

expectations, the core ATG genes were not identified among the DEGs (Figure 12H), with the 
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majority of DEGs involved in translation and metabolism (Figure 13E). ATG31 was the only core 

autophagy gene along with ATG32 and ATG39, involved in mitophagy (Kanki et al., 2009) and 

reticulophagy (Mochida et al., 2015), respectively, differentially expressed with higher expression 

in nitrogen starvation (Figures 13F and 13G, and data not shown). I 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 (Mizushima, 2010) and ATG9 (Matoba et 

al., 2020). At both 1 h and 6 h post-starvation, nitrogen and amino acid starvation elicited similar 

levels of transcriptional response for both ATG1 (Figures 12I and 12J) and ATG9 (Figures 13H 

and 13I) 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 transcriptional activation of ATG genes. 

  



 118 

Figure 12 
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Figure 12: 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.  
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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 nitrogen and amino 

acid starvation: DESeq2 analysis of ATG transcriptome during nitrogen and amino acid 

starvation. The plot represents the mean of three independent biological replicates from 

WT (SEY6210) cells.  

i. 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 of 

starvation.  

j. qRT-PCR detection of ATG1 mRNA in WT (SEY6210) cells after 6 h of starvation. ALG9 

was used as a reference gene for normalization. Data from three independent biological 

replicates.  

Data in (b), (d), (e), (g), (h), (i) and (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 while (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 13 
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Figure 13: Differential autophagy flux during distinct nutrient stresses is not determined by 

ATG transcription.  

a. Higher autophagy flux during nitrogen starvation compared to amino acid starvation, 

demonstrated by the precursor Ape1 (prApe1) maturation assay: SEY6210 vac8∆ cells 

were harvested in nutrient-replete conditions or after starvation for the indicated times. 

Conversion of prApe1 to Ape1 indicates autophagy flux. Dpm1 was used as a loading 

control  

b. Densitometric analysis of (a) from three independent biological replicates.  

c.  The size of autophagosomes is larger during nitrogen starvation relative to amino acid 

starvation: Quantification of the diameter of autophagic bodies from SEY6210 pep4∆ 

vps4∆ cells starved for nitrogen or amino acids. Data from 100 cell profiles per condition 

across two independent biological replicates.  

d.  Elevated Atg8-lipidation in nitrogen starvation relative to amino acid starvation in the 

absence and presence of the serine protease inhibitor PMSF: CEN.PK cells were 

harvested in nutrient-replete conditions or after starvation for the indicated times. Pgk1 

was used as a loading control.  

e. Identified DEGs were grouped according to cellular function.  

f. Abundance of ATG32 transcripts is significantly lower in amino acid starvation relative 

to nitrogen starvation as determined by RNA-Sequencing. Data represent the mean of 

three independent biological replicates.  

g. Abundance of ATG31 transcripts is significantly lower in amino acid starvation relative 

to nitrogen starvation as determined by RNA-Sequencing. Data represent the mean of 

three independent biological replicates.  



 123 

h. Transcriptional upregulation of ATG9 is similar during nitrogen and amino acid 

starvation: qRT-PCR-based detection of ATG9 mRNA in WT (SEY6210) cells after 1 h 

of starvation.  

i. Transcriptional upregulation of ATG9 is similar during nitrogen and amino acid 

starvation: qRT-PCR-based detection of ATG9 mRNA in WT (SEY6210) cells after 6 h 

of starvation. ALG9 was used as a reference gene for normalization. Data are from three 

independent biological replicates.  

Data in (b), (c), (h) and (i) represent mean ± SEM from indicated number of replicates. 

Statistical analysis for (b) was carried out using one-way analysis of variance (ANOVA) 

while (c), (h) and (i) were analyzed using an unpaired Student’s t-test. Data in (f) and (g) 

represent mean from indicated number of replicates. Statistical analysis for (f) and (g) 

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.  
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3.2.2 Post-transcriptional activation of ATG gene expression is a critical node determining 

autophagy 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 (Yin et al., 2019). Because ATG transcription was not differentially affected 

I investigated differential expression of Atg proteins that could contribute to the differential 

autophagy flux. To this end, I compared the proteome of cells subjected to nitrogen starvation and 

amino acid starvation using stable isotope labelling with amino acids in culture (SILAC) (Figure 

9A) (Deng et al., 2019). SILAC analysis revealed that several Atg proteins were differentially 

expressed, with increased expression in nitrogen starvation (Figure 14A). The proteins with the 

largest and most consistent differential expression were Atg1 and Atg9 (Figure 14A). The 

expression of Atg9, a protein responsible for lipid delivery and transfer for phagophore formation 

(Matoba et al., 2020), was ~45% lower in amino acid starvation compared to in nitrogen starvation. 

I confirmed this observation with immunoblotting for endogenous Atg9 protein and, consistent 

with our SILAC analysis, found a ~50% reduction in amino acid starvation relative to nitrogen 

starvation (Figure 15B and 15C). This outcome is consistent with previous findings that suggest 

Atg9 levels are directly correlated with the frequency of autophagosome formation (Jin et al., 

2014).  

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 complex 

such as Atg13 and Atg17 did not exhibit significant differential expression, prompting us to focus 

on Atg1. I confirmed differential Atg1 expression by examining endogenous Atg1 levels by 

immunoblotting. In agreement with our SILAC data, Atg1 levels were found to be 50% lower 
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during amino acid starvation compared to nitrogen starvation at 2 h (Figures 14B and 15D) and 

~65% lower at 6 h post-starvation (Figures 14C and 14D). 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 15E). 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, I compared the transcriptional induction of 

ATG1 and ATG9 during glucose starvation, which fails to significantly stimulate autophagy (Lang 

et al., 2014). Expectedly, I found no transcriptional response for either ATG1 (Figure 14E) or ATG9 

(Figure 15F), consistent with autophagy flux not being significantly induced, as assessed by the 

Pho8Δ60 assay (Figure 14F). 

To investigate the mechanism of differential regulation further, I focused on ATG1, 

because Atg1 is responsible for autophagy initiation and regulating Atg9 activity through 

phosphorylation. I 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. I induced ATG1 transcription with a pulse of nitrogen starvation, following 

which I treated the cells with the transcriptional inhibitor 1,10-phenanthroline (Gatica et al., 2019). 

Cells were then either allowed to recover in rich medium (YPD) or starved in nitrogen starvation 

or amino acid starvation medium to monitor ATG1 mRNA stability (Figure 15G). While recovery 

in YPD (“+” in Figure 14G) led to a significant reduction in the levels of ATG1 mRNA, there was 

no decrease in either nitrogen starvation (“–N”) or amino acid starvation (“–A”) media 

highlighting 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 
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corresponding proteins during amino acid starvation, I used a cycloheximide chase assay. Because 

Atg1 levels are low during growing conditions and Atg1 is synthesized in response to starvation, 

I took advantage of constitutive Atg1 expression 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 15H). I found no 

significant difference in the stability of Atg1 protein between nitrogen and amino acid starvation 

(Figures 14H and 14I). Taken together, these findings further suggest that a post-transcriptional 

mechanism promotes the translation of ATG1 mRNA during nitrogen starvation. 
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Figure 14 
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Figure 14: 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. Atg1 levels increase substantially more during nitrogen versus 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.  

c. Atg1 levels increase substantially more during nitrogen versus amino acid starvation. WT 

(SEY6210) cells were harvested in nutrient-replete conditions or after starvation for 6 hand 

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.  
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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 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 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. 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. 

i.  Data from three independent biological replicates represented in (h).  

Data in (a), (d), (e), (f), (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 

while (e), (f), (g) and (i) were analyzed using one-way analysis of variance (ANOVA). 



 130 

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 15 
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Figure 15: Post-transcriptional activation of ATG gene expression is a critical node determining 

autophagy during nitrogen starvation. 

a. Scheme of the triplex SILAC experiment. “Light”, “Medium” and “Heavy” refer to the nature 

of arginine and lysine isotopes present in the media. Across different biological replicates, the 

nature of the medium used for growing cells for each treatment (nutrient-replete, nitrogen 

starvation or amino acid starvation) was alternated.  

b. Atg9 levels are higher 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 Atg9 protein levels were assessed by western blot. Pgk1 was used as a 

loading control.  

c. Densitometric analysis of (b) from three independent biological replicates.  

d. Densitometric analysis of Atg1 levels in WT cells after 2 h of nitrogen or amino acid starvation 

(from Figure 8B) from three independent biological replicates.  

e. Atg1 levels increase substantially more during nitrogen versus amino acid starvation: CEN.PK 

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.  

f.  Transcriptional upregulation of ATG9 mRNA occurs during nitrogen, but not glucose, 

starvation: qRT-PCR-based detection of ATG9 mRNA in WT cells after 1 h of starvation. 

ALG9 was used as a reference gene for normalization. Data are from three independent 

biological replicates.  

g. Schematic for ATG1 mRNA stability assay by 1,10-phenanthroline (1,10 P) chase  

h. Schematic for Atg1 stability assay by cycloheximide chase (Figures 8H and 8I). Data in (C), 

(D) and (F) represent mean ± SEM from indicated number of replicates. Statistical analysis 
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for (C) and (D) was carried out using an unpaired Student’s t-test while (F) was 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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3.2.3 Post-transcriptional regulation of ATG1 expression by Rad53 facilitates nitrogen 

starvation-induced autophagy 

Higher Atg1 levels are correlated with the increased autophagy flux. To identify the 

molecular basis for increased Atg1 expression, I sought to identify regulators that specifically 

promote autophagy and Atg1 expression during nitrogen starvation. Because kinases are known to 

be involved in autophagy regulation (Licheva et al., 2021), I 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 degradation 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 (Steinfeld et al., 2021). From this preliminary analysis I determined that the 

DNA damage response-related kinase Rad53 (Jung et al., 2019; Szyjka et al., 2008) is a potential 

regulator of autophagy and that the loss of Rad53 led to a 40% decrease in autophagy flux during 

nitrogen starvation (Figure 17A and 17B; 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 (Eapen et al., 2017). 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 (Figure 16A 

and 16B). During genotoxic stress, the regulation of autophagy by Rad53 occurs at the 
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transcriptional level (Eapen et al., 2017). To determine if the effect on Atg1 expression was post-

transcriptional, I 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 16C). To investigate the effect of the rad53∆ sml1∆ deletion on 

autophagy flux, I 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 17C and 17D). Next, I utilized the accumulation of free GFP resulting from the 

nitrogen-starvation induced degradation of Pgi1-GFP as a marker for autophagy activity upon 

prolonged starvation (Liu et al., 2019). Pgi1-GFP has a longer half-life as an autophagy substrate 

during starvation relative to GFP-Atg8, preventing substrate exhaustion. Compared to WT cells or 

sml1∆ cells, rad53∆ sml1∆ cells showed 40% lower Pgi1-GFP processing activity (Figure 16D 

and 16E) after starvation, confirming that the autophagy phenotype is strictly due to the deletion 

of RAD53 and not SML1.  

Next, I 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 (Holzen and Sclafani, 2010) exhibited a similar defect in 

autophagy as the rad53∆ sml1∆ strain (Figure 17E and 17F). To ensure that the autophagy 

phenotype of the rad53∆ sml1∆ strain is not due to chronic stress caused by the loss of Rad53, I 

used the auxin-inducible degron (AID) system to achieve tight temporal control of Rad53 loss 

(Morawska and Ulrich, 2013). Rad53-AID was degraded swiftly upon treatment with IAA (auxin) 

(Figure 10F; last two lanes). Compared to Rad53-AID cells treated with DMSO (vehicle), IAA-

treated Rad53-AID cells showed an ~40% reduction in Atg1 expression (Figure 16F and 16G). 
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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 10H).  

The canonical activation of Rad53 occurs downstream of the DNA damage response by 

the Mec1 kinase (Sweeney et al., 2005). Therefore, I tested whether Mec1 has any role in 

autophagy during nitrogen starvation. Accordingly, I 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 18A and 18B), or reduced autophagy flux as measured by the 

Pho8Δ60 activity assay (Figure 18C), compared to treatment with DMSO. This contrasts with 

DNA damage-induced autophagy where Mec1 is involved in autophagy regulation (Eapen et al., 

2017), highlighting the fact that the role of Rad53 in nitrogen-starvation induced autophagy is 

distinct from its role in DNA-damage induced autophagy.  

To probe selective Rad53 activation during nitrogen starvation I looked at differential 

phosphorylation of Rad53 between the two starvation conditions. The S175 site of Rad53 was 

previously identified by several large-scale phosphoproteome studies (Albuquerque et al., 2008; 

Chen et al., 2014), but the kinase responsible for the phosphorylation remains unclear (Schleker et 

al., 2010). 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 (Lanz et al., 2021). Our 

SILAC analysis identified S175 on Rad53 as a site that was more strongly phosphorylated during 

nitrogen starvation relative to amino acid starvation (Figure 16I). I reasoned that if this 

phosphorylation is critical for the autophagy-stimulating effect of Rad53, mutation of the residue 

to an alanine should dampen autophagy during nitrogen starvation. Indeed, the plasmid-based re-

introduction of the phospho-dead Rad53S175A mutant in a rad53∆ sml1∆ background revealed a 
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partial ~25% reduction in autophagy flux, as measured by the Pgi1-GFP processing assay, 

compared to the re-introduction of WT Rad53 (Figure 16J and 16K). This finding indicates that 

the S175 site is likely an important site for Rad53 activation during nitrogen starvation 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 (Abreu et al., 2013; Schleker et al., 2010), I 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 

12D; last two lanes) but had no effect on Atg1 levels (Figures 18D and 18E) or autophagy flux 

(Figure 18F) indicating that Cdc28 is not involved in nitrogen starvation-induced autophagy. 

Taken together, these data suggest that an unconventional mode of Rad53 activation promotes 

Atg1 expression and autophagy during nitrogen starvation. 
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Figure 16 
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Figure 16: 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 times. IAA treatment activates the ligase activity and targets 

Rad53-AID for proteasomal degradation. Pgk1 was used as a loading control.  
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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 times with or without IAA 

treatment, and Pho8Δ60 enzyme activity was measured by colorimetry. An increase in 

Pho8Δ60 activity 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 

labelling and LC-MS/MS analysis. The plot represents data from four independent biological 

replicates.  

j. A phospho-dead 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 times. 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), (h), (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 while (i) was 

analyzed using paired Student’s t-test. Multiple comparisons were carried out using Tukey’s 
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multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 ns: not 

significant. 
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Figure 17 
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Figure 17: Post-transcriptional regulation of ATG1 expression by Rad53 facilitates nitrogen 

starvation-induced autophagy. 

a. The loss of Rad53 function impairs autophagy during nitrogen starvation as demonstrated by 

the Atg8-lipidation assay: WT (SEY6210) and rad53∆ sml1∆ cells were harvested during 

nutrient-replete conditions or after starvation with or without PMSF treatment. Increased 

Atg8–PE accumulation upon PMSF treatment (relative to no treatment control) indicates 

autophagy flux. 

b. Densitometry analysis of (a) from three biological replicates. 

c. The loss of Rad53 function reduces autophagy flux during nitrogen starvation but not amino 

acid starvation, as demonstrated by the Pho8Δ60 assay: WT (WLY176) and rad53∆ sml1∆ 

cells were harvested during nutrient-replete conditions or after nitrogen starvation starvation 

for the indicated times. Pho8Δ60 enzyme activity was measured by colorimetry. An increase 

in Pho8Δ60 activity indicates increased autophagic flux. Negative control: SEY6210 atg5∆ 

cells. Data from three independent biological replicates.  

d. WT (WLY176) and rad53∆ sml1∆ cells were harvested during nutrient-replete conditions or 

after amino acid starvation for the indicated times. Pho8Δ60 enzyme activity was measured 

by colorimetry. An increase in Pho8Δ60 activity indicates increased autophagic flux. Negative 

control: SEY6210 atg5∆ cells. Data from three independent biological replicates. 

e. Abolishing Rad53 kinase activity reduces autophagy flux during nitrogen starvation: 

WLY176 rad53∆ sml1∆ cells expressing either Rad53 or Rad53K227A,D339A (kinase-dead 

Rad53) from a centromeric plasmid were harvested during nutrient-replete conditions or after 

starvation with or without PMSF treatment. Increased Atg8–PE accumulation upon PMSF 

treatment (relative to the no-treatment control) indicates autophagy flux.  
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f. Densitometric analysis of (e) from three independent biological replicates.  

Data in (a), (b), (d) and (f) represent mean ± SEM from the indicated number of replicates. 

Statistical analysis for (a) and (b) was carried out using two-way analysis of variance 

(ANOVA) while (d) was analyzed using an unpaired Student’s t-test. Statistical analysis for 

(f) 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. 
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Figure 18 
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Figure 18: Mec1 and Cdc28 are not involved in Rad53 activation during nitrogen starvation-

induced autophagy. 

a. The acute loss of Mec1 has no effect on Atg1 expression during nitrogen starvation: WT 

(WLY176) CUP1p-GFP-ATG8 MEC1-AID cells without OsTIR1 expression and WT 

CUP1p-GFP-ATG8 MEC1-AID OsTIR1 cells were harvested during nutrient-replete 

conditions or after nitrogen starvation with or without IAA treatment. Atg1 proteins levels 

were examined by western blot. Pgk1 was used as a loading control.  

b. Densitometric analysis of three independent biological replicates from (a).  

c. The acute loss of Mec1 does not affect autophagy flux during nitrogen starvation: WLY176 

CUP1p-GFP-ATG8 MEC1-AID OsTIR1 cells were harvested as in (a) and Pho8Δ60 enzyme 

activity was measured by colorimetry. An increase in Pho8Δ60 activity indicates increased 

autophagic flux. Data from three independent biological replicates. 

d. The acute loss of Cdc28 has no effect on Atg1 expression: WT CUP1p-GFP-ATG8 CDC28-

AID cells without OsTIR1 expression and WT CUP1p-GFP-ATG8 CDC28-AID OsTIR1 cells 

were harvested and examined as in (a). Pgk1 was used as a loading control.  

e. Densitometric analysis of three independent biological replicates from (d).  

f. The acute loss of Cdc28 does not affect autophagy flux during nitrogen starvation: WLY176 

CUP1p-GFP-ATG8 CDC28-AID OsTIR1 cells were harvested and measured as in (c). Data 

from three independent biological replicates.  

g. No differential DNA damage in nitrogen starvation relative to amino acid starvation. Hta2 

S129 phosphorylation level is similar during nitrogen and amino acid starvation (see text for 

details).  
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h. No differential DNA damage in nitrogen starvation relative to amino acid starvation. Rnr3 

phosphorylation level is similar during nitrogen and amino acid starvation (see text for 

details).  

Data in (b), (c), and (e-h) represent the mean ± SEM from the indicated number of replicates. 

Statistical analysis for (b) and (e) was carried out using one-way analysis of 

variance/ANOVA. Statistical analysis for (c) and (f) was carried out using two-way analysis 

of variance. Statistical analysis for (g) and (h) was carried out using Unpaired 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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3.2.4 Ded1 binds ATG1 mRNA to promote Atg1 expression 

Our results indicated that post-transcriptional mechanisms promote the expression of Atg1 

during nitrogen starvation relative to amino acid starvation. Therefore, I hypothesized that the 

regulation occurs via an RNA-binding protein (RBP), which binds ATG1 mRNA preferentially 

during nitrogen starvation and facilitates its translation. Accordingly, I carried out an unbiased 

preliminary screen for proteins that bind the 5' UTR of ATG1 which identified Ded1 in addition to 

several previously characterized ATG1 mRNA-binding proteins (see Materials and Methods for 

details on the screen methodology).  

Ded1 is an essential RNA-helicase that is involved in promoting translation initiation under 

nutrient-rich conditions (de la Cruz et al., 1997) that has recently been demonstrated to be a Rad53 

substrate (Lao et al., 2018). Because Ded1 was identified from a single large-scale dataset, I used 

RNA-immunoprecipitation (RNA-IP) to verify that Ded1 binds ATG1 mRNA in vivo during 

nitrogen starvation. For this purpose, I 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, I used a strain where Ded1 was not epitope-tagged with PA, which served as the 

background to eliminate non-specific isolates (Gatica et al., 2018; Liu et al., 2019). Using PGK1 

mRNA as an internal control, and normalizing detection to the untagged strain, I found that Ded1 

specifically associates with the 5' UTR of ATG1 mRNA in vivo (Figure 13A). I validated this 

interaction using a reciprocal approach: I synthesized 500 bp of the 5' UTR of ATG1 mRNA 

immediately upstream of the ORF and labeled the synthesized RNA with desthiobiotin. I incubated 

this RNA with nitrogen-starved yeast cell lysates. Following cross-linking and streptavidin affinity 

isolation, I probed the interaction between the in vitro synthesized ATG1 5' UTR fragment (ATG1 
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fragment) and endogenous epitope-tagged Ded1 (Ded1-PA) from nitrogen starved cell lysates by 

immunoblotting. Indeed, I found that Ded1-PA exhibited a 4-fold enrichment when affinity 

isolated with the ATG1 fragment compared to the control RNA fragment (Figures 19B and 19C), 

indicating specific binding to the ATG1 fragment.  

I next tested whether Ded1 has a stimulatory role in Atg1 expression during nitrogen 

starvation. Because DED1 is an essential gene, I 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 (Burckin et al., 2005). 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 21A and 21B). 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 21C).  

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 21D and 21E). To eliminate the possibility of the defects being caused due to chronic 

stress in the ded1ts strain, I 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 19D, last 

lane). I 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 19D and 19E), consistent with the reduction observed in the ded1ts strain. 

Once again, loss of Ded1 by IAA treatment did not affect ATG1 mRNA levels (Figure 19F) 

indicating post-transcriptional regulation. To ensure that the acute loss of Ded1 did not affect 

general translation, I used Coomassie Brilliant Blue staining to compare total protein profiles of 
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Ded1-AID cells treated with or without IAA after nitrogen starvation (Figure 21F). Quantification 

of lane profiles indicated that there was no significant decrease in the total protein content upon 

IAA-mediated Ded1 degradation (Figure 21G).  

Next, I tested whether the strength of the interaction between Ded1 and the 5' UTR of the 

ATG1 mRNA differed in amino acid starvation relative to nitrogen starvation. Using epitope-

tagged Ded1 (Ded1-13xMYC) for RNA-IP, I investigated this interaction in cells subjected to 

nitrogen starvation and amino acid starvation. Consistent with our hypothesis, Ded1 binding to the 

5'-UTR of the ATG1 mRNA was reduced by ~60% in amino acid starvation relative to nitrogen 

starvation (Figure 19G). This was not due to reduced Ded1 expression because Ded1 levels were 

higher during amino acid starvation relative to nitrogen starvation (Figure 19H). 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 promotes increased Atg1 synthesis during 

nitrogen starvation. Indeed, when probing the levels of Atg1 after amino acid starvation in the 

Ded1-AID strain, I observed an ~35% reduction in Atg1 level upon Ded1 degradation by IAA 

(Figures 19I and 19J), compared to the ~75% reduction observed during nitrogen starvation. This 

result highlights the fact that Ded1 promotes Atg1 expression preferentially during nitrogen 

starvation.  

Finally, to investigate whether Rad53 promotes the binding of Ded1 to ATG1 mRNA, I 

compared the ability of epitope-tagged Ded1 (Ded1-13xMYC) to bind the 5' UTR of ATG1 mRNA 

in WT and rad53∆ sml1∆ cells using RNA-IP. Using PGK1 mRNA as an internal control, I 

determined that the ability of Ded1 to bind the 5' UTR of ATG1 mRNA was reduced by 65% in a 

rad53∆ sml1∆ background (Figure 19K), mirroring the reduction in binding in amino-acid relative 

to nitrogen-starvation conditions. Taken together, these findings indicate that Ded1 binds the 5' 
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UTR of ATG1 mRNA. Moreover, they also reveal that this binding preferentially occurs during 

nitrogen starvation and is mediated, at least in part, by Rad53.  

Having determined that Ded1 regulates Atg1 expression, I investigated the role of Ded1 in 

autophagy. To measure the impact of Ded1 on autophagy flux, I transformed WT and ded1ts cells 

with an ATG8-promoter driven GFP-Atg8 plasmid and followed the appearance of free GFP after 

nitrogen starvation. Autophagy flux was reduced in the ded1ts strain at both permissive and non-

permissive temperatures, relative to WT (Figures 21H and 21I). I 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 (Figure 20A and 20B). This was corroborated by the Pho8Δ60 activity 

assay, where the loss of Ded1 led to a 60% reduction in autophagy flux (Figure 20C). 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, as assessed by the 

Pho8Δ60 activity assay (Figure 20D). Next, I used a pep4∆ vps4∆ Ded1-AID strain to directly 

compare autophagosome formation in the presence and absence of Ded1 (Figure 20E) 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 formation (Figures 20F and 20G). The size of the ABs was also reduced in the 

IAA-treated Ded1-AID cells (Figure 14H). Taken together, these findings implicate Ded1 in the 

regulation of autophagy flux through the regulation of Atg1 expression (Figure 20I). 
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Figure 19 
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Figure 19: Ded1 binds ATG1 mRNA to promote Atg1 expression. 

a. RNA-IP analysis demonstrates Ded1 binding to the 5'-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 5' 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 

labelled with desthibiotin (ATG1 5' 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 5' 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.  
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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 5' UTR of ATG1 mRNA is stronger during nitrogen 

starvation compared 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), (f), (g), (i) and (j) 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) while (c), (g), (i) and (j) were analyzed using unpaired Student’s t-
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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 20 
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Figure 20: 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.  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 

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. 

d. WT (WLY176) CUP1p-GFP-ATG8 DED1-AID cells and WT (WLY176) CUP1p-GFP-

ATG8 DED1-AID OsTIR1 cells were harvested during nutrient-replete and amino acid 

starvation 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.  
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f. 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.  

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), (c), (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. 
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Figure 21 
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Figure 21: Ded1 regulates Atg1 expression and autophagy in yeast. (A) The loss of Ded1 

activity impairs Atg1 expression during nitrogen starvation. 

a. WT (SEY6210) or ded1ts (non-permissive temperature: 35°C) strains were harvested 

during nutrient-replete conditions or after nitrogen starvation at 23°C or 35°C. Atg1 levels 

were examined using western blot. Pgk1 was used as a loading control.  

b.  Densitometric analyses of Atg1 expression in ded1ts relative to SEY6210 from three 

independent biological replicates.  

c. The loss of Ded1 activity has no effect on ATG1 transcription during nitrogen starvation: 

Strains and conditions as in (a) were used to measure the levels of ATG1 mRNA by qRT-

PCR. ALG9 was used as a reference gene for normalization. Data from three independent 

biological replicates. 

d. The loss of Ded1 activity has no effect on Atg9 expression: WT (SEY6210) or ded1ts 

strains were harvested as in (a). Atg9 levels were examined using western blot. Pgk1 was 

used as a loading control.  

e. Densitometric analyses of Atg9 expression in ded1ts relative to the WT (SEY6210) from 

three independent biological replicates.  

f. Total protein profile reveals that the loss of Ded1 activity does not promote changes in 

general translation during nitrogen starvation: WT (WLY176) CUP1p-GFP-ATG8 DED1-

AID cells without OsTIR1 expression and WT (WLY176) CUP1p-GFP-ATG8 DED1-AID 

OsTIR1 cells harvested during nutrient-replete conditions or after nitrogen starvation with 

or without IAA treatment. Proteins were stained using Coomassie Brilliant Blue.  

g. Total protein quantified by densitometric analysis of five prominent bands from the total 

profile across three independent biological replicates.  
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h. The loss of Ded1 activity impairs autophagy flux during nitrogen starvation, assessed by 

the GFP-Atg8 processing assay: WT (SEY6210) or ded1ts (non-permissive temperature: 

35°C) cells were transformed with an ATG8p-GFP-ATG8 plasmid (expressing ATG8 under 

the control of the endogenous promoter) and harvested in nutrient-replete conditions or 

after starvation for the indicated times at either 23°C or 35°C. Proteins were examined by 

western blot. The appearance of free GFP indicates autophagy flux. Pgk1 was used as a 

loading control.  

i. Densitometric analysis from three independent biological replicates.  

Data in (b), (c), (e), (g) and (i) represent the mean ± SEM from the indicated number of 

replicates. Statistical analysis for (b), (c), (e) and (i) was carried out using one-way analysis 

of variance (ANOVA). Statistical analysis for (g) was carried out using an 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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3.2.5 DDX3 regulates ULK1 expression and autophagy in mammalian cells 

To examine whether the function of Ded1 is conserved, I investigated the ability of DDX3, the 

mammalian homolog of Ded1 (Tarn and Chang, 2009), to regulate ULK1 expression. I used the 

pancreatic 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. I found that stable knockdown 

(KD) of DDX3 led to a reduction in the level of ULK1 protein (Figure 22A) in PANC-1 cells. 

Crucially, the reduction in ULK1 levels occurred without reduction in the level of ULK1 mRNA 

(Figure 22B) indicating post-transcriptional regulation. To measure changes in autophagy caused 

by DDX3 KD, PANC-1 cells were treated with the MTOR inhibitor rapamycin for up to 4 h. At 

all the time points tested (0.5, 2 and 4 h), DDX3 KD cells (Figure 22C and 22D) showed reduced 

ULK1 expression (Figure 22C and 22E) and reduced LC3-lipidation ratio (LC3-II:LC3-I; Figure 

22C and 22F) relative to control cells. Additionally, co-treatment with bafilomycin A1 enhanced 

the LC3 lipidation ratio in both control and DDX3 KD cells, with control cells still exhibiting 

significantly higher levels of lipidated LC3 compared to DDX3 KD. This finding highlighted the 

fact that the decreased LC3 lipidation ratio in shDDX3 cells could not be attributed to accelerated 

autophagy flux but was caused be an overall reduction in autophagy (Klionsky et al., 2021) (Figure 

22C and 22F). Finally, the increased accumulation of SQSTM1 in DDX3 KD cells relative to 

control cells confirmed that autophagy flux was reduced upon loss of DDX3 (Bjorkoy et al., 2009) 

(Figure 22C and 22G). In contrast, the level of ATG5 was unaffected upon DDX3 KD highlighting 

the fact that DDX3 loss did not affect general ATG gene expression (Figures 22C and 22A). The 

phenotypes observed in PANC-1 cells were consistent in HT-1080 cells: stable DDX3 KD (Figures 

17B and 17C) led to a reduction in ULK1 levels without alteration of ULK1 mRNA (Figures 23B, 
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23D and 23E), as well as a reduction in the LC3 lipidation ratio (both with and without bafilomycin 

A1; Figures 23B and 23F). Similarly, DDX3 KD caused an increased accumulation of SQSTM1 

following rapamycin treatment, but no further increase with bafilomycin A1, indicating a reduction 

in autophagy rather than accelerated flux (Figures 23B and 23G) without affecting ATG5 levels 

(Figures 23B and 23H). Taken together, these data indicate that DDX3 plays a selective role in 

modulating ULK1 expression and regulating autophagy in mammalian cells. 
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Figure 22 
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Figure 22: DDX3 regulates autophagy in mammalian cells. 

a. Stable shRNA-mediated knockdown of DDX3 in PANC-1 cells: Western blotting to probe for 

DDX3 and ULK1 levels in cells transfected with shVector (control) or shDDX3. GAPDH was 

used as a loading control.  

b. Relative abundance of ULK1 mRNA in shDDX3 cells compared to control cells. GAPDH was 

used as a reference gene. Data represent three independent biological replicates.  

c. The loss of DDX3 leads to a reduction in ULK1 levels and autophagy in mammalian cells: 

PANC-1 cells, stably transfected with either vector shRNA (control) or shRNA targeting 

DDX3, were treated with rapamycin (Rapa; R) for the indicated times with or without co-

treatment with bafilomycin A1 (Baf A1). A representative blot shows the levels of DDX3, 

ULK1, SQSTM1, LC3-I, LC3-II, and ATG5 with ACTB as a loading control, upon harvesting 

cells at the indicated time points after rapamycin treatment.  

d. Normalized DDX3 levels at the indicated time points with the indicated treatments. Data 

represent three independent biological replicates. 

e. Normalized ULK1 levels at the indicated time points with the indicated treatments. Data 

represent three independent biological replicates. 

f. Normalized LC3-II:LC3-I ratio at the indicated time points with the indicated treatments. 

Decreased LC3-II:LC3-I ratio in the presence of bafilomycin A1 indicates reduced autophagy 

flux. Data represent three independent biological replicates.  

g. Normalized SQSTM1 level at the indicated time points with the indicated treatments. 

Increased SQSTM1 accumulation indicates reduced autophagy flux. Data represent three 

independent biological replicates.  
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Data in (b), (d), (e), (f) and (g) represent mean ± SEM from indicated number of replicates. 

(b) was analyzed using unpaired Student’s t-test while the statistical analysis for (d), (e), (f) 

and (g) 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. 
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Figure 23 
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Figure 23: DDX3 regulates autophagy in mammalian cells. 

a. The loss of DDX3 has no effect on ATG5 expression: PANC-1 cells, stably transfected 

with either vector shRNA (control) or shRNA targeting DDX3, were treated with 

rapamycin (Rapa) for the indicated times with or without co-treatment with bafilomycin 

A1 (Baf A1). Normalized ATG5 level at the indicated time points with the indicated 

treatments.  

b. The loss of DDX3 impairs ULK1 expression and autophagy in mammalian cells: HT-1080 

cells, stably transfected with either vector shRNA (control) or shRNA targeting DDX3, 

were treated with rapamycin for the indicated times with or without co-treatment with 

bafilomycin A1. A representative blot shows the levels of DDX3, ULK1, SQSTM1, LC3-

I and LC3-II, and ATG5 with ACTB as a loading control, upon harvesting cells at the 

indicated time points after rapamycin treatment.  

c. Normalized DDX3 levels at the indicated time points with the indicated treatments. Data 

represent three independent biological replicates.  

d. Relative abundance of ULK1 mRNA in shDDX3 cells compared to control cells. GAPDH 

was used as a reference gene. Data represent three independent biological replicates.  

e. Normalized DDX3 levels at the indicated time points with the indicated treatments. Data 

represent three independent biological replicates.  

f. Normalized LC3-II:LC3-I ratio at the indicated time points with the indicated treatments. 

Decreased LC3-II:LC3-I ratio in the presence of bafilomycin A1 indicates reduced 

autophagy flux. 

g. Normalized SQSTM1 level at the indicated time points with the indicated treatments. An 

increased SQSTM1 accumulation indicates reduced autophagy flux. 
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h. Normalized ATG5 level at the indicated time points with the indicated treatments. Data 

represent three independent biological replicates.  

Data in (a), and (c-h) represent mean ± SEM from the indicated number of replicates. 

Statistical analysis for (a), (c), and (e-h) was carried out using one-way analysis of variance 

(ANOVA) while (d) was analyzed using an 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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3.3 Discussion 

Autophagy is a highly complex process, and genetic studies in the model yeast system have 

been crucial in identifying regulators 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 transcriptionally regulated by Gcn4 (Bernard et al., 2015b), Pho23 (Jin et al., 2014) and 

Rph1 (Bernard et al., 2015a): Gcn4 promotes ATG1 transcription during nitrogen starvation, 

whereas Pho23 and Rph1 repress transcription during nutrient-replete conditions. The cytoplasmic 

exoribonuclease Xrn1 regulates the stability of the ATG1 mRNA, mediating its degradation during 

nutrient-replete conditions (Delorme-Axford et al., 2018). In contrast, the Pat1-Lsm complex 

prevents 3'-5' degradation of ATG1 mRNA by the exosome during nitrogen starvation, thereby 

stabilizing the ATG1 mRNA (Gatica et al., 2019). In nutrient-replete conditions, the RNA helicase 

Dhh1 associates with Dcp2 to facilitate the degradation of ATG1 transcripts to reduce autophagy 

(Hu et al., 2015), while associating with Eap1 to promote ATG1 translation and autophagy during 

sustained nitrogen starvation (Liu et al., 2019). 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 (Yin 

et al., 2019). However, several questions remain unanswered including which of these mechanisms 

of regulation is physiologically critical and whether there are yet unknown regulators of ATG1 

expression.  

I have compared two different nutrient-starvation treatments 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 
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but post-transcriptional mechanisms that allow facile translation of the ATG1 mRNA occur 

simultaneously only during nitrogen starvation. While the physiological rationale driving the 

disconnect 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, I have uncovered the kinase Rad53 as a post-transcriptional regulator of ATG1 

expression. While Rad53 has previously been implicated in regulating autophagy transcriptionally 

in response to genotoxic stress (Eapen et al., 2017), a role in promoting Atg1 expression post-

transcriptionally during nitrogen starvation is novel. I confirmed that there was no differential 

DNA damage in nitrogen starvation, relative to amino acid starvation, which would be responsible 

for differential Rad53 activation. Results from our SILAC analysis indicated that conventional 

markers for DNA damage in yeast including S129 phosphorylation of Hta2 (Downs et al., 2000) 

and the expression of RNR3 (ribonucleotide reductase 3) (Tkach et al., 2012) were not 

significantly different between nitrogen and amino acid starvation (Figure 18G and 18H). 

Additionally, I 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, I found that a previously identified but incompletely 

characterized phosphorylation site on Rad53 – Ser175 – was more abundantly 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 starvation. Previous studies suggest that Rad53 S175 phosphorylation is 
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independent of DNA damage or spindle checkpoint responses and is a proline-directed site likely 

to be phosphorylated by Cdc28. However, I found that Cdc28 was not involved in autophagy 

regulation during nitrogen starvation, indicating that Rad53 S175 phosphorylation during nitrogen 

starvation was not mediated by Cdc28. Our future analyses will focus on the identification of the 

kinase responsible for this phosphorylation. 

I 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-loop 

structures in the 5' UTR and the 5' UTR proximal CDS (Liu et al., 2019). I hypothesized that Ded1 

would bind the 5' UTR of ATG1 where it would function to resolve secondary structures to promote 

facile translation (Sen et al., 2019; Sen et al., 2015). Using RNA-immunoprecipitation, I confirmed 

that Ded1 binds to the 5' 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. I 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 

(Lao et al., 2018), indicating the possibility that Ded1 is regulated differentially by Rad53 during 

distinct nutrient-starvation conditions. Indeed, I 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 autophagosomes following nitrogen starvation in cells suffering transient loss 

of Ded1, indicating its importance in mediating the autophagy response.  
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Our study demonstrates an intriguing role for Ded1 within the landscape of regulators 

identified to modulate ATG1 expression. Whereas negative regulators like Xrn1 prevent 

unnecessary ATG1 expression during nutrient-rich conditions, positive 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 starvation is an intriguing 

question. It is probable that the ATG1 mRNA 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 starvation, this will be a challenging but interesting subject 

of investigation for a subsequent study. 

Our study also demonstrated that DDX3, the human homolog of Ded1 (Tarn and Chang, 

2009), 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 (Soto-Rifo 

and Ohlmann, 2013), influencing several cellular pathways including cell cycle regulation 

(Heerma van Voss et al., 2018; Lai et al., 2010), WNT signaling (Cruciat et al., 2013; Heerma van 

Voss et al., 2015; Zhao et al., 2016) and apoptosis (Sun et al., 2013). DDX3 has been implicated 
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in stimulatory roles in the development of several cancers including breast cancer, lung cancer and 

colorectal cancer (Ariumi, 2014; Bol et al., 2015; Botlagunta et al., 2008; Heerma van Voss et al., 

2015; Wilky et al., 2016). DDX3 knockdown reduces cell migration and metastasis highlighting 

the oncogenic role of DDX3 in malignant cancers (Chen et al., 2015). Using pancreatic cancer- 

and fibrosarcoma-derived human cell lines, I show that DDX3 is also responsible for mediating 

the autophagy response; cells lacking DDX3 function 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 I 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 (Egan et al., 2015). Therefore, targeting DDX3 function, which would compromise both 

autophagy-dependent and autophagy-independent tumor survival pathways, could be an attractive 

therapeutic avenue for treating autophagy-addicted tumors. 

3.4 Materials and Methods 

3.4.1 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 cultures 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 



 175 

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 appropriate nucleic 

acid bases). If the strain of interest was a temperature-sensitive mutant, cells were grown at a 

permissive temperature and shifted to a nonpermissive temperature for an appropriate period 

before the final harvesting. 

3.4.2 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 supernatant was used as the sample for immunoblotting. Immunoblotting was carried out with 

standard denaturing SDS-PAGE followed by a semi-dry transfer using 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 antibodies (1:1000). After 

incubation with peroxidase-conjugated secondary antibodies (goat anti-rabbit IgG secondary 

antibody [Fisher, ICN55676; 1:1000]; rabbit anti-mouse IgG secondary antibody [Jackson; 

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) on a ChemiDoc Touch 

Imaging System (Bio-Rad). 
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 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 

centrifugation at 14,000 × g for 15 min at 4°C, the supernatants were collected and quantified using 

the BCA assay (Thermo Fisher Scientific, 23225). The 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 peroxidase-conjugated secondary antibodies (goat anti-rabbit IgG secondary 

antibody [Cell Signaling Technology, 7074; 1:1000]; rabbit anti-goat IgG secondary antibody 

[Abcam, 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). I 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 automatically analyzed and normalized to a loading control 

using the ChemiDoc Touch Imaging System Version 1.2 (Bio-Rad). 

3.4.3 RNA isolation, RNA-Sequencing, and qRT-PCR 

The RNA extraction protocol and qPCR primers are published previously (Hu et al., 2015). 

In brief, RNA isolation was performed using the Macherey-Nagel Mini kit 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.  
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For qRT-PCR using yeast cells, cDNA synthesis was carried out using random primers and 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™). 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). The reaction mix (15 μl final volume) consisted of 7.5 

μl Radiant Green Lo-ROX qPCR kit (Radiant), 0.6 μl each primer (400 nM final concentration), 

1.3 μl H2O, and 5 μl of a 1:5 dilution of the cDNA preparation. 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 normalization 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, R6812, Omega, Biotek) 

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 concentrations of mRNA were expressed in arbitrary units 

based on the untreated group, which was assigned a value of 1. 
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3.4.4 SILAC sample preparation and LC-MS/MS analysis 

Samples were prepared as described previously (Hu et al., 2019a). 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 Endopeptidase, WAKO Chemicals) for 4 h. The concentration of urea 

was diluted to 1 M and digested with trypsin (Promega) overnight. On the following day, peptides 

were acidified and purified by SPE using HR-X columns in combination with C18 cartridges 

(Macherey-Nagel). 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. Elutes were frozen in liquid 

nitrogen and lyophilized overnight. On the third day, peptides were fractionated by HpH reversed 

phase chromatography (Batth et al., 2014). The dry peptide powder was suspended 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 collected in a 96-deep well plate. Fractions 

were mixed with an interval of 12 to yield 8 final fractions. The peptides were acidified, 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) manually (Zarei et al., 2016) or by Fe(III)-NTA cartridges (Agilent) automatically using 

the Bravo Automated Liquid Handling Platform (Agilent) (Post et al., 2017). Samples were 

concentrated by vacuum concentration 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. 
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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) 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 spectrometers 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) (Cox and Mann, 2008b; Cox 

and Mann, 2008a) 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 tyrosine- (heavy) 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 (Tyanova et al., 2016). 
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3.4.5 Ultrastructural analysis 

The sample preparation protocol for TEM analysis was adapted from a previously described 

protocol (Backues et al., 2014). 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, 

223468-25G) and transferred into microcentrifuge tubes. The microcentrifuge tubes were entirely 

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 rotating 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 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 

at RT. Between each 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% 
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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 centrifuged 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 ultramicrotome (Leica Microsystems) 

and collected on formvar carbon-coated 50 mesh copper grids (EMS). 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 either 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 

ImageJ software (Schneider et al., 2012) and examining at least 100 ABs profiles randomly 

selected. 

3.4.6 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 fragments 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) or DMSO (vehicle) during mid-log phase growth in YPD medium for 60-90 
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min (depending on the protein of interest) to induce degradation of target protein. Subsequently, 

samples were collected for downstream analyses: enzymatic assays, immunoblots or qRT-PCR. 

3.4.7 RNA Immunoprecipitation 

The RNA immunoprecipitation protocol was modified from previously published procedures (Liu 

et al., 2019; Selth et al., 2009). 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 performed 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 concentration 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 complete 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 

centrifugation (10,000 x g, 10 min), and the supernatant was collected and divided into input and 

IP fractions. IP fractions were incubated with IgG Sepharose 6 Fast Flow beads (GE healthcare 

Life Sciences), 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 vortexing. IP supernatant and input samples were collected and incubated 
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with a combination of proteinase K 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 equal volume of acid phenol-chloroform, mixed by 

vortexing and centrifuged. The aqueous layer of each sample was recovered and treated with 25 

ml 3 M sodium acetate, 20 mg glycogen (Roche/Sigma, 10901393001), and 625 ml 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 ml of nuclease-free water and treated with DNase (10 ml TURBO DNase buffer, 

2 ml TURBO DNase [TURBO DNA-free kit; Invitrogen/Fisher Scientific, AM1907]) with 0.5 ml 

of RNasin® PLUS RNase inhibitor (Promega/Fisher Scientific, PRN2615). Samples were 

incubated for 45 min at 37°C to eliminate DNA. Following incubation, DNase was inhibited using 

the DNase inactivation reagent (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 shaking at 4°C; and 3) magnetic 

separation was used for collecting beads during the incubation, washing and elution processes. 

 

 

3.4.8 In vitro RNA interactome capture screen/mRNA IP 

RNA in vitro transcription was performed as previously described (Yin et al., 2019). The 

linearized pUC19-ATG1-5' UTR was used as template to carry out RNA transcription using the 
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HiScribe T7 High Yield RNA synthesis kit (NEB, E2040S). The yield of the resulting RNA was 

measured using a nanodrop and the 3'-end was labelled with desthiobiotin according to 

manufacturer’s instructions using the Pierce 3'-End desthiobiotinylation kit (Thermo Fisher 

Scientific, 20163). The labelled 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 (Promega/Fisher Scientific, 

PRN2615) and Roche complete protease inhibitor cocktail (Roche, 1873580) 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 instructions (Thermo Fisher Scientific, 20164). Protein enrichment in labeled RNA 

reaction was measured either using MS analysis (for preliminary screen leading to Ded1 

identification) or monitored by immunoblotting (for confirming interaction between Ded1 and 

ATG1 5' UTR). 

3.4.9 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, 15070-063) 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 generation 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) for transfection. Culture media were harvested 48 h after 
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transfection and filtered through 0.45-μm filters. Upon infection, the stable cell lines were 

established by selecting with 2-5 µg/ml puromycin. 

3.4.10 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 followed 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 measurements and significance are also 

described in the figure legends. 
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3.6 Tables 

Table 3. Yeast strains used in this study. 

 

Strain Genotype Reference 
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SEY6210 MATα leu2-3,112 ura3-52 his3-∆200 trp1-∆901 suc2-∆9 

lys2-801; GAL 

[61] 

VLY001 SEY6210 GCN4-3xPA::TRP1 This study 

VLY002 WLY176 CUP1p-GFP-ATG8::LEU2 This study 

VLY003 SEY6210 pep4∆::KAN This study 

VLY004 SEY6210 pep4∆::KAN vps4Δ::LEU2 This study 

VLY005 SEY6210 vac8∆::KAN This study 

VLY006 SEY6210 arg4∆::HIS This study 

VLY007 SEY6210 ATG9-3xPA::TRP1 This study 

VLY008 SEY6210 atg1∆::HIS3 This study 

VLY009 SEY6210 sml1∆::HIS3 This study 

VLY010 SEY6210 sml1∆::HIS3 rad53∆::URA3 This study 

VLY011 SEY6210 PGI1-GFP::TRP1 [58] 

VLY012 SEY6210 sml1∆::HIS3 PGI1-GFP::TRP1 This study 

VLY013 SEY6210 sml1∆::HIS3 rad53∆::URA3 PGI1-GFP::TRP1 This study 

VLY014 WLY176 RAD53-AID-MYC::HIS3 This study 

VLY015 VLY014 pNHK53::URA3 This study 

VLY016 VLY002 MEC1-AID-MYC::HIS3 This study 

VLY017 VLY016 pNHK53::URA3 This study 

VLY018 VLY002 CDC28-AID-MYC::HIS3 This study 

VLY019 VLY018 pNHK53::URA3 This study 

VLY020 SEY6210 DED1-3xPA::TRP1 This study 

VLY021 SEY6210 DED1-13xMYC::HIS3 This study 

VLY022 VLY010 DED1-13xMYC::HIS3 This study 

 ded1-95 [113] 

VLY022 VLY002 DED1-AID-MYC::HIS3 This study 

VLY023 VLY022 pNHK53::URA3 This study 

VLY024 VLY004 DED1-AID-MYC::HIS3 This study 

VLY025 VLY024 pNHK53::URA3 This study 

WLY176 SEY6210 pho13∆ pho8::pho8∆60 [30] 
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Table 4. Primers for yeast genetics. 

Name Sequence (5'-3') 

GCN4 T F AAATGAGGTTGCCAGATTAAAGAAATTAGTTGGCGAACGCCGGATC

CCCGGGTTAATTAA 

GCN4 T 

R 

GAGAATGAAATAAAAAATATAAAATAAAAGGTAAATGAAAGAATT

CGAGCTCGTTTAAAC 

GCN4 T 

C 

TCCACTGAAGAAGTTTCTCT 

PEP4 D F AAAGAAAAAAAAAAAGCCTAGTGACCTAGTATTTAATCCAAATAAA

ATTCAAACAAAAACCAAAACTAACCGGATCCCCGGGTTAATTAA 

PEP4 D R TTGTTATCTACTTATAAAAGCTCTCTAGATGGCAGAAAAGGATAGGG

CGGAGAAGTAAGAAAAGTTTAGCGAATTCGAGCTCGTTTAAAC 

PEP4 D C CGTTTTCAATATCTTGAGCTCCTCAATTGTATTTG 

VPS4 D F TTGAGGACATGGAAGACAAAAATAAAGCAGCATAGAGTGCCTATAG

TAGATGGGGTACAACAGCTGAAGCTTCGTACGC 

VPS4 D R TTTTTTTATTTTTTATTTTCATGTACACAAGAAATCTACATTAGCACG

TTAATCAATTGAGCATAGGCCACTAGTGGATCTG 

VPS4 D C GTGTCATCTGTTGCAGTCG 

VAC8 D F CAGGAACTGAGCAAACTATAAGGGTGTTCTTTCTTCTGTACTATATA

TACATTTGCAACTCAGCTGAAGCTTCGTACGC 

VAC8 D R AACTTCTGAGAAGAAAATTTTGATAAAAATTATAATGCCTAGTCCCG

CTTTTGAAGAAAAGCATAGGCCACTAGTGGAT 

VAC8 D C GAGCCCTTAAGGAGGACTC 

ARG4 D F GCTCAAAAGCAGGTAACTATATAACAAGACTAAGGCAAACCAGCTG

AAGCTTCGTACGC 

ARG4 D 

R 

CCAGACCTGATGAAATTCTTGCGCATAACGTCGCCATCTGGCATAGG

CCACTAGTGGATCTG 
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ARG4 D 

C 

CAGCGGTAGATGTAAGCC 

ATG9 T F CTTGTTAAAGAGTATTACAAGAAGTCTGACGTCGGAAGACGGATCC

CCGGGTTAATTAA 

ATG9 T R ATATAGTTATATTGGATGATGTACACGACACAGTCTGCCGAATTCGA

GCTCGTTTAAAC 

ATG9 T C CCGAAGACCATAGCGATAAAG 

ATG1 D F ATTTGAAGCTACCCCATATTTTCAAATCTCTTTTACAACACCAGACG

AGAAATTAAGAAACAGCTGAAGCTTCGTACGC 

ATG1 D R AGATACTTGAAAATATAGCAGGTCATTTGTACTTAATAAGAAAACC

ATATTATGCATCACGCATAGGCCACTAGTGGATCTG 

ATG1 D C TCCCCCATCAGCATCAGTTTGTG 

SML1 D F CCTTTGTGATCTTACGGTCTCACTAACCTCTCTTCAACTGCTCAATAA

TTTCCCGCTCAGCTGAAGCTTCGTACGC 

 

SML1 D R GAAAAGAACAGAACTAGTGGGAAATGGAAAGAGAAAAGAAAAGAG

TATGAAAGGAACTGCATAGGCCACTAGTGGATCTG 

SML1 D C CATTGCCGTCGAACGTC 

RAD53 D 

F 

TCTTAAGCTTTAAAAGAGAGAATAGTGAGAAAAGATAGTGTTACAC

AACATCAACTAAAACAGCTGAAGCTTCGTACGC 

RAD53 D 

R 

GGTATCTACCATCTTCTCTCTTAAAAAGGGGCAGCATTTTCTATGGG

TATTTGTCCTTGGGCATAGGCCACTAGTGGATCTG 

RAD53 D 

C 

GCTCAGCACCTACCTAAATG 

RAD53 A 

F 

GGTTAAAAGGGCAAAATTGGACCAAACCTCAAAAGGCCCCGAGAAT

TTGCAATTTTCGCTTCGTACGCTGCAGGTCGA 

RAD53 A 

R 

TATCTACCATCTTCTCTCTTAAAAAGGGGCAGCATTTTCTATGGGTA

TTTGTCCTTGGCATCGATGAATTCGAGCTCG 
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RAD53 A 

C 

GCATGTATGAATCTCCGGC 

MEC1 A 

F 

AGAAGCAACATCAGAAGACAATCTAAGCAAGATGTATATTGGTTGG

CTTCCATTTTGGCTTCGTACGCTGCAGGTCGA 

MEC1 A 

R 

TGCAGTGATGGTTAGATCAAGAGGAAGTTCGTCTGTTGCCGAAAAT

GGTGGAAAGTCGCATCGATGAATTCGAGCTCG 

MEC1 A 

C 

CATGGAACAGGTAGATAAATTTCC 

CDC28 A 

F 

CCCTATTAACCGGATTAGCGCCAGAAGAGCAGCCATCCACCCCTACT

TCCAAGAATCACTTCGTACGCTGCAGGTCGA 

CDC28 A 

R 

AGGCTATAATGACAGTGCAGTAGCATTTGTAATATAATAGCGAAAT

AGATTATAATGCCATCGATGAATTCGAGCTCG 

CDC28 A 

C 

GGACCAACCGTTAGGAGC 

DED1 A 

F 

TGGGGTAACAGCGGTGGTTCAAACAACTCTTCTTGGTGGCTTCGTAC

GCTGCAGGTCGA 

DED1 A 

R 

GCAGAAAACGAAGAATCCTCACCCTAGTTTGTCTGAAACATCGATG

AATTCGAGCTCG 

DED1 A 

C 

GAGCTACCGCCATTCATG 

RA TCGACCTGCAGCGTACGAAG 

RD GCGTACGAAGCTTCAGCTG 

RT TTAATTAACCCGGGGATCCG 

A, AID tagging; C, PCR-based forward detection primer; D, deletion; F, forward primer; R, 

reverse primer; RA, PCR-based reverse detection primer for AID tagging; RD, PCR-based reverse 

detection primer for deletion; RT, PCR-based reverse detection primer for tagging; T, tagging. 
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Table 5. Primers for qRT-PCR. 

Name Sequence (5'-3') 

ATG1 F ATCTAAGATGGCCGCACATATG  

ATG1 R AGGGTAGTCACCATAGGCATTC  

ATG9 F CGTACTAACAGAGTCTTTCCTTG  

ATG9 R CTAAGACACCACCCTTATTGAG  

ALG9 F CACGGATAGTGGCTTTGGTGAACAATTAC  

ALG9 R TATGATTATCTGGCAGCAGGAAAGAACTTGGG  

ATG1 5'-UTR F TAGGCCGAGGTTAATTCTAGAACG  

ATG1 5'-UTR R ATAGTACTGTTCTCTGTTTCCCCAGA  

ATG1 CDS F GAGCTTCCAATCATTTGGAGTTATTC  

ATG1 CDS R CTATTCTTTGGGCTGGATCAAATGTC  

ATG1 3'-UTR F GAGGCAGAAGATGAACCACCAAA  

ATG1 3'-UTR R GTAAAGCATTTCGAGAGTAGCATAAC  

PGK1 CDS GAAGGACAAGCGTGTCTTCATCAG 

PGK1 CDS CGTACTTGATGGTTGGCAAAGCAG 

hGAPDH F GTCTCCTCTGACTTCAACAGCG 

hGAPDH R ACCACCCTGTTGCTGTAGCCAA 

hULK1 F GCAAGGACTCTTCCTGTGACAC 

hULK1 R CCACTGCACATCAGGCTGTCTG 

 

Table 6 Primers for shRNA-mediated knockdown. 

Name Sequence (5'-3') 

DDX3F CCGGCGGAGTGATTACGATGGCATTCTCGAGAATGCCATCGTAATCACTC

CGTTTTT 

DDX3R CCGGCGTAGAATAGTCGAACAAGATCTCGAGATCTTGTTCGACTATTCTA

CGTTTTT 
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Chapter 4 Summary and Future Directions 

Decades of autophagy research has been “protein centric”. Therefore, I have extensive 

insight into the protein-protein interactions, post translational modifications and signaling 

cascades that regulate in the induction and execution of autophagy. As connections between 

RNA and autophagy emerge, and the focus shifts towards an “RNA centric” approach, I are now 

beginning to understand the transcriptional and post-transcriptional mechanisms that regulate 

autophagy. Therefore, the discovery and characterization of RNA-binding proteins that regulate 

autophagy will contribute a better understanding of the field and expand the scope of druggable 

therapeutic targets that modulate autophagy in diseases such as cancer and neurodegeneration. 

4.1 Systematic workflow to identify RNA-binding proteins that regulate autophagy 

Recent advancement in proteome-wide approaches have expanded the repertoire of RNA-

binding proteins in the cells. These technologies help us identify new RNA-binding proteins and 

the target mRNAs. However, applying the RNA centric approach to study autophagy requires us 

to uncover regulators of ATG gene at the transcript levels. However, methods for identification 

of proteins that bind to specific mRNA are limited.  

In Chapter 2, I set out to address this problem by utilizing labeled, invitro transcribed 

ATG RNA as bait to identify proteins that interact with it compared to a constitutive RNA such 

as PGK1. Using this approach, I identified RNA-binding proteins that interact with the 5' UTR 

and the 3' UTR of ATG1 mRNA from lysates harvest following growth in either rich media or 

nitrogen starvation media. Further characterization of the binding interactors revealed an elegant 
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mechanism that controls the export and translation of ATG1 mRNA in response to starvation 

conditions. Npl3 is an mRNA surveillance protein known for its roles in transcription and 

splicing. It has been shown to prime transcripts for export. My research reveals that Npl3 enables 

cells survival during nitrogen starvation by binding to ATG1 5' UTR in an RRM2-dependent 

manner. Npl3 co-transcriptionally imprint ATG1 mRNA in the nucleus defines its cell fate in the 

cytoplasm by facilitating the interaction of ATG1 mRNA with a stress granule protein, Pub1. 

Pub1 interacts with Npl3, and this interaction is required for the subsequent interaction with 

ATG1 3' UTR. Pub1 enhances the recruitment of polysome recruitment onto the Atg1 transcript 

by interacting with translation factors, other RNA-binding proteins that interact with translation 

factors and the large and small ribosomal subunits. Together, the Npl3-Pub1 axis provide a 

mechanism for export and protein synthesis, a fate sealed in the nucleus by Npl3. Furthermore, I 

found that the mammalian homolog of Pub1, TIA1 also binds ULK1 and regulates ULK1 protein 

levels post-transcriptionally, suggesting the conserved nature of this pathway.  

While I identified key molecular players in linking ATG1 transcript imprinting and 

translational efficiency, several fascinating questions remain unexplored. I show that Pub1 and 

Npl3 interact in the presence of RNA. I speculate that interaction takes place in the nucleus given 

that the localization and function of Npl3 is in the nucleus. However, the exact localization of the 

Npl3-Pub1 complex needed to be elucidated. Furthermore, detailed structural studies to map the 

interaction sites between Npl3-Pub1-ATG1 mRNA will enhance our understanding of how Npl3 

relays ATG1 to Pub1 for export. The interaction dynamics of Npl3-Pub1-ATG1 were elucidated 

using biochemical approaches. However, it is worth noting the power of high-resolution 

microscopy to study the dynamics of ATG1 localization and translation.  
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4.2 Differential translational regulation of ATG1 dependent on external nutrient 

availability 

In Chapter 3, utilizing the same approach, I identified the RNA helicase Ded1 as a 

regulator of Atg1 protein expression at the 5' UTR. Consistent with its role in promoting 

translation initiation, loss of Ded1 results in lowered Atg1 protein expression during nitrogen 

starvation but does not affect its transcription. Interestingly, Ded1 is responsive to external 

nutrient availability. The interaction of Ded1 and ATG1 mRNA is significantly reduced in amino 

acid starvation compared to nitrogen starvation indicating that Ded1 differentially regulates Atg1 

protein expression consistent with the cellular demand for autophagy.  

In spite of these developments, several outstanding questions remain. Future work should 

focus more on the temporal and spatial interaction dynamics of ATG1 mRNA proteome 

landscape. Several proteins have been shown to bind to ATG1 mRNA, however, how these 

proteins coordinate with each other to co-transcriptionally imprint, export, and translated the 

mRNA during starvation needs to be further elucidated. Differential binding of the regulatory 

landscape in response to different starvation conditions also needs further investigation. 

Furthermore, master signaling regulates that unify the ATG1 mRNA interactome to elicit a 

coordinated response will be an exciting question to tackle. A lot of attention has been given to 

ATG1 transcript. Structural studies do suggest that ATG1 mRNA has structured 5' UTR 

indicating the need for RNA-binding proteins to facilitate its translation. However, the ATG13 5' 

UTR also shows a similar pattern, making it an interesting target to identify RNA-binding 

proteins that regulate it. Therefore, identification and characterization of RNA-binding proteins 

that bind to other ATG transcripts, thus expanding the repertoire of autophagy regulators. 
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4.3 Stress granule formation and function 

Spatial compartmentalization is an elegant way for cellular organization of various 

process that ensures precise control of biological reactions. Both membrane-bound cellular 

structures such as organelles and non-membrane bound structures provide this subcellular 

compartmentalization, facilitating the precise spatiotemporal regulation of numerous biological 

reactions (Decker & Parker, 2012). Stress granules and P-bodies are cytosolic membrane-less 

structures involved in post-transcriptional regulation. Upon translational inhibition, the mRNA-

protein complexes including translation initiation proteins and small ribosomal subunits 

condense to form phase separated structures called Stress granules that facilitates storage of 

translationally inactive mRNA. During long periods of translation inactivity, stress granule 

components merge with P-body components that include mRNA decay factors, thus subjecting 

the inactive mRNAs to degradation (Haimovich et al., 2013; Youn et al., 2019). Interestingly, 

our studies into the role of RNA-binding proteins involved in regulating autophagy has 

uncovered several stress granule and P-body components. Pub1 and its mammalian homolog 

TIA1 have been shown to form stress granules during arsenite stress and glucose starvation 

(Buchan et al., 2008; Gilks et al., 2004). Interestingly, during nitrogen starvation, stress granules 

are not microscopically visible. Furthermore, TIA1 has been shown to translationally repress its 

target mRNAs while I show that during serum starvation, TIA1 is required for ULK1 protein 

expression through a post-transcriptional process, highlighting the differential regulation of 

RNA-binding proteins in exerting its influence on target transcripts. While Pub1 has been shown 

to enhance stability of its target transcripts for translation, here I show a post-transcriptional role 

of Pub1 in ATG1 export and translation. Next, Ded1, another stress granule component shown to 

interact with Pub1 also regulates ATG1 post-transcriptionally (Hilliker et al., 2011; Lahiri et al., 
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2022). Both these proteins exert their influence at 3 h -6 h of nitrogen starvation. Interestingly, 

translation of ATG1 mRNA under longer time points uncovers a role of P-body components such 

as Dhh1 and Psp2, suggesting the temporal dynamics of the ATG1 proteome. Together, I have 

uncovered salient proteins involved in various stages of the ATG1 life cycle. Immediately 

following transcription, Npl3 binds to ATG1 co-transcriptionally in the nucleus where it imprints 

the transcript with Pub1. Pub1 facilitates export of ATG1 mRNA to the cytosol, where I 

speculate it recruits known regulators such as Ded1, translation initiators and elongators, and the 

ribosome machinery to enhance the translation of ATG1. During long term starvation, this mRNP 

landscape is modulated to include Dhh1 and Psp2 that further ensure the expression of Atg1 

protein to sustain autophagy.  

These proteins condense during glucose starvation, a condition of lower autophagy and 

Atg1 protein expression. These findings raise the question of whether the translational and 

granule formation roles of RNA-binding proteins are decoupled from each other. I speculate that 

differential modification of RNA-binding proteins confers translational and condensation roles. 

Further investigation is needed to understand the temporal dynamics and regulatory mechanisms 

of these proteins in autophagy and stress response.  

 

4.4 RNA-binding proteins as therapeutic targets to modulate autophagy 

In humans, RNA-binding proteins comprise of 20% of expressed transcripts, highlighting 

its regulatory importance and ubiquitous nature. Mutational analysis of RNA-binding protein in 

human cancer revealed that 281 RBPs are enriched in mutations in at least one cancer type 

(Neelamraju et al., 2018). Furthermore, several RBPs have been implicated in neurodegeneration 

reflecting the increasingly compelling view that RNA-binding proteins are causative factors in 
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disease etiology (Conlon & Manley, 2017). Identifying RNA-binding proteins as regulators of 

autophagy get us closer to developing potential autophagy-targeting therapeutic approaches. A 

small class of chemical probes have been shown to target RNA-binding proteins implicated in 

autophagy such as ELAVL1/Hur, EIF4E, EIF4A, LIN28 and TARDBP/TDP-43 (Julio & 

Backus, 2021). However, the lack of small-molecule binding sites and the presence of long 

stretches of disordered regions hinder the development of drugs that target RNA-binding 

proteins. This perception is beginning to change with the advancement of small molecule 

screens, and the utilization of AI for drug discovery to tackle “undruggable” targets (El Hage et 

al., 2023). Therefore, exploring the role of RNA-binding proteins in regulating autophagy in 

disease contexts can provide valuable information on which proteins to target for its modulation.
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