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ABSTRACT 

Cells are exposed to an enormous amount of diverse extracellular cues but have a 

limited arsenal of weapons for protecting and maintaining homeostasis. To overcome 

these restrictions, nature has engineered proteins that have multiple functions. The 

pleiotropy of using one protein to carry out a variety of functions allows cells to rapidly 

execute tailored responses to a diverse set of signals. The Cdk8 kinase module (CKM) 

is a conserved detachable unit of the Mediator complex predominantly known for its 

role in transcriptional regulation. The CKM is composed of four proteins, the 

scaffolding proteins Med13 and Med12, as well as the non-canonical cyclin, cyclin C, 

and its cognate kinase, Cdk8. Previously it has been shown that cyclin C is a 

multifunctional protein that performs transcriptional and stress-induced roles at the 

mitochondria. The localization, post-translational modifications, and different 

functional domains of cyclin C regulate these separate functions.  

Here we show that Med13 also has dual roles in regulating stress response 

following nutrient depletion. In physiological conditions, Med13 works within the 

CKM to negatively regulate the expression of autophagy genes (ATG). Following 

starvation, this repression is relieved by Snx4-assisted autophagy of Med13. Moreover, 

we identified Ksp1 to be the autophagic receptor protein for this novel autophagy 

pathway. Structural analysis by others showed that Med13 has an RNA binding region. 

Consistent with this, we showed that once in the cytosol, Med13 localizes to 

ribonucleoprotein granules known as processing bodies (P-bodies) which function in 

mRNA silencing, decay, and storage. In addition, we show that Med13, together with 

Ksp1 and Snx4, are required for the autophagic degradation of conserved P-body 
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proteins following stress. These results illustrate the day and night jobs of Med13 in 

response to starvation stress.   

Lastly, we illustrate that the regulation of autophagy by the CKM is 

evolutionarily conserved. Here we show that cyclin C promotes autophagy and 

proteasome activity in the murine pancreatic cancer model. Collectively, these studies 

demonstrate the multifunctionality and conservation of the CKM in stress response.  
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INTRODUCTION 

Stress response mechanisms 

Cells experience rapidly changing environments in which they must sense, decipher, 

respond, and adapt to external cues. Different cues elicit diverse cell fate decisions 

including the initiation of survival and repair pathways, proliferation, differentiation, 

quiescence, or cell death programs. The ability to promptly adapt to stress is especially 

important for nonmotile organisms such as yeast [13]. The budding yeast, 

Saccharomyces cerevisiae is the preferred model organism for deciphering the 

molecular mechanisms that control conserved stress response mechanisms [14]. 

External stimuli can include nutrient availability or osmolarity changes, mating 

pheromones, growth signals, or noxious stressors such as extreme temperatures, 

oxidative stress, or pathogen invasion.  

 The stress response pathway in all cells can be divided into distinct stages. Cells 

first sense stress and communicate these cues via signal transduction to the nucleus 

whereupon gene expression is reprogrammed. Thereafter, transcriptional and 

translational reprogramming alters organelle function, metabolism, and the cell cycle 

to meet the changing needs of the cell (Figure 1). The cell membrane contains a 

multitude of proteins that continuously monitor the external environment and 

communicate signals to the intracellular space. Receptors and transporters at the cell 

membrane receive information from hormones, antibodies, neurotransmitters, 

enzymes, ions, and nutrients and transmit these signals to intracellular protein networks 

[14]. These networks include secondary messengers, kinases, and phosphatases that 

form complex signal transduction pathways that decipher and disseminate this 
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information to the nucleus and other 

organelles. One example of a highly 

conserved stress response pathway is the 

SNF1/AMPK pathway. In yeast, Snf1 is a 

ubiquitous protein kinase that plays many 

roles in response to stress [15]. In 

nutrient-rich conditions when 

extracellular glucose levels are high Snf1 

is inactive. Glucose depletion triggers a 

signal transduction cascade that activates 

Snf1 through phosphorylation. Activated 

Snf1 enters the nucleus and regulates the 

transcription of over 400 genes [15]. 

Snf1-mediated transcriptional and 

metabolic changes allow cells to utilize 

other carbon sources, inhibit anabolic 

pathways, activate catabolic pathways, 

and store carbohydrates. These pathways 

are employed individually or in 

combination to adequately respond to the 

appropriate extrinsic stress cue.  

Transcriptional and translational reprogramming is essential for cells to respond 

to changes in cellular homeostasis. Changes in the transcriptome rapidly adjust gene 

Figure 1. Cells sense, decipher, respond, 

and adapt to different environmental 

cues. Cells first sense changes via 

receptors and transporters at the cell 

membrane (top blue panel). Signal 

transduction pathways then transmit 

these cues to the nucleus and appropriate 

organelles. Transcriptome and proteome 

changes then result with adaptations in 

organelle function, metabolism, and cell 

cycle (bottom green panel). Different 

environmental cues lead to specific cell 

fate decisions and the breakdown of this 

communication is the etiology of aging 

and disease. 
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expression to meet the changing needs of the cell. In addition to transcriptome changes, 

modifying mRNA accessibility and protein synthesis allows cells to promptly execute 

changes in cell function. In addition to changing protein levels, post-translational 

modifications such as phosphorylation, lipidation, ubiquitination, or acetylation are 

mechanisms used by the cell to rapidly alter protein function. Transcriptome and 

proteome reprogramming can fine-tune cellular function to respond promptly and 

accurately to infinite variations of environmental conditions. 

Lastly, structural and functional changes within the cell are critical for stress 

response and adaptation. These cellular adaptations can include changes in the cell 

cycle, organelle function, metabolism, morphology, or cellular organization. For 

example, stress restricts cell cycle progression. Rapidly inhibiting the cell cycle and 

anabolic pathways allows cells time and energy to upregulate reparative mechanisms 

and mitigate damage. In periods of nutrient exhaustion cells enter quiescence to reserve 

energy [16]. In addition, the quantity and morphology of organelles such as 

mitochondria and peroxisomes can change during stress. During periods of nutrient 

deprivation or rapid growth mitochondria form highly fused matrix networks to 

maximize energy production [17]. The quantity of peroxisomes in the cell fluctuates 

depending on the cell's need for detoxification or energy supply [18]. Collectively, the 

cell utilizes and coordinates a variety of processes to adequately sense, respond, and 

adapt to stress. These multiple layers of regulation are held in place to avoid incorrect 

cell fate decisions as the etiology of many diseases is associated with the dysregulation 

of stress response pathways. For example, cancer cells evade cell death pathways and 
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neurodegenerative diseases result from neuronal cell death which is attributed to the 

attenuation of survival and repair mechanisms [19].  

Multifunctional proteins  

Cells are exposed to an enormous amount of diverse extracellular cues but have a 

limited arsenal of weapons for protecting and maintaining homeostasis. To overcome 

these restrictions, nature has engineered proteins that have multiple functions. The 

pleiotropy of using one protein to carry out a variety of functions allows cells to rapidly 

execute highly selective response mechanisms to a diverse set of signals. This emerging 

theme of proteins having two very different functions has been coined “day and night 

jobs” [20] [21]. The different jobs are induced by different external or intrinsic stimuli. 

Importantly, there are many ways in 

which protein function can be 

regulated. Protein function can be 

activated, amplified, inhibited, or 

changed through various 

mechanisms such as post-

translational modifications, changes 

in subcellular localization, or 

interactions with other proteins or 

molecules such as cAMP or calcium 

(Figure 2).  

 

 

Figure 2. Mechanisms of protein 

homeostasis. Protein levels, post-

translational modifications (PTM), 

conformation, and localization 

contribute to regulating protein function. 
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Post-translational modifications 

There are over 350 types of known post-translational modifications that are used to 

alter protein function [22]. These events are dynamic, reversible, and in some cases 

very rapid. Post-translational modifications are thought to be the front line of stress-

responsive mechanisms because they propagate and govern signals throughout the cell 

to promptly modify cellular function. For example, kinases within MAPK pathways 

phosphorylate specific targets but are also usually substrates of phosphorylation 

themselves. These cascades amplify and integrate signals to elicit the appropriate 

tailored response. In addition, acetylation and methylation of histones result in changes 

to chromatin accessibility and stress-induced gene expression [22]. Along with post-

translational modifications, multi-faceted roles for proteins can be achieved through 

the utilization of multiple functional domains within a single protein. Protein domains 

are independent regions within a protein that can perform a specific function. Some 

prominent examples are the RING and BH3 domains found within ubiquitin ligases 

and pro-apoptotic proteins respectively. There are over 1,000 known protein domains 

within the proteome that help categorize proteins into different functional groups [22]. 

Protein localization 

 The subcellular localization of proteins is a key component of regulating protein 

function in stress response pathways. The localization of a protein determines if this 

protein is accessible to other proteins or molecules that can alter its function. For 

instance, following extracellular ligand binding, the integral membrane protein, Notch1 

undergoes multiple proteolytic cleavage steps in which a fragment of the full-length 

protein can enter the nucleus and regulate transcription. The function of Notch1 is 
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therefore dependent on its subcellular localization within the cell [23]. To build upon 

these concepts in many cases these domains or localization sequences are not 

recognized or accessible until post-translational modifications occur. These 

mechanisms apply multiple layers of regulation and functionality to a seemingly 

limited number of proteins. 

Proteolysis 

The ubiquitin-proteasome system (UPS) 

The timely expression and function of proteins are vital in coordinating cellular 

processes and stress responses. Proteolysis is irreversible and therefore provides a 

complete, rapid, and sustained termination of cellular mechanisms. Proteins are 

continually synthesized and degraded under normal physiological conditions. Protein 

turnover rates vary depending on their function. Regulatory enzymes usually have a 

much faster turnover rate compared to structural proteins [24]. For example, the 

turnover of kinases can range from minutes to hours whereas structurally proteins such 

as hemoglobin or albumin can range from days to weeks [25]. 

 In addition to steady-state turnover, proteins can be actively degraded. 

Balancing high levels of protein synthesis with degradation allows for robust changes 

in cellular processes and organization. The two evolutionarily conserved proteolysis 

pathways within the cell are the ubiquitin-proteasomal system (UPS) and the lytic 

organelle known as the lysosome in metazoan and the vacuole in yeast. Metazoans also 

utilize cytosolic proteases such as calpains and caspases for stress-induced proteolysis 

[24]. One of the best examples of strictly orchestrated synthesis and degradation of 

proteins occurs during the cell cycle. Cyclins are regulatory proteins that activate the 
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activity of their cognate partners known as cyclin-dependent kinases (CDKs). The 

oscillation of cyclin protein levels regulates the timely activity of CDKs which allows 

cell cycle progression. Proteolysis is therefore tightly coupled with cell cycle 

progression and uncoupling of these processes can result in checkpoint evasion and 

uncontrolled proliferation. It is therefore not surprising that dysregulation of cyclin and 

CDK protein levels have been associated with many cancer types including breast and 

colon [26].  

The predominant mode of proteolysis in the cell occurs via the UPS as it 

accounts for 80% of all protein degradation [24]. The UPS pathway is highly specific 

and uses the polypeptide co-factor, ubiquitin to mark proteins for degradation. Tagging 

proteins with ubiquitin requires a three-step process in which E1 enzymes activate 

ubiquitin, E2 enzymes then conjugate the primed ubiquitin tags to E3 enzymes which 

ligate ubiquitin to the specified target. There is only one known E1 protein in 

mammalian systems, 30-40 E2 enzymes, and over 1,000 known E3 ligases 

demonstrating that E3s are the defining factor for substrate specificity [24].  

Ubiquitin modifications are not unique to UPS-mediated degradation, ubiquitin 

tags can also mark proteins for re-localization, internalization, or degradation via the 

lysosome [27]. Thus the number and branching patterns of ubiquitin chains can play a 

variety of different roles within the cell [28]. Ubiquitin chains that target substrates for 

UPS-mediated degradation are recognized by the 19S subunit of the 26S proteasome. 

Substrates are fed into the body of the proteasome for degradation and ubiquitin is 

removed for recycling by deubiquitinating proteins. As a substrate arrives at the 

proteasome it is bound, unfolded, and linearized by high-powered ATPases [24]. The 
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denatured protein is then fed through the central channel and hydrolyzed into small 

peptides.  

Autophagy and lysosomal-mediated degradation 

Contrary to UPS-mediated degradation which feeds individual denatured proteins 

through its catalytic core, lysosomal-mediated degradation requires substrates to be 

incorporated into membrane vesicles such as endosomes and autophagosomes [29]. 

These vesicles then fuse with the lysosome and its contents are degraded via luminal 

hydrolases. Endosomal-lysosomal networks primarily regulate secretory and 

membrane proteins whereas the autophagy-lysosomal pathway is a catabolic pathway 

required for the degradation and recycling of internal cellular components [30]. The 

sorting nexin protein family is a large, diverse group of trafficking proteins that 

function in both the endosomal-lysosomal and autophagy pathways. These proteins are 

key regulators in the sorting and localization of protein cargo. In the endosomal-

lysosomal pathway sorting nexins direct the internalization, recycling, and degradation 

of membrane proteins. These proteins are also required for many selective autophagy 

pathways including pexophagy, mitophagy, and autophagic degradation of large multi-

subunit complexes such as ribosomes, proteasomes, and the fatty acid synthase 

complex [30].  

A. Overview of autophagy 

Autophagy occurs at low levels in physiological conditions but is upregulated in 

periods of stress. Autophagy-mediated degradation requires the formation of double-

membrane vesicles known as autophagosomes which engulf substrates and deliver 

them to the lysosome [29]. The field of autophagy has expanded to encompass 
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regulatory roles and degradation of a wide array of macromolecules such as nucleic 

acids, lipids, and proteins, as well as larger multi-subunit complexes and organelles 

[31]. The term “autophagy” was first coined by Christian de Duve who won the Nobel 

Prize in 1974 for his discovery of lysosomes. Ground-breaking work by Yoshinori 

Oshumi in 1993 identified genes essential for autophagy using a genetic screen in the 

yeast model organism. Many of these genes are evolutionarily conserved and have 

orthologues in humans. Yoshinori Oshumi was awarded the Nobel Prize in 2016 for 

his work delineating the basis of autophagy [32] [33]. The lysosome was once thought 

of as a dumpsite within the cell, degrading only damaged or excess cellular debris. In 

Figure 3. Autophagy in yeast (top panel) and mammalian (bottom panel) cells 

(adapted from [2]). Autophagy is divided into various stages that define 

autophagosome biogenesis. These steps include the initiation of the PAS (1), 

expansion of the phagophore (2), maturation of the autophagosome (3), and fusion 

of autophagosomes with the lytic organelle (4). Non-selective autophagy randomly 

sequesters and degrades cytosolic components. Selective autophagy requires 

receptors that exclusively bind and tether cargo to the phagophore. Autophagy 

receptors contain Atg8-interacting motifs (AIM/LIR) that bind to the LC3-docking 

site (LDS) of Atg8/LC3 (outlined in boxes on the right). 
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more recent years, sophisticated regulatory roles of autophagy, that were once 

underappreciated and hidden in the limelight of the UPS, have taken center stage in the 

field of proteolysis.  

B. Bulk vs selective autophagy 

There are slight variations in the machinery required for bulk and selective autophagy 

pathways. Bulk also known as non-selective or macroautophagy randomly sequesters 

cytosolic components and delivers them to the lytic organelle for degradation during 

periods of stress. The phagophore assembly site (PAS), the site of autophagosome 

biogenesis, forms contact sites with both the lysosome and ER [34]. Following the 

initiation of the phagophore, the isolation membrane expands and seals around its 

cargo. The outer membrane of the autophagosome then fuses with the lysosome, and 

the contents within the autophagic body are degraded in the lumen of the lysosome 

(Figure 3) [34]. Bulk autophagy is induced following TORC1 inactivation and 

subsequent activation of the Atg1 kinase complex. The Atg1 kinase complex is required 

for PAS initiation and includes Atg1, Atg13, Atg17, Atg29, and Atg31 [35].  

In selective autophagy such as mitophagy, pexophagy, ER-phagy, or 

nucleophagy autophagosomes are built at the site of the substrate organelle and these 

organelles or portions of these organelles are then sequestered into autophagosomes 

and delivered to the lysosome [36]. These forms of selective autophagy utilize a diverse 

set of receptor proteins that bind to unique targets and tether them to the autophagic 

machinery. Autophagy receptor proteins contain Atg8-interacting motifs (AIMs), also 

known as LC3-interacting regions (LIRs) in mammalian systems, that interact with the 

LC3-docking site (LDS) found within the Atg8 protein family [36] (Figure 3, boxes on 
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the right). These domains are essential for selective autophagy and are required for 

tethering specific substrates to the autophagic membrane. In addition to the growing 

number of receptor proteins, selective autophagy can also utilize unique scaffolding 

machinery such as Atg11 which is required for PAS formation of autophagosomes 

engulfing receptor-bound cargo [35].  

C. Transcriptional, post-transcriptional, and post-translational regulation of 

autophagy 

In the model system S. cerevisiae, there are over 40 autophagy-related genes (ATG) 

that are highly conserved and encode proteins required for orchestrating 

autophagosome biogenesis and substrate recruitment [34]. Nutrient depletion triggers 

a robust induction of ATG transcription and translational. To prevent aberrant or excess 

autophagy cells have multiple layers of regulation including transcriptional, post-

transcriptional, and post-translational mechanisms. Major transcriptional regulators 

controlling ATG expression in yeast include repressors such as Ume6, Rph1, and 

Pho23, as well as activators namely Rim15, Gcn4, Gln3, and Gat1 (Figure 4) [37]. Our 

laboratory has shown that the CKM functions as a negative regulator of ATG 

expression. Deletion of CKM components results in a significant increase in ATG8, 

ATG1, and ATG14 expression following TORC1 inhibition or nutrient deprivation [38] 

[3]. In addition to directly repressing transcription, cyclin C/Cdk8-mediated 

phosphorylation of Rim15 inhibits its activity and is required for the repression of stress 

response genes including ATG8 [39].  
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Post-transcriptional regulation of ATG expression via RNA decay pathways is 

another layer of regulation employed by the cell to rapidly adjust autophagy levels. The 

helicase and decapping enzymes, Dhh1 and 

Dcp2, negatively regulate ATG expression 

by degrading ATG transcripts in unstressed 

conditions (Figure 4) [37]. In addition, 

Xrn1 is an exonuclease that degrades ATG 

transcripts in both yeast and mammalian 

systems. Under physiological conditions, 

Dhh1, Dcp2, and Xrn1 downregulate ATG 

mRNA levels. Following starvation, these 

three proteins are inhibited or degraded 

which allows for the translation and 

upregulation of autophagy proteins [37].  

Dhh1, Dcp2, and Xrn1 are core components of the evolutionarily conserved 

class of ribonucleoprotein (RNP) granules known as processing bodies (P-bodies). P-

bodies form as RNA and protein condense and separate from the surrounding diluted 

phase in a process known as liquid-liquid phase separation (LLPS) [40]. These 

membrane-less organelles regulate gene expression by rapidly adjusting mRNA 

accessibility [41]. Under physiological conditions, P-bodies sequester and degrade 

mRNAs encoding proteins required for stress response such as ATG transcripts [42]. 

Following starvation, ATG transcripts are recycled into the cytosol, and biosynthetic 

mRNA transcripts required for metabolism and amino acid biogenesis are then 

Figure 4. Transcriptional and post-

transcriptional regulation of ATG 

expression.  
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sequestered and degraded. This allows cells to promptly shut down anabolic pathways 

and conserve nutrient pools while upregulating catabolic processes [43]. RNP networks 

and autophagy are closely associated as RNP granules regulate ATG transcripts and 

autophagy is essential in maintaining the homeostasis of RNP granules [44,45].  

Lastly, post-translational modifications such as phosphorylation, 

ubiquitination, lipidation, and proteolytic cleavage are also essential for autophagy 

induction and autophagosome biogenesis. For example, under nutrient-rich conditions 

Atg13, a regulatory unit of the Atg1 complex, is inactive in its hyper-phosphorylated 

state. Following TORC1 inhibition, Atg13 is rapidly dephosphorylated by two protein 

phosphatases, Rts1 and Cdc55. In its dephosphorylated state, Atg13 forms a complex 

with Atg1, Atg17, Atg29, and Atg31 and initiates autophagosome biogenesis [46]. In 

addition, Atg8 also undergoes multiple post-translational modifications during 

autophagy induction. Atg8 is first processed by the protease Atg4, Atg8 is then 

activated by Atg7 and Atg3, the E1-like and E2-like enzymes respectively. Finally, the 

Atg5-Atg12 complex is required for the conjugation of Atg8 with 

phosphatidylethanolamine (PE). The lipidation of Atg8 is required for its association 

with the isolation membrane of the growing phagophore [47].   

CKM in cellular homeostasis and stress response  

At the crossroads of stress response and homeostasis is the Cdk8 kinase module (CKM) 

[48]. The CKM is a detachable unit of the Mediator complex known in yeast to 

predominantly negatively regulate the transcription of stress-responsive genes (SRG) 

such as SPO13, SPO11, CTT1, ATG8, and the HSP70 family member SSA1 (Figure 5, 

left panel) [49]. This complex is comprised of four conserved proteins: the scaffolding 
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proteins Med13 and Med12, as well as the non-canonical cyclin, cyclin C, and its 

cognate kinase, Cdk8. Cyclins mediate the activity of their exclusive CDK partner and 

can be categorized into functional subtypes including cell cycle regulatory or 

transcriptional cyclins. Cyclin C/Cdk8 was the first cyclin/Cdk pair to be identified as 

transcriptional regulators. Protein levels of cyclin C and Cdk8 do not fluctuate during 

the cell cycle but remain constant in physiological conditions [50]. Med12 functions as 

a scaffolding component within the CKM and mediates the kinase activity of Cdk8 

[51]. Interestingly, Med13 was recently identified as a potential member of the 

Argonaute/PIWI protein family. Based on sequence analysis Med13 shares similar 

structural features to Ago proteins which function in RNA silencing [51].  

In S. cerevisiae, the CKM predominantly functions to negatively regulate SRG 

transcription under physiological conditions. Following stress, this repression is 

relieved through the disassembly of the CKM [52]. Localization and degradation of the 

CKM components are highly regulated and dependent upon stress cues. In response to 

cell death cues (triggered by increased oxidative stress) the stress signal is 

communicated to Med13 by the conserved MAPK signal transduction pathway. This 

triggers ubiquitin-mediated destruction of Med13 by nuclear 26S proteasomes [53] [54] 

[55]. Med13 functions as the nuclear anchor for cyclin C, therefore degradation of 

Med13 allows for the re-localization of cyclin C from the nucleus to the cytosol [53]. 

Once in the cytosol cyclin C promotes mitochondrial fragmentation and initiates 

programmed cell death pathways (Figure 5, center red panel) [52]. These studies serve 

to illustrate the day and night jobs of cyclin C. Importantly these roles are conserved 

as discussed below. In contrast, following cell survival cues that are triggered by 
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nitrogen starvation stress, cyclin C is degraded via nuclear UPS proteolysis to relieve 

the repression of autophagy-related genes (ATG) (Figure 5, right green panel) [29]. 

[38]. Nuclear retention and degradation of cyclin C during starvation stress prevents 

mitochondrial fragmentation and cell death. 

    

  

Figure 5. The CKM has dual roles. The CKM is composed of four proteins: Med13, 

Med12, cyclin C and its cognate Cdk8. This complex functions as a detachable unit 

of the Mediator complex (pink and blue regions denoted Head and Middle in the 

bottom left panel) In unstressed conditions, the CKM regulates the transcription of 

~ 3000 genes. Following oxidative stress, cyclin C localizes to the cytosol. In the 

cytosol cyclin C induces mitochondrial fragmentation and initiates programmed 

cell death pathways (red panel). During starvation, cyclin C is degraded within the 

nucleus via the UPS. This promotes survival by preventing mitochondrial 

fragmentation and upregulating autophagy (green panel).  
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The CKM is highly conserved from yeast to mammalian systems. The 

preliminary studies in S. cerevisiae outlining the roles of the CKM in stress response 

pioneered further studies in mammalian cell culture.  

Transcriptional control - CKM day job 

The transcriptional control imposed by the CKM in mammalian systems is very 

dynamic as it depends on many factors including kinase activity, loci, and stress. The 

CKM can both negatively and positively regulate transcription through the recruitment 

or removal of this complex at specific target promoters [56]. In general, in 

physiological, unstressed conditions the CKM promotes the transcription of genes 

required for cellular homeostasis and represses the transcription of SRG. Following 

stress, the CKM activates the transcription of SRG either through the removal of 

inhibition or activation through promoter recruitment [56].  

Stress-induced mitochondrial role – CKM night job 

Similar to yeast, following oxidative stress, a small subset of the nuclear cyclin C 

population is exported from the nucleus and localizes to the mitochondria [12]. At the 

mitochondria, cyclin C promotes mitochondrial fragmentation and initiation of 

programmed cell death pathways through interactions with Drp1 and Bax, respectively 

[57,58]. Further studies in both yeast and mammalian models revealed that aberrant 

localization of cyclin C can alter stress sensitivity and viability. Premature cyclin C 

mitochondrial localization hypersensitizes cells to oxidative stress and 

chemotherapeutics and decreases viability [38] [53], whereas cells devoid of cyclin C 

are more resistant to stress [12,52]. It is therefore not surprising that cyclin C has been 

identified as a tumor suppressor in both solid and hematological cancers [59,60].  
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Cyclin C exemplifies multifunctionality as being a regulator of transcription, 

mitochondrial dynamics, and cell fate decisions. Cyclin C protein levels, localization, 

and structural domains orchestrate these separate functions and dictate how cells will 

respond to different stress cues (ROS vs starvation). Given that the degradation of 

Med13 is highly regulated during oxidative stress and that the function, localization, 

and degradation of cyclin C is dependent upon stress, the next logical question to 

address is how Med13 is regulated following other forms of stress. Surprisingly, I 

discovered that in S. cerevisiae Med13 localizes to the cytosol where it performs a 

secondary stress-induced cytoplasmic role prior to its autophagic degradation. This 

cytosolic role is independent of the CKM and is important for cell survival during 

starvation stress. The data supporting this model are reported in the chapters below. In 

short, Chapter 2 describes a new selective autophagy mechanism that is used to deliver 

Med13 to autophagosomes for vacuolar proteolysis. In Chapter 3 the autophagic 

receptor protein for this pathway is described. In Chapter 4, the stress-induced cytosolic 

role of Med13 is discovered and explained. Lastly, in Chapter 5 the role of cyclin C in 

regulating autophagy in the murine Kras pancreatic cancer model is delineated.  
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RATIONALE 

The Cdk8 kinase module (CKM) is an evolutionarily conserved dissociable unit of the 

Mediator complex known to regulate the transcription of stress response and meiotic 

genes. The CKM comprises four proteins: the two scaffolding proteins Med13 and 

Med12, as well as the transcriptional cyclin/Cdk8 pair, cyclin C/Cdk8. In yeast, the 

CKM functions predominantly as a negative regulator of transcription. During periods 

of stress or exposure to developmental cues, transcriptional repression is relieved 

through CKM disassembly. After CKM disassociation, noxious stress triggers cyclin 

C localization to the cytosol where it promotes mitochondrial fragmentation and 

initiation of programmed cell death pathways [52]. By contrast following starvation 

cues, cyclin C is retained in the nucleus and rapidly degraded [38]. The localization 

and degradation of the CKM components are pivotal as aberrant localization of cyclin 

C results in defects in stress response pathways and deleterious effects on viability [53] 

[38,54].  

 The CKM coordinates multiple stress response mechanisms including 

transcription, organelle dynamics, and cell fate decisions. Early studies in S. cerevisiae 

guided subsequent studies that identified cyclin C as a regulator of both mitochondrial 

fission machinery and pro-apoptotic proteins in mammalian cells [12]. In periods of 

oxidative stress, cyclin C interacts with the GTPase and pro-apoptotic factor, Drp1 and 

Bax respectively, to induce programmed cell death pathways [57,58]. In addition to 

oxidative stress, our laboratory has also shown that the CKM regulates stress response 

mechanisms following starvation stress [38]. Nutrient deprivation induces autophagy, 

a conserved catabolic pathway required for the turnover of cytosolic components. 
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During physiological conditions, the CKM functions to negatively regulate autophagy. 

Following starvation cues, the CKM is dissolved allowing for the upregulation of 

autophagy. 

 The etiology of a variety of pathologies including cancer [61], cardiovascular 

diseases [62], osteoporosis [63], developmental disorders [64], as well as inflammatory 

and autoimmune diseases [65] [66] is associated with CKM dysregulation. In addition, 

defects in autophagy are closely associated with neurodegenerative diseases [67] and 

cancer [68]. Understanding how CKM components are regulated and how they regulate 

autophagy is therefore fundamental in delineating their role in pathogenesis.  
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CHAPTER 1  

Materials and Methods 

1. Yeast  

Strains and plasmids 

Experiments were primarily performed with endogenously labeled proteins in the S. 

cerevisiae W303 background (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) 

[110] or from the Research Genetics yeast knockout collection derived from BY4741 

strain background (MATa his3Δ1 leu2Δ met15Δ ura3Δ). In accordance with the 

Saccharomyces Genome Database members of the CDK8 module, 

SSN8/CNC1/UME3/SRB11, SSN3/CDK8/UME5/SRB10, SRB8/MED12/SSN5 and 

SSN2/MED13/UME2/SRB9, will use CNC1, CDK8, MED12, and MED13 gene 

designations, respectively. All strains were constructed using replacement 

methodology [111]. In short, primers were made using specific regions of homology 

depending on the desired genomic manipulation (knocking out a gene, N-terminal tag, 

or C-terminal tag). These primers were then used to PCR the knock-out or epitope 

cassette from the pYM plasmids. There are a few special fluorophore plasmids such as 

mNeongreen, mRuby3, mCardinal, and mNeptune that share a different open reading 

frame compared to the pYM plasmids. For these plasmids use the protocol for making 

S2 reverse primers and for the forward primer (S3) use the extension sequence 

CGGATCCCCGGGTTAATTAA following 45-55 bases before the STOP-codon 

(excluding STOP) of the gene of interest.  

The presence and size of the PCR product were confirmed using a 1% agarose 

gel. The PCR product was prepared using the PCR clean-up kit (Omega catlog# 
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D6492). The PCR product was transformed into mid-log yeast cultures using the LiAc 

TRAFO transformation protocol. A 25mL mid-log yeast culture in YPDA is spun down 

at 5000 rmp for 5 mins. The pellet is washed with 5 mL of sterile water and spun down. 

The pellet is resuspended in 1 mL of sterile 100 mM LiAc and transferred to a 

microfuge tube. The cells are pelleted at 1,400 rmp for 30 seconds and the supernatant 

is removed. The cells are resuspended in 200 uL of 100 mM LiAc and 50 uL of this 

cell suspension is transferred into new microfuge tubes. This cell suspension is then 

spun down and the supernatant is removed. The pellet is resuspended in 240 uL of 50% 

PEG, 36 uL of 1M LiAc, 25 uL of 2 mg/mL salmon sperm DNA, and 25 uL of DNA 

(0.1-10 ug). The cell suspension is vortexed until the pellet is completely resuspended. 

The cells are incubated at 30 ⁰C for 30 minutes, then heat shocked at 42 ⁰C for 20 

minutes. The cells are pelleted at 7000 rpm for 30 seconds and gently resuspended in 

1 mL of YDPA. Allow the cells to recover overnight at 30 ⁰C prior to plating on 

selective media. 

The GLE1- and NUP159-Auxin-inducible depletion strains (Chapter 2 - Figure 

4E) were a gift from K. Cunningham (John Hopkins University) [114].  The 

doxycycline-inducible Crm1 N-end rule degron strain (Chapter 2) was generated by 

integrating pMK632 [115] into the CRM1 locus in the presence of the pCM188 TET 

activator plasmid to create RSY2348 (Ubi-Leu-3 HA-CRM1::NATMX) as described 

in detail in [20]. 

Genes were amplified from wild-type genomic DNA, digested with restriction 

enzymes, and ligated into indicated vectors. All constructs were verified by sequencing. 

Commonly used vectors include RSB2619: pRS316, ADH1prom-MCS-GFP-ADH1term, 
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RSB2154: pAS2, GAL4prom-binding domain-HA-MCS-GAL4term, RSB2486: pACT2, 

GAL4prom-activating domain-T7-MCS-GAL4term. Mutations were introduced using site-

directed mutagenesis (Quick Change Kit, New England Biolabs).  

Cell growth 

Yeast cells were grown in either rich, nonselective medium (YPDA: 2% [w:v] glucose, 

2% w:v Bacto peptone, 1% w:v yeast extract, 0.001% w:v adenine sulfate) or synthetic 

minimal dextrose medium (SD: 0.17% w:v yeast nitrogen base without amino acids 

and ammonium sulfate, 0.5% w:v ammonium sulfate, 1x supplement mixture of amino 

acids, 2% w:v glucose) allowing plasmid selection as previously described [22]. For 

nitrogen-starvation experiments, cells were grown to mid-log (5-7 x 106 cells/mL, cells 

counted using hemocytometer) in SD medium spun down (1,400 rpm for 5 minutes), 

washed in 2x volume of water, and resuspended in SD-N media for indicated time 

points [113]. Rapamycin was used at the indicated concentration (low levels permitting 

growth = 2.5 nM or high levels 200 nM) and durations. Rapamycin (Biovision) was 

dissolved in 90% Tween, 10% ethanol, and stored at -20 ⁰C. Oxidative stress was 

induced using hydrogen peroxide (Millipore Sigma HX0635-3) (0.4-1 mM). For the 

Auxin-inducible depletion strains live cells were treated with 250 μM auxin (Indole-3-

acetic acid; GoldBio, I-110) dissolved in ethanol 30 min before and during nitrogen 

starvation. For the doxycycline-inducible N-end rule degron studies cells were treated 

with 2 μg/mL of doxycycline (Sigma Aldrich, D9891) for 1 h before and during 

nitrogen starvation (these concentrations and incubation times are unique to Crm1, 

optimization will be needed depending on protein of interest and N-terminal amino acid 

being used).  
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Western blot assays  

Protein extracts for western blot studies were prepared using a NaOH lysis procedure 

exactly as described in [55].  Pellets were flash-frozen in liquid nitrogen and stored at 

-80 ⁰C. Pellets are resuspended in 500 μL 2 M LiAC and incubated for 5 minutes on 

ice. Cells are spun down, the supernatant is removed, and the pellet is fully resuspended 

in 200 μL of 0.4 M NaOH. The cell suspension is incubated for 5 minutes on ice, then 

spun down and the supernatant is removed. The pellet is then resuspended in 100 μL 

freshly made 2X loading buffer with 1M DTT and boiled for 5 minutes. Lysates were 

spun down for 2 minutes, the supernatant are transferred to a new tube, and 10-30 μL 

of lysate was loaded onto an SDS-PAGE gel. Proteins were separated on 6–12% SDS 

polyacrylamide gels depending upon their size using the Bio-Rad Mini-Trans Blot cell. 

For proteins ran on 6% gels, input controls were run on a separate 10% gel. To detect 

proteins, 1:5000 dilutions of anti-MYC (UpState/EMD Millipore Corp.,05–724), anti-

HA (Abcam, ab9110), anti-GFP (Invitrogen, A11122), or anti-Pgk1 (Invitrogen, 

459,250) antibodies were used. Western blot signals were detected using 1:5000 

dilutions of either goat anti-mouse (Abcam, ab97027) or goat anti-rabbit (Abcam, 

ab97061) secondary antibodies conjugated to alkaline phosphatase and CDP-Star 

chemiluminescence kit (Invitrogen, T2307). Signals were quantified relative to Pgk1 

or Tubulin (Developmental Studies Hybridoma Bank, University of Iowa) controls 

using the iBright FL1500 imaging system (Thermo). 

All degradation assays were performed in triplicate. Standard deviation and 

significance were calculated from the mean ± standard deviation using GraphPad Prism 

7. For quantification of degradation kinetics band intensities of each time point were 
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first divided by unstressed, T=0 band intensity. These values were then divided by Pgk1 

loading band intensity values which were also normalized to their T=0 intensities. 

Depending on the experiment either T-tests or 2-way ANOVA analysis was performed. 

Two-way ANOVAs were performed to determine the significance between every 

genotype and time point. The P-values shown are relative to wild-type T=4 time points. 

Protein half-life was extrapolated using linear regression analysis, where 1.7 (log of 50, 

half of 100%) was plugged into the y value in the slope-intercept form equation.  

Cleavage assays 

Cleavage assays were performed in indicated strains harboring GFP-fusion proteins. 

Cells were grown to mid-log in SD, washed, and resuspended in SD-N for indicated 

time points (usually T=0 and T=4). Protein extracts were prepared using NaOH as 

described above (25 mL/time point). Proteins were separated using Invitrogen BlotTM 

4–12% Bis-Tris Plus gradient gels with 1X MOPS SDS running buffer 

(NW04122BOX) (20X: 50mM MOPS, 50 mM Tris Base, 0.1% SDS, 1mM EDTA, pH 

7.7). Proteins were transferred to PVDF membranes in 1X BlotTM transfer buffer for 

1 h 30 min (BT00061) (20X: 25 mM Bicine, 25mM Bis-Tris [free base], 1mM EDTA, 

pH 7.2). GFP-tagged proteins were detected using 1:5000 dilution of anti-GFP 

(FUJIFILM Wako Pure Chemical Corp., 012–20,461 for Med13, Invitrogen, A11122 

for all other GFP-fusion proteins) antibodies and goat anti-mouse (WAKO) or anti-

rabbit (Invitrogen) secondary antibodies conjugated to alkaline phosphatase 

Quantification of free GFP was calculated exactly as previously described [17]. In 

short, the free GFP band intensity of the final timepoint (T=4) was quantified and 
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normalized to Pgk1 protein levels. The P-values and significance shown are relative to 

wild-type T=4 timepoints.  

Co-Immunoprecipitation  

For co-immunoprecipitation experiments, 1 L of cells were grown to mid-log, washed, 

and resuspended in SD-N media (500 mL/timepoint, 125 mL per 5 mL Falcon tube). 

Protein extracts were prepared using a glass bead lysis method. An equal volume of 

glass beads and 400 μL RIPA V buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5% 

deoxycholate, pH 8.0 HCl supplemented with 1.4 M BME, 0.1 M PMSF, 1 mg/mL 

Pepstatin, 10 mg/mL Leupeptin, and ProBlock Gold Protease Inhibitor) was added to 

each sample. Cells were vortexed 8 times for 30 seconds and kept on incubated for 1 

minute on ice between vortex cycles. Cell suspensions were centrifuged at 3,500 rmp 

for 5 minutes and the supernatants were transferred to 1.5 mL microfuge tubes. Lysates 

were spun again at 4⁰ C for 15 minutes at 1,400 rmp (could use ultra-centrifuge if 

needed – 50,000 rmp for 45 minutes) and supernatants were transferred to a new 1.5 

microfuge tube. 

 Protein concentrations were determined using the Bradford (Bio-Rad) protein 

assay and the spectrophotometer readings at OD595. Protein levels were normalized 

among samples, 1 mg of protein extract was measured, and the final volume was 

brought to 500 μL using the lysis buffer. One μL of neat antibody was added to each 

sample except for the negative antibody control and tubes were left at 4 ⁰C overnight 

with gentle agitation. Indicated antibodies (anti-GFP Invitrogen, anti-HA, anti-Myc, or 

anti-T7 Novagen,69,522) were used for immunoprecipitations. Antibodies were then 

precipitated using protein A beads (GoldBio, P-400-5) that were pre-washed with IP 
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wash solution (500 mM NaCl, 25 mM Tris, pH 7.4) for 1 hour at 4 ⁰C with gentle 

agitation. Beads were then washed twice with IP wash buffer. Beads were resuspended 

in 20 μL of 2x loading buffer with 1M DTT, boiled for 5 minutes, and centrifuged for 

2 minutes at 1,400 rmp. The total volume of supernatant was then loaded onto an SDS-

PAGE gel. The coimmunoprecipitation blot was probed with antibodies against the 

indicated epitopes. Due to the drastic difference in size between Med13-3xHA and 

GFP-tagged proteins (Snx4 and Atg17), input controls were run on separate gels. For 

all input controls 500 μg of protein was immunoprecipitated from whole-cell lysates 

and separated on either 6% (Med13-3 HA) or 10% (GFP-Snx4 and Atg17-GFP) SDS 

polyacrylamide gels. All co-immunoprecipitation experiments were performed in 

pep4∆ prb1∆.1 strains to enhance protein concentration. 

Fluorescence microscopy 

For all microscopy experiments, cells were grown to mid-log, washed, and resuspended 

in SD-N for the time points indicated. Deconvolved images were obtained using a 

Nikon microscope (Model E800) with a 100x objective with 1.2x camera magnification 

(Plan Fluor Oil, NA 1.3) and a CCD camera (Hamamatsu Model C4742). Data were 

collected using NIS software and processed using Image Pro software. All images of 

individual cells were optically sectioned (0.2-μM slices at 0.3 μM spacing) and 

deconvolved, and slices were collapsed to visualize the entire fluorescent signal within 

the cell. 3D imaging was obtained using the Image Pro software. The nuclei were 

visualized in live cells using Hoechst staining (Cayman Chemical, 15,547). Hoechst (5 

μM), dissolved in water, was added to cells growing in either SD or SD-N (5 μM) 30 

minutes before they were visualized by microscopy. The vacuole was visualized in live 
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cells using FM4-64 (Invitrogen, T3166) and phenylmethanesulfonylfluoride (PMSF; 

Sigma, P7626) treatment of cells was executed exactly as described [116]. The 

vacuoles were also visualized in live cells using CMAC (Thermo, C2110) (100μM) 

staining. Prior to their visualization, cells were spun down and resuspended in 

HEPES/glucose buffer (10mM HEPES pH 7.4, 5% glucose) with 100μM CMAC and 

incubated at room temperature for 15 minutes [69]. 

The Keyence BZX710 fluorescence microscope with a 100x objective with 

1.0x camera magnification (PlanApoλ Oil, NA 1.45) and a CCD camera was also used 

because of its high sensitivity CCD and high-speed autofocus and sectioning. When 

indicated cells were optically sectioned (0.2-μM slices at 0.4 μM spacing) and Z-stack 

images were collapsed, and haze reduction processing (deconvolution) was performed. 

Data were collected using BZ-X Analyzer software. Quantification of Med13-

mNeongreen fluorescence within the vacuole was obtained using the Hybrid cell count 

function within the analyzer software (300 cells were counted per sample). For analysis 

single extraction settings were used. Red (vacuole, Vph1-mCherry) was set as the target 

area and green (Med13-mNeongreen) was set as the extraction area. The percentage of 

cells with vacuolar Med13-mNeongreen was calculated using Area ratio (1st) (ratio of 

the total area of the extracted areas to the target area) and cell count values. Percentages 

represent a ratio of the extraction area to the target area. 

For monitoring processing bodies (P-bodies) via microscopy special care 

should be used to reduce centrifugation and handling times as changes in P-bodies can 

occur rapidly (less than 10 minutes). For P-body microscopy experiments cells were 

centrifuged for 1 minute, the supernatant was aspirated, and cells were placed on the 
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cover slip and monitored immediately. Only prepare slides one at a time and when you 

can image them immediately. If cells need to be washed, wash using the SD-N media 

instead of sterile water and keep cells resuspended with continuous flicking to maintain 

aeration (doi:10.1016/S0076-6879(08)02625-6).  

Yeast two-hybrid analysis  

Yeast two-hybrid assays were performed in the Matchmaker Gold Yeast Two-Hybrid 

System (AUR1-C, ADE2, HIS3, and MEL1) (Takara Cat# 630489). The pAS2 

(RSB2154, GAL4prom-binding domain-HA-MCS-GAL4term) and pACT2 (RSB2486, 

GAL4prom-activating domain-T7-MCS-GAL4term) vectors were used. Plasmids 

expressing the bait protein fused to the Gal4 DNA-binding domain and the prey protein 

fused to the Gal4 activation domain were transformed into the Y2H gold strain. 

Plasmids were selected for on synthetic minimal dextrose medium lacking leucine and 

tryptophan (SD: 0.17% w:v yeast nitrogen base without amino acids and ammonium 

sulfate, 0.5% w:v ammonium sulfate, 1x supplement mixture of amino acids, 2% w:v 

glucose). Interactions between the bait and prey proteins were monitored using the 

ADE2, HIS3, and AUR1-C reporter genes. Single colonies were plated to media lacking 

leucine, tryptophan, adenine, and histidine and supplemented with 200ng/mL 

Aureobasidin A (Takara Cat# 630466). Autoactivation or weak interactions were 

removed by supplementing selective media with 40ug/mL of X-alpha-Gal (GoldBio 

Cat# XA250) and/or 3-aminotriazole (3-AT, Simga, Cat.#A8056-100G). 

Cell viability and growth assays  

The population of dead cells in a yeast population was determined using flow 

cytometry. Cells are grown to mid-log (~5 x 106 cells/mL), 5 mL were used for the 
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unstressed T=0 control, and the rest (20 mL) is spun down, washed, and resuspended 

in SD-N. 5 mL cultures were allocated from the 20 mL of cells resuspended in SD-N 

media and put on the wheel for the indicated time points (usual time course was 0, 3, 

6, 9 days in SD-N). The aseptic technique is critical as contamination is more likely 

with longer incubation periods. For analysis, cells are spun down and transferred to a 

sterile 1.5 mL microfuge tube. Cells were washed in 1 mL of 1X PBS, stained with 

phloxine B (Acid Red, Millipore Sigma P2759) at 5ug/mL (1X diluted in PBS), and 

incubated in the dark for 15 minutes. Cells were washed twice, diluted, and ran through 

the flow cytometer. phloxine B is a fluorescent dye that can only penetrate cells that 

have a permeable membrane such as necrotic cells. 

Samples were performed in biological triplicate and 30,000 cells were counted 

per time point. The percentage of phloxine B-positive (dead cells) was quantified using 

parameters determined by an unstained control. In addition to viability assays 

performed with the flow cytometer, serial dilution plating assays can also be performed 

to determine changes in viability over time or between different genotypes. In these 

assays, cells are grown to mid-log in replete SD liquid culture and then plated (3 uL) 

in ten-fold serial dilutions following indicated treatments to YPDA plates. Cells were 

then grown at 30⁰ C for 48 hours and plates were imaged.   

For cell growth assays, cells were grown overnight in YPDA media and back 

diluted to ~1 x 105 cells/mL the following day. Cells were then grown for at least 4 

hours at 30 and then aliquoted into 96 well plates. Growth rates were analyzed in the 

Gen5 microplate reader using the Brewing Yeast 24 h program in biological triplicate 

and technical duplicates. For growth recovery assays (monitoring quiescence exit) 
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saturated yeast cultures were diluted to ~1 x 105 cells/mL and aliquoted into 96 well 

plates and growth rates were immediately analyzed using the plate reader.  

Statistical analysis  

All representative results included at least two independent biological experiments. P 

values were generated from Prism GraphPad using unpaired Student’s t-tests or 

ANOVA tests; NS P ≥ 0.05; *P ≤ 0.05, **P ≤ 0.005; ***P ≤ 0.001; ****P ≤ 0.0001. 

All error bars indicate mean ± SD.  

2. Mammalian  

Cell Culture 

Experiments were primarily performed in cell lines derived from Pdx1-cre; LSL-

KrasG12D or Pdx1-cre; LSL-KrasG12D; Ccnc1f/f murine models generated by Dr. Kerry 

Campbell’s group at the Fox Chase Cancer Institute in Philadelphia. Clonal populations 

were obtained from single-cell dilutions and clonal expansion of homogenized 

pancreatic tissue. The two cell lines (KrasG12D Ccnc+/+ or KrasG12D Ccnc-/-) used in all 

experiments were single clone populations chosen based on the cuboidal morphology 

most comparable to known PDAC cell line models. The #470 clone 4 Pdx1-cre; LSL-

KrasG12D (KrasG12D Ccnc+/+) cell line was derived from a 15.5-month-old mouse with 

a nodular pancreas. Pathology showed extensive acinar-ductal metaplasia (ADM) and 

pancreatic intraepithelial neoplasia (PanIN) lesions with areas of sarcomatous stroma, 

but late-stage PDAC was not found. This cell line was used as the control for all 

experiments. The #163 clone 8 Pdx1-cre; LSL-KrasG12D; Ccnc1f/f (KrasG12D Ccnc-/-) 

cell line was derived from a 15-week-old female mouse. The pancreas had a malignant 

neuroendocrine tumor with areas of hemorrhage and adjacent ADM lesions. The PDAC 
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cell lines were cultured in low Ca+2 media with 5% chelated horse serum (FCCC, 

#40720) (DMEM/F12 1:1 Gibco special formula #90-5212EF, Antimycotic Gibco 

#15240-062, 100 ng/ml Sigma #C-8052 Choleratoxin, 20 ng/ml EGF, 5% chelated 

horse serum Gibco #16050-122, 27 μg/ml insulin Sigma #1-5500, 0.5 mg/L 

hydrocortisone Sigma #H-4001, 0.04 mM calcium chloride dihydrous, 2.438 g/L 

sodium bicarbonate, pH 7.2)  purchased from the cell culture facility at the Fox Chase 

Cancer Institute. at 37 °C and 5% CO2.  

Cultures were detached from flasks or wells using 1X TrypLE (Gibco Ref. 

#A12177-01, diluted using DPBS Ref. #14190-144 and 1mM EDTA) for 15 minutes 

followed by dilution in twice the volume of culture grade 1X PBS. Cells were pelleted 

at 700 g for 5 minutes. Cells are stored in liquid nitrogen in media containing 10% 

DMSO and located in boxes G8 and H8. The KrasG12D Ccnc-/- cell line was cell sorted 

at Fox Chase and single clones were isolated and expanded. Single clonal expansions 

were categorized as slow growers (SG), medium growers (MG), and fast growers (FG). 

We retrieve various clones of each, and they have been expanded and frozen away for 

later use. Any other cell lines have been described in the table below.  
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For viability assays or Western blot analysis, cells were grown to 75% 

confluency and treated with the following. An autophagy inhibitor (100 μM) of 

chloroquine (Caymen, #14194) for 24 hours, an autophagy inducer 250 nM of Torin1 

(Santa Cruz Biotechnology; CAS: 1222998-36-8) for 24 hours, indicated 

concentrations of the proteasome inhibitors Bortezomib (usually used at 100 nM) for 

24 hours, or 250 nM of MG-132 (Calbiochem; CAS: 133407-82-6) for 24 hours before 

analysis. For Cdk8 kinase inhibition, cells were pretreated with 1 μM Sel120-34A 

(Caymen, #27906) for 24 hours, or 1 μM Senexin A (Tocris; CAS: 1780390-76-2) for 

24 hours. Cells were treated again when the other drugs were administered to ensure 

that Cdk8 kinase activity would remain inhibited.  

Western blot assays 

For mammalian cells, protein extracts were prepared for Western blot analysis using 

RIPA V buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, pH 8.0 HCl) made fresh with 

the addition of 1.4 M BME, 0.1 M PMSF, 1 mg/mL Pepstatin, 10 mg/mL Leupeptin, 

and sigma protease inhibitor cocktail (1:100 dilution). Pellets are harvested and flash 

Table 1. Cell culture conditions. The cell line, genotypes, media, and passaging 

conditions for the indicated genotypes are described.  
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frozen in liquid nitrogen and stored at -80⁰ C. Cells harvested at ~75% confluency from 

a 6-well dish are lysed in 30 μL of lysis buffer, and cells harvested from a 100 m dish 

are lysed in 100 μL of the buffer. Fully resuspend the pellet until the cell suspension is 

homogenous and mixed thoroughly. Tubes are then incubated at 4⁰ C with gentle 

agitation for 30 minutes. Lysates are then spun down at 4⁰ C at full speed for 15 

minutes. The supernatant is then transferred to a new 1.5 microfuge tube and protein 

concentrations are determined using the Bradford (Bio-Rad) protein assay reagent and 

the spectrophotometer. Depending on the protein being monitored load between 30-50 

μg of protein with equal volumes of 2x loading buffer made fresh with 1M DTT. 

Lysates are then boiled and run on an SDS-PAGE gel. The antibodies used can be found 

in Table 3 of the appendix. β-Actin (1:2500 dilution) (Abcam-ab8227) was used as the 

loading control. Secondary antibodies and imaging are exactly as described in the yeast 

methods Western blot assays section.  

Fluorescence microscopy  

Harvest cells as described above and dilute cells at low confluency to obtain an evenly 

spread, single-cell distribution. If cells are clumped or highly confluent it will be 

difficult to get representative images. For KrasG12D Ccnc+/+ cells 100 μL of the 3mL 

cell/trypsin/PBS suspension was diluted into 5 mL of fresh media and for the KrasG12D 

Ccnc-/- cells 200 μL of the cell suspension was diluted into 5 mL of fresh media. From 

this dilute cell suspension, 500 μL was pipetted directly onto coverslips. Cells were 

allowed to settle for ~30 minutes in the incubator and then 2.5 mL of fresh media was 

added to each well. Cells were then grown overnight or until ~50-60% confluent. For 

microscopy cells were treated with the same concentration of drugs as described above 
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but for 4 hours instead of 24 hours. For monitoring mitochondrial morphology, Mito 

Tracker Red CMXRos was added 30 minutes prior to fixing.  

After treatment, cells were washed twice with cold 1X PBS. Cells were then 

fixed using 1 mL of 4% paraformaldehyde and incubated for 10 minutes at RT. Cells 

were washed twice and permeabilized using 1 mL of 0.2% Triton and incubated on the 

shaker for 10 minutes at RT. Cells were washed and non-specific interactions were 

blocked using 1 mL of 2% BSA (diluted in PBS) and incubated on the shaker for 1 

hour at RT. The 2% BSA was then removed, and the primary antibody was added and 

mixed on the shaker for 5 minutes and then incubated at 4⁰ C overnight. For the cyclin 

C and LC3 antibodies, I used the same antibodies as those used for Western blots except 

at a 1:500 dilution (diluted in 2%BSA/PBS solution). The following day the primary 

antibody was removed, and cells were washed and incubated with the secondary 

antibody (anti-rabbit Alexa Fluor 488; Invitrogen; A-11008) at a 1:2,000 dilution 

(diluted in 2% BSA/PBS solution) for 1 hour on the shaker in the dark. The secondary 

antibody was removed, and cells were washed with 1X PBS. Coverslips were then 

mounted using 3 μL of the DAPI mounting solution. Cells were then visualized using 

the Keyence BZX710 fluorescence microscope with a 40x or 100x objective with 1.0x 

camera magnification (PlanApoλ Oil, NA 1.45) and a CCD camera. Images were 

processed using the BZ-X Analyzer software.  

Flow cytometry analysis  

Cells were grown in 12-well dishes to ~75% confluency and treated with the indicated 

drugs as described above. Media was transferred to sterile 1.5 mL microfuge tubes 

(dead cells are usually detached and floating within the media so it is important to 
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collect both the media and cells) and cells were harvested as described above. Cells 

were carefully collected and pelleted at 700 g for 2 minutes. The supernatant was 

removed by decanting (would not use aspiration) and pellets were washed with 1X cold 

PBS. Cells were resuspended in the indicated dye or stain and analyzed using the BD 

AccuriTM C6 flow cytometer (BD Biosciences). 30,000 events were counted per 

sample and experiments were performed in biological triplicates. Cells can vary in size 

between genotypes so be sure to gate correctly. For Annexin V viability assays, cells 

were resuspended in 100 μL of the Annexin V Ca+2 buffer (10X: 100 mM HEPES pH 

7.4, 1.4M NaCl, 25 mM CaCl2 ) and 1 μL of the Cy5 Annexin V reagent  (BD 

Biosciences, Cat. #559933) and 1 μL of 100 μg/mL propidium iodine stock was added 

to the cell suspension. Cells were then incubated for 15 minutes in the dark at RT. Cells 

were then analyzed immediately (does not need to be washed). The percentage of 

Annexin V positive cells was quantified and graphed. 

For quantifying reactive oxygen species concentrations, cells were incubated 

with 1 mM dihydroethidium (DHE), 250 nM tetramethyl rhodamine methyl ester 

(TMRM), or 5 μM of MitoSox for 30 minutes at RT in the dark. Fluorescent profiles 

were then analyzed and graphed. For monitoring the cell cycle and aneuploidy, cells 

were harvested as described above. The number of cells will affect the quality of 

staining, therefore 0.5x106 cells/mL were spun down and washed in 1X PBS. The cells 

were then resuspended in 1 ml of ice-cold PBS and vortexed gently. The cells were 

then fixed by adding the cell suspension drop-wise slowly into 9 mL of 70% ethanol in 

a 15 mL conical tube. Cells were stored at 4⁰ C for 24 hours (can be stored up to 2 years 

before staining). After fixation, cells were spun down at 200 g for 10 minutes at 4⁰ C 
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and washed in cold PBS. Cells were resuspended in freshly made 500 μL PI/Triton 

staining solution (1% v/v Triton X-100 in PBS, 2 mg of DNAse-free RNAse A, 400 

μL of 500 μg/ml PI). The cell suspension was incubated at RT for 30 minutes in the 

dark and then analyzed using the flow cytometer.   

Proteasome Assays 

To determine proteasome activity cells were grown to ~75% confluency in 100m dishes 

and harvested as previously described (protein concentrations can be low due to the 

gentle lysis methodology therefore 100m dishes were used). Cells were lysed using 

lysis buffer A (25 mM Tris, pH 7.4, 10 mM MgCl2, 10% glycerol) supplemented with 

fresh 1mM ATP, 1 mM DTT, and 5 μL (for 500 μL of buffer) of protease inhibitor and 

phosphatase inhibitor. Cells were spun down, resuspended in 75 μL of lysis buffer A, 

and incubated at 4⁰ C with gentle shaking for 30 minutes (gentle to not disrupt 

proteasome complexes). Cells were spun at full speed for 4 minutes at 4⁰ C and lysates 

were transferred to a new tube. Bradford protein assays were used to determine protein 

concentrations. Each reaction required 25 μg of protein which was brought up to a total 

volume of 50 μL using lysis buffer and pipetted into one well a 96-well dish. To 

monitor proteasomal-independent fluorescence 72.5 μM MG132, the proteasome 

inhibitor was added to each control lane. Finally, the substrate buffer (lysis buffer A, 

200 μM Suc LLVY, 1 mM DTT, and 1 mM ATP) was added to each well. Fluorescence 

was immediately monitored via the plate reader. Fluorescent readings (excitation = 

360, emission = 400) were taken every 5 minutes for 90 minutes at 37⁰ C with gentle 

shaking.  
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CHAPTER 2  

Snx4-assisted vacuolar targeting of transcription factors defines a new 

autophagy pathway for controlling ATG expression 

This chapter is based on a research paper published in the journal Autophagy in 2021. 

Abstract 

Autophagy, in part, is controlled by the repression and activation of autophagy-related 

(ATG) genes. Here, we describe a new selective autophagy pathway that targets 

functional transcriptional regulators to control their activity. This pathway is activated 

in response to nitrogen starvation and recycles transcriptional activators (Msn2 and 

Rim15) and a repressor (Med13) of ATG expression. Further analysis of Med13 

vacuolar proteolysis revealed that this pathway utilizes the core autophagic machinery. 

However, it is independent of known nucleophagy mechanisms, receptor proteins, and 

the scaffold protein Atg11. Instead, Med13 exits the nucleus through the nuclear pore 

complex (NPC) and associates with the cytoplasmic nucleoporin Gle1, a member of 

the RNA remodeling complex. Dbp5 and Nup159, that act in concert with Gle1, are 

also required for Med13 clearance. Med13 is retrieved from the nuclear periphery and 

degraded by Atg17-initiated phagophores anchored to the vacuole. Efficient transfer to 

phagophores depends on the sorting nexin heterodimer Snx4/Atg24-Atg20, which 

binds to Atg17 and relocates to the perinucleus following nitrogen starvation. To 

conclude, this pathway defines a previously undescribed autophagy mechanism that 

targets select transcriptional regulators for rapid vacuolar proteolysis, utilizing the 

RNA remodeling complex, the sorting nexin heterodimer Snx4-Atg20, Atg17, and the 

core autophagic machinery. It is physiologically relevant as this Snx4-assisted vacuolar 
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targeting pathway permits cells to fine-tune the autophagic response by controlling the 

turnover of both positive and negative regulators of ATG transcription. 

Introduction 

Macroautophagy (hereafter autophagy) is a controlled catabolic process critical for 

maintaining homeostasis and cellular survival during adverse conditions, such as 

starvation or cytotoxic stress. Initially, identified as a mechanism to recycle superfluous 

cytosolic proteins [70], it is apparent that autophagy is also a critical regulator of 

specific cargos, including misfolded proteins and aggregates, damaged organelles, 

lipids, and pathogens [71]. As such, autophagy pathways have been reclassified as 

being either nonselective or selective autophagy [72]. In budding yeast, nonselective 

autophagy is upregulated in response to starvation or cytotoxic stress and triggers the 

formation of autophagosomes that capture superfluous cytosolic proteins [73],[74]. It 

is initiated by TORC1 (target of rapamycin kinase complex) inhibition [75] that triggers 

a cascade of events, resulting in the pentameric Atg1 kinase complex being recruited 

to the phagophore assembly site (PAS). Atg1 activates the Atg17 scaffold complex [76] 

to capture Atg9 vesicles independent of cargo, which are needed to nucleate 

phagophores anchored to the vacuole by Vac8 [77]. Upon the formation of the double-

membraned phagophores, cytosolic cargos are randomly sequestered into these 

structures, and following the closure, the autophagosome cargos are subsequently 

degraded by vacuolar proteolysis [78],[32].  

Selective autophagy pathways operate both in normal vegetative conditions to 

maintain homeostasis [72] and in response to stress such as starvation and cytotoxic 

stress [71]. They share 19 “core autophagy proteins” with nonselective autophagy and 
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also use receptor proteins to coordinate the tethering of specific cargos, including 

damaged organelles and protein aggregates to Atg8 at phagophores [32]. Receptor 

proteins also bind to the selective autophagy scaffold protein Atg11 [79] resulting in 

the nucleation of phagophores in the direct vicinity of the cargo [80]. The relationship 

between Atg11, Atg17, and Atg9 changes between nutrient-rich and deplete conditions 

[79]. In nutrient-rich conditions, receptor proteins activate and dimerize Atg11, which 

allows them to outcompete Atg17 for Atg9 vesicles. Furthermore, Atg17 is maintained 

in an inactive state by forming a constitutive Atg17–Atg31–Atg29 subcomplex [77]. 

Upon nitrogen starvation, Atg11 is degraded by the ubiquitin-proteasome system 

(UPS) and the Atg1 kinase activates Atg17. These two events permit Atg17 to sequester 

Atg9 vesicles to nucleate phagophores independent of cargo.  

Nuclear autophagy or nucleophagy is the least well-understood of the selective 

autophagy mechanisms. Underscoring its importance, various pathologies namely 

cancer and neurodegeneration are linked with perturbed nucleophagy [81]. It is best 

characterized in yeast where macronucleophagy utilizes a receptor protein and involves 

the sequestration of a portion of the nucleus into autophagosomes [82]. In contrast, 

micronucleophagy (piecemeal autophagy of the nucleus), is autophagosome-

independent and forms nuclear-vacuole junctions that pinch off portions of the nucleus 

directly into the vacuolar lumen [83]. Recently, an autophagic mechanism has been 

described that removes defective nuclear pore complexes (NPCs) [84,85].  

In yeast, 43 unique autophagy-related (ATG) genes have been identified that 

control this highly coordinated and complex process [37]. Accordingly, these genes are 

tightly regulated at multiple levels. Recently we have shown that the Cnc1-Cdk8 kinase 
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negatively regulates ATG8 expression within the Ume6-Rpd3 HDAC axis [38,86]. This 

kinase, together with Med13 and Med12, form the evolutionarily conserved CDK8 

kinase module (CKM) of the Mediator complex. In budding yeast, the CKM 

predominantly represses transcription of a diverse set of meiosis and stress response 

genes [49,86] by interacting with DNA-bound transcription factors and RNA 

polymerase II [87-89].  

Activation of genes controlled by the CKM is achieved by disrupting its 

association with the Mediator [90]. Studies from our group revealed that this is 

achieved by CKM disassembly. However, we observed that the mechanisms used to 

disassemble the CKM are dependent upon environmental cues (outlined in Figure 1A) 

[52]. In short, oxidative stress triggers cyclin C translocation to the cytoplasm [91] 

where it mediates stress-induced mitochondrial fission and regulated cell death (RCD) 

in both yeast [52] and mammalian cells [12,57][[58]. Its nuclear release is dependent 

upon Med13’s destruction by the UPS [53,54]. In contrast, following a survival cue 

(nitrogen starvation), Cnc1 is rapidly destroyed by the UPS before its nuclear release 

which prevents mitochondrial fission [38].  

This study reveals that the transcriptional repressor Med13 is degraded by 

vacuolar proteolysis via a previously undescribed autophagic pathway. Similar to 

known selective autophagic pathways, it requires the core autophagic machinery, but, 

surprisingly, does not use the known nucleophagy mechanisms or the scaffold protein, 

Atg11. Instead, this pathway utilizes the nucleoporin Gle1, the sorting-nexin 

heterodimer Snx4-Atg20, and Atg17-initiated autophagosomes. Moreover, two 

transcriptional activators that regulate ATG expression also utilize this pathway upon 
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nitrogen starvation. This suggests that Snx4-assisted vacuolar targeting of 

transcriptional regulators defines a new autophagy pathway for controlling ATG 

expression, that allows for fine-tuning of the autophagic response. 

Experimental Results 

Med13 is actively degraded following nitrogen starvation  

We started this investigation by addressing if Med13 was expressing endogenous 

Med13-9xMYC were starved for nitrogen (SD-N), and western blot analysis showed 

that Med13 protein levels decreased with a half-life of 2.6 h (Figure 1B, D). Similarly, 

Med13 was rapidly degraded in replete medium containing rapamycin, a drug that 

mimics nitrogen starvation by inhibiting TORC1 [92] (Figure 1B and S1A). As the 

half-life of Med13 is >6 h in unstressed cultures [53], and MED13 mRNA increased 

following 4 h in SD-N (Fig. S1B), these results indicate that Med13 is actively 

degraded following TORC1 inhibition.  
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Figure 1. Med13 is degraded via vacuolar proteolysis following nitrogen 

starvation. (A) Model outlying how the CKM is disassembled following stresses 

that mediate cell death or survival pathways. (B) Western blot analysis of extracts 

prepared from wild-type cells expressing endogenous Med13-9xMYC resuspended 

in nitrogen starvation medium (SD-N) or treated with 200 ng/ml rapamycin for the 

indicated times. (C) As in B except that endogenous Med13 protein levels were 

monitored in ump1∆ and pep4∆ prb1∆.1 strains. (D) Degradation kinetics and half-

life of Med13 protein levels obtained in B and C. Error bars indicate S.D., N = 3 of 

biologically independent experiments. (E) Wild-type or pep4∆ prb1∆.1 cells 

expressing Med13-GFP were starved for nitrogen for indicated times. GFP 

accumulation was monitored by western blot analysis using anti-GFP antibodies. 

An asterisk indicates a nonspecific proteolytic fragment. (F) As in E except that 

wild-type cells were resuspended in SD-N or treated with 0.8 mM H2O2. Pgk1 

levels were used as loading controls. 
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Med13 degradation following nitrogen starvation is mediated by the vacuole 

Med13 levels were next monitored in ump1∆, a mutant deficient in 20S proteasome 

assembly [35], and no change in degradation kinetics was observed (Figure 1C, D). In 

contrast, in pep4∆ prb1∆.1, a vacuolar protease mutant [70,93], Med13 was stable in 

SD-N (Figure 1C, D) with a half-life >15 h. This indicates that Med13 degradation 

requires vacuolar proteolysis. Confirming this, the same results were obtained in wild-

type, ump1∆, and pep4∆ prb1∆.1 cells harboring a low copy, functional Med13-3xHA 

plasmid [54] (Fig. S1C and D). Moreover, we found that after nitrogen starvation GFP 

accumulated in Med13-GFP cleavage assays. This indicates that Med13-GFP is 

degraded in the vacuole as the compact fold of GFP renders it resistant to vacuolar 

hydrolases [94]. Accordingly, repeating these cleavage assays in pep4∆ prb1∆.1 cells 

abolished the formation of free GFP and stabilized full-length Med13-GFP (Figure 1E, 

quantified in Fig. S1E). As anticipated from our previous studies [53], Med13-GFP was 

destroyed following 0.8 mM H2O2, and no GFP accumulation was seen (Figure 1F and 

S1E). These results show that the proteolysis machinery employed to degrade Med13 

is dependent upon environmental cues.  

To visualize Med13 vacuolar degradation, we used live-cell imaging of 

endogenous Med13-mNeongreen in pep4∆ prb1∆.1. In SD media, Med13-

mNeongreen is nuclear (Figure 2A) but after 4 h in SD-N, Med13 accumulated in the 

vacuole (Figure 2B). The deconvolved collapsed images in Figure 2C also captured 

Med13-mNeongreen transitioning between these organelles. After 24 h in SD-N, 

Med13-mNeongreen is predominantly vacuolar (Fig. S2A), and similar results were 

obtained when endogenous Med13-YFP was expressed in wild-type cells treated with 
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PMSF that blocks the activity of vacuolar serine proteases (Fig. S2B) [70]. We also 

monitored the transition of Med13-mNeongreen to the vacuole in pep4∆ prb1∆.1 over 

time (Figure 2D). After 1h, Med13 foci are seen (yellow arrow) localizing to the 

nuclear membrane. After 3h, Med13 is visualized in the vacuole (pink arrows), with 

the vacuolar pool being easier to capture at later time points (orange arrow, Figure 3D 

and see Figure 5). These results are consistent with a model in which nitrogen starvation 

triggers Med13 vacuolar proteolysis. 

  

Figure 2. Med13 translocates from the nucleus to the vacuole in nitrogen starvation. 

(A) Endogenous Med13-mNeongreen localization was monitored in pep4∆ prb1∆.1 

cells expressing Nab2-mCherry (a nuclear marker) before (growing in SD) and after 

4 h in SD-N. Representative single-plane images are shown. (B) As in A, except 

cells expressed a vacuolar marker (Vph1-mCherry). (C) As in B, except that slices 

were taken through the whole cell which was then collapsed and deconvolved. 

Representative deconvolved images are shown. Scale bar: 5 µm. (D) Fluorescence 

microscopy of Med13-mNeonGreen for the time points indicated. 
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Med13 degradation requires core autophagy machinery 

Next, we investigated if Med13 degradation was dependent upon proteins required for 

autophagosome biogenesis (outlined in Figure 3A). Med13 was significantly stabilized 

following nitrogen starvation in mutants defective in induction (atg1∆) and phagophore 

assembly (atg8∆) [95] (half-lives >15 h, Figure 3B, C). Likewise, GFP accumulation 

from Med13-GFP was abolished in autophagy mutants (vps34∆, atg9∆, atg4∆, and 

vam3∆) required for different stages of the pathway (Figure 3A, D, and S1E). We did 

observe some turnover of full-length Med13-GFP, which we attribute to a combination 

of Med13 being expressed from the ADH1 promotor rather than the endogenous locus 

used for degradation assays and UPS activity. Consistent with this, Med13-GFP was 

more stable in atg1∆ ump1∆ than in atg1∆ cells (Fig. S2C). Therefore, both the vacuole 

and core autophagy proteins are needed for Med13 degradation.  

Med13 colocalizes with the autophagy machinery after nitrogen starvation 

If the degradation of Med13 requires autophagic machinery, we would expect Med13 

to accumulate outside of the vacuole in mutants defective in autophagic cargo delivery. 

Consistent with this model, we observed Med13 accumulating on the surface of the 

vacuole in atg8∆ mutants (yellow arrow, Figure 3E, F). Here it colocalizes with Atg2-

mCherry and Atg7-mCherry, two components of the phagophore (Figure 4A, B, and 

S2D). In vam3∆, a fusion deficient t-SNARE mutant [96,97], Med13 colocalizes with 

Atg8-mCherry which conjugates to inner autophagosome membranes [98] (Figure 4C). 

Using this series of colocalization studies in null mutants, we were able to demonstrate 

the sequential movement of Med13 from the nucleus (Nab2) to the PAS (Atg2 and 

Atg7), followed by sequestration within autophagosomes (Atg8), and ultimately 
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degraded within the vacuole (Vph1). Despite this, Med13 and Atg8 do not interact in a 

two-hybrid assay (Fig. S2E and see Fig. S2F for Y2H control of Atg8 interaction with 

Atg7). Furthermore, co-immunoprecipitation experiments of endogenously tagged 

proteins suggest that Med13 and Atg8 do not interact in pep4∆ prb1∆.1 cells. In these 

experiments, the GFP-Atg8 affinity isolation of Med13-HA was not significantly above 

the background (Fig. S2G). This result was surprising as Med13 contains 33 potential 

Atg8-interacting motifs (AIMs), including 13 located within its large 700 amino acids 

intrinsically disordered region (IDR) (Fig. S2H). However, while AIMs are well-

defined, potential motifs require experimental confirmation [99,100][[101]. Given the 

large number found in Med13, coupled with the negative Y2H and 

coimmunoprecipitation results, we felt that this approach was outside of the scope of 

this report. Moreover, the results are more consistent with a model in which another 

mechanism targets Med13 to Atg8.   
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Figure 3. (A) Schematic depicting the five stages of autophagy. (B) Western blot 

analysis of extracts prepared from wild-type, atg1∆, and atg8∆ cells expressing 

endogenous Med13-9xMYC resuspended in SD-N media for the indicated times. 

(C) Degradation kinetics and half-life of Med13 protein levels obtained in B. Error 

bars indicate S.D., N = 3 of biologically independent experiments. (D) Med13-GFP 

cleavage assays were performed in the indicated genotypes. For all experiments, 

Pgk1 protein levels were used as a loading control. (E and F) Endogenous Med13-

mNeongreen localization was monitored in atg8∆ cells following SDN. Vacuoles 

were visualized with either CMAC (E) or using a vacuolar marker, Vph1-mCherry 

(F). Representative images are shown. Scale bar: 5 µm. 



55 

 

Med13 degradation does not use known selective autophagy pathways 

Selective autophagy relies on cargo receptors that bind to both Atg8 and exclusive 

cargo [71,102]. Deletions of known receptor proteins (Cue5, Atg19, Atg34, Atg36, 

Atg32), including the newly defined Ubx5 [103] and the redundant Atg19 Atg34 

receptors [104] did not influence the autophagic degradation of Med13 (Fig. S3A, B, 

and Fig. S1E). Moreover, the receptors required for micro-and macro- nucleophagy 

(Nvj1, Atg39, and Atg40, Figure 5A) [82,105] do not mediate Med13 degradation 

(Figure 5A). We also did not observe Med13 forming large protein aggregates after 

nitrogen starvation although very occasionally small foci were observed at early time 

points (see Figure 2D, 5D). Consistent with this, the deletion of Hsp42 or Hsp104, two 

chaperones known for sequestration of protein aggregates [106,107][[108] did not 

affect Med13 degradation following nitrogen starvation (Fig. S3C). Taken together, 

these results show that Med13 vacuolar degradation is independent of the known 

receptor proteins.  

Med13 degradation requires the Atg17 scaffold complex  

Selective autophagy of excess or damaged cellular components in physiological 

conditions requires the scaffold protein Atg11 to build phagophores at the site of the  

cargo [109]. During nitrogen starvation, Atg11 is destroyed by the UPS [79] and Atg17 

tethers Atg1 and other Atg proteins to the PAS [110] located at the vacuole [78]. 

Analysis of the autophagic degradation of Med13-GFP (Figure 5B and S1E) and the 

degradation of endogenous Med13-9xMYC (Fig. S3D and E) revealed that Atg17 but 

not Atg11 is required for Med13 destruction. These results suggest that the autophagic 

degradation of Med13 is mediated by phagophores tethered to the vacuole. 
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Figure 4. Med13 colocalizes with autophagic machinery following nitrogen 

starvation. Localization of endogenous Med13-mNeongreen and Atg2-mCherry 

were monitored in atg8∆ cells (A), Atg7-mCherry in atg8∆ cells (B), or Atg8-

mCherry colocalization was monitored in vam3∆ cells (C) following 24 h. 

Representative deconvolved or single-plane images are shown. Scale bar: 5 µm. 
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Consistent with this, we observed a significant reduction in the appearance of GFP in 

vac8∆ cells (Figure 5B and S1E). As one role of Vac8 is to tether the Atg17-initiated 

PAS complex to the vacuole [78], these results suggest that Med13 is transported to 

Atg17-built phagophores located on the vacuole membrane for autophagic destruction.  

The cytoplasmic nucleoporin Gle1 associates with Med13 after nitrogen 

starvation  

To further define components of the Med13 degradative pathway, a pull-down 

approach of Med13-3xHA followed by mass-spectroscopy was used (Fig. S4A and B 

and Table SI for a list of candidate interactors). The conserved, essential nucleoporin 

Gle1, which localizes to the cytoplasmic filament of the nuclear pore complex (NPC) 

was identified [111]. Co-immunoprecipitation analysis revealed that Med13-3xHA and 

endogenous Gle1-GFP interacted following 1h SD-N, confirming this association 

(Figure 5C). Y2H analysis showed that the large central IDR of Med13, which provides 

a flexible interaction hub for multiple partners [54,112], interacts with Gle1 (Figure 5D 

and S5). Live-cell imaging of endogenous Med13-mNeongreen and Gle1- RedStar 

shows Med13 moves from being diffuse nuclear to associating with the punctate Gle1-

RedStar that surrounds the nucleus after nitrogen starvation (Figure 5E).  
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Figure 5. The autophagic degradation of Med13 requires the nucleoporin Gle1 and 

is independent of known autophagy pathways. (A and B) Western blot analysis of 

Med13-GFP cleavage assays after 4 h nitrogen depletion indicated genotypes. (C) 

Co-immunoprecipitation analysis of endogenous Gle1-GFP and Med13-3 HA. 

Whole-cell lysates were immunoprecipitated with the antibodies shown from 

nitrogen-starved pep4∆ prb1∆.1 cells expressing endogenous Gle1-GFP and 

Med13-3 HA or vector controls. (D) Map of Med13 depicting different structural 

regions and known interacting proteins denoted by amino acid positions. Med13-

Gle1 Y2H analysis. (E) Fluorescence microscopy of endogenous Med13-

mNeongreen and Gle1-RedStar starved for nitrogen for 2 h in pep4∆ prb1∆.1. (F) 

Fluorescence microscopy of Med13-mNeongreen localization in the Gle1 auxin-

inducible degron expressing Nab2-mCherry before and after SD-N. (G) Med13-

GFP cleavage assays in the auxin-inducible deletion strains indicated. For all blots, 

Pgk1 levels were used as loading controls. 
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Gle1, Dbp5, and Nup159 are required for Med13 nuclear export  

Gle1 is an essential protein [113], therefore, the auxin-inducible degron (AID) system 

was used to reduce Gle1 protein levels (Fig. S4C). Deletion of Gle1 does not affect 

autophagy (monitored using GFP-Atg8 cleavage assays) and Gle1 does not associate 

with Atg8 using Y2H analysis (Fig. S4D, E, and S5). Significantly, in the auxin-treated 

GLE1::AID degron, Med13 was retained in the nucleus (Figure 5F) and the autophagic 

degradation of Med13-GFP was significantly decreased following nitrogen starvation 

(Figure 5G – left panel). 

Gle1, the DEAD-box protein Dbp5, and phosphoinositide inositol 

hexaphosphate (IP6) are members of the RNA remodeling complex [57–61] [114-118]. 

By binding to Nup159, this complex is positioned toward the NPC’s central channel, 

permitting it to efficiently capture proteins as they exit the NPC [119]. Mutation of the 

cis-acting alleles IP6 and Dbp5 on Gle1 [120] revealed that only Dbp5 is required for 

efficient autophagic cleavage degradation of Med13 (Figure 5G middle panel). Also, 

autophagic degradation of Med13 was significantly decreased in the NUP159::AID 

strain (Figure 5G-right panel). As the RNA remodeling complex plays additional 

Nup159-independent cytoplasmic roles in RNA translation [121,122] [123]. these 

results support a model in which Nup159-dependent positioning of Gle1 and Dbp5 in 

the central channel is important for the final stages of Med13 nuclear export. 

Intriguingly, the known β karyopherins, (Crm1, Msn5, Cse1, and Los1 [124]) are not 

required for Med13 transport across the NPC (Fig. S4 F-I). Dbp5 has also been found 

in the nucleus [125], suggesting the possibility that it might play an additional role in 
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enabling Med13 nuclear export. One caveat to this model is that these factors possess 

overlapping activities, which has been demonstrated for other cargos [126]. 

The sorting nexin heterodimer Snx4-Atg20 is required for efficient autophagic 

degradation of Med13 

To further define components of this new autophagy mechanism, null alleles of 

candidate proteins from the mass spectroscopy were screened using Med13-GFP 

cleavage assays. In cells deleted for the conserved sorting nexin Snx4 (Atg24), we 

found that free GFP was significantly reduced (Figure 6A and S1E). Snx4 forms 

distinct heterodimer complexes, with either Snx41 or Atg20 (Snx42), which mediate 

retrograde trafficking of cargo from the vacuole and endosomes to the Golgi. This role 

maintains homeostasis and is dispensable for nonselective autophagy [127][[128-130]. 

In addition, Snx4-Atg20 promotes selective autophagy of mitochondria and 

peroxisomes and is required for other selective autophagy pathways, including the 

cytoplasm to vacuole pathway (CVT), ribophagy, and proteaphagy [74–78][131-135].  

Co-immunoprecipitation analysis confirmed the interaction between Med13 

and Snx4 in SD-N (Figure 6B). Med13 degradation assays revealed that Snx4 and 

Atg20, but not Snx41, mediate Med13 autophagic degradation (Figure 6C, D). The 

half-life of Med13 in these mutants was 6.5 and 7.0 h, respectively, compared to >15 h 

seen in core autophagic mutants. Cytosolic and vacuolar Med13-mNeongreen levels 

were drastically reduced in snx4∆ pep4∆ prb1∆.1 mutants compared to the pep4∆ 

prb1∆.1 control (Figure 6E, G). These data demonstrate that the Snx4-Atg20 

heterodimer is required for maximal efficient Med13 autophagic degradation, but in its 

absence, limited autophagic degradation of Med13 still can occur.  
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Figure 6. The Snx4-Atg20 heterodimer is required for efficient autophagic 

degradation of Med13. (A) Western blot analysis of Med13-GFP cleavage assays 

after 4 h nitrogen starvation in wild-type and snx4∆. (B) Co-immunoprecipitation 

analysis of GFP-Snx4 and Med13-3 HA. (C) Western blot analysis of extracts 

prepared from the indicated genotypes expressing endogenous Med13-9MYC 

resuspended in SD-N for the indicated times. (D) Degradation kinetics and half-

lives of Med13 protein levels obtained in C. Error bars indicate S.D., N = 3 of 

biologically independent experiments. (E) Fluorescence microscopy of endogenous 

Med13-mNeongreen localization in snx4∆ pep4∆ prb1∆.1 expressing the vacuole 

marker Vph1-mCherry. Cells were visualized before (SD) and after 2 h of SD-N 

treatment and representative single-plane images are shown. Scale: 5 µm. (F) As in 

E except that endogenous Med13-mNeongreen localization was followed in 

nitrogen-starved pep4∆ prb1∆.1 cells. Representative single-plane images of the 

results are shown. Bar: 5 µm. (G) Quantification of Med13-mNeongreen 

accumulation in vacuoles obtained from results in D and E. 100 cells counted per 

sample. N = 3 biological samples. **** P = >0.0001. For all blots, Pgk1 levels were 

used as loading controls. 
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Snx4 localizes to the nuclear periphery to transport Med13 to autophagosomes  

Snx4 binds to the scaffold protein Atg17 [131], whose major autophagic role is binding 

the Atg1 kinase to the PAS [11]. Here, we report that both Snx4 and Atg17 mediate 

Med13 degradation (Figure 5 and Figure 6). This suggests a model in which upon 

nuclear export Snx4 recognizes Med13 and delivers it to the growing phagophore by 

Snx4-Atg17 association. Consistent with this, Med13-3xHA and endogenous Atg17-

GFP coimmunoprecipitated following 2h in SD-N. This interaction was drastically 

decreased in the absence of Snx4 (Figure 7A). Also, endogenous Atg17-RedStar 

colocalized with Med13- mNeongreen after nitrogen starvation (Fig. S3F). This 

suggests that Snx4-Atg17 interaction promotes the efficient recruitment of Med13 to 

autophagosomes. Quantitative colocalization analysis of GFP-Snx4 with the nuclear 

marker Nab2-mCherry showed that nitrogen depletion triggers a ~ 10-fold increase in 

perinuclear GFP-Snx4 foci (Figure 7B, S6A, and B). Moreover, Med13- mNeongreen 

colocalized with both perinuclear and cytosolic Snx4 foci in SD-N (Figure 7C and 

S6C). Together, this suggests that Snx4 localizes to the nuclear periphery to retrieve 

and transport Med13 to phagophores via Atg17 association.  

The above model predicts that Snx4 and Gle1 interact whilst “handing off” 

Med13 from the NPC to the sorting nexin complex. Live-cell imaging showed that 

perinuclear Snx4 foci are adjacent to, or colocalize with, Gle1 in unstressed cultures. 

After nitrogen starvation, an increased number of perinuclear Snx4 foci colocalize with 

Gle1 (Figure 7D and S6D). This is consistent with the model that Snx4 localizes to the 

NPC to retrieve Med13.  
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Figure 7. Snx4 localizes to the nuclear periphery to retrieve Med13. (A) Co-

immunoprecipitation analysis of endogenous Atg17-GFP and Med13-3 HA in the 

presence and absence of Snx4. (B) Representative images showing perinuclear and 

perivacuolar localization of GFP-Snx4 in wild-type expressing Nab2-mCherry 

(nuclear marker) before and after nitrogen starvation. Bar: 5 μm. The number of 

perinuclear foci was counted (N = 2) before and after nitrogen starvation. At least 

100 cells were counted per sample. Data are the percentage of perinuclear foci 

among the total number of foci. Scale: 5 µm. (C) Fluorescence microscopy of 

pep4∆ prb1∆.1 cells expressing endogenous Med13-mNeongreen and mCherry-

Snx4 before and after nitrogen depletion. Hoechst staining was used to visualize the 

nucleus. Representative deconvolved images are shown. Bar: 5 μm. (D) GFP-Snx4 

and endogenous Gle1-RedStar colocalize in wild-type cells following nitrogen 

starvation. Representative images are shown. Bar: 5 μm. 
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Snx4 specifically targets Med13 for autophagic degradation  

To further understand the sequential stages of this autophagy pathway, we next asked 

if Med13 nuclear localization was required for retrieval and transport by Snx4. To 

address this, we fused Med13-GFP to the N terminus of Crn1, a protein associated with 

actin rafts, which relocalized Med13 to the plasma membrane [136] (Figure 8A). 

Autophagic degradation assays with Crn1-Med13-GFP showed that GFP accumulated 

in wild-type cells, and this was mostly dependent on Snx4 (Figure 8B). This suggests 

that Med13 can be targeted for Snx4-assisted autophagic destruction even when located 

outside the nucleus. To confirm specificity, we revealed that free GFP accumulation in 

Pgk1-GFP cleavage assays, a well-known nonselective autophagic substrate [137], is 

Snx4 independent (Fig. S7A). This further illustrates that Snx4 is dispensable for 

nonselective autophagy but mediates many forms of selective autophagy.  

We next addressed whether Gle1 and Snx4 remain part of the Med13 complex 

delivered to the vacuole. Endogenous Snx4-6HA (Figure 8C) and Gle1-FLAG (Figure 

8D) were not degraded following nitrogen starvation, suggesting that neither protein is 

incorporated into autophagosomes or degraded by the vacuole. Importantly, by 

monitoring the timing of GFP accumulation in Med13-GFP cleavage assays, we 

observed that the earliest detection of GFP occurred after 2h of nitrogen depletion when 

both Gle1 and Snx4 are present (Figure 8E). These data support the model that Gle1 

and Snx4 mediate Med13 delivery to the autophagosome, but these proteins themselves 

are not vacuolar substrates.  
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Figure 8. The BAR domain of Snx4 interacts with the C-terminal region of Med13. 

(A) Fluorescence microscopy of Crn1- Med13-GFP in wild-type cells growing in 

SD. Hoechst staining was used to visualize the nucleus. Bar: 5 μm. (B) Western blot 

analysis of Med13-GFP or Crn1- Med13-GFP cleavage assays performed in wild-

type or snx4∆ cells following nitrogen starvation. (C) Western blot analysis of 

endogenous Snx4-6 HA degradation assays performed in wild-type cells following 

nitrogen starvation. (D) Western blot analysis of endogenous Gle1-FLAG 

degradation assays following nitrogen starvation. (E) Western blot analysis of 

Med13-GFP cleavage assays performed in wild-type cells. (F) Y2H Gold cells 

harboring Gal4- BD-Snx4 and the indicated Gal4-AD-Med13 constructs. (G) 

Predicted structural analysis of the Med13 tail region. Y2H analysis of full-length 

Gal4-BD-Snx4 and Gal4-AD- Med13 subclones containing either the first or second 

domain region of the Med13 tail. (H) Map of Snx4 depicting known domains. (I) 

Y2H analysis of Snx4 PX and BAR binding domain constructs with the 

Med13907−1163AD construct and empty vector. (J) Same as in F expect Y2H Gold 

cells harboring Gal4-BD-Atg20 and the indicated Gal4-AD- Med13 constructs. (K) 

Map of Med13 structure depicting interactive regions between indicated proteins. 

For all blots, Pgk1 levels were used as loading controls. 



66 

 

Snx4 BAR domains interact with the C-terminal domain of Med13 

To further understand the interaction between Gle1, Snx4, and Med13, we used Y2H 

analysis to ask if Snx4 and Gle1 associate with the same or different domains of Med13. 

The results show that Snx4 interacts with the structured C-terminal tail domain of 

Med13 (Figure 8F and S5). Phyre2 plot analysis of this region [138] revealed two 

potential domains of which only one, Med13[907–1163] interacted with Snx4 (Figure 

8G). Therefore, Snx4 interacts with a previously undescribed region of Med13 that lies 

adjacent to the Gle1 interaction domain. Moreover, as Snx4 is not a nuclear protein, 

this interaction may be direct and define a new role for Snx4 in transporting nuclear 

proteins.  

Snx4 is a conserved member of the SNX-BAR subfamily of sorting nexin 

proteins [30]. Common to all SNX family members it contains a phosphoinositide-

binding phox homology (PX) domain, which binds phosphatidylinositol 3-phosphate 

enriched endosomal membranes. It also contains two BAR (Bin/|Amphiphysin/Rvs) 

domains that bind to curved membranes upon dimerization [135,139] (Figure 8H). Y2H 

interaction analyses between these Snx4 domains and Med13[907–1163] indicated that 

the Med13-Snx4 interaction occurs through the BAR domain region (Figure 8I). These 

results indicate that the Snx4 BAR domains recognize cargo and dimerization partners.  

Atg20 interacts with a different region of Med13 

We also used Y2H analysis to ask if Med13 interacts with Atg20, the heterodimer 

partner of Snx4 that is required for the efficient degradation of Med13 (Figure 6C, D). 

The results show that Atg20 also interacts with a different region of Med13, 

overlapping with the region that binds to Gle1, lying adjacent to the Snx4 binding 
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region (Figure 8J, Figure 8K, and S5D). Taken together, these data support our model 

that Med13 first exits the nucleus via Gle1 and then is released from NPC to the Snx4-

Atg20 heterodimer for rapid delivery to the autophagic machinery. These Y2H results 

demonstrate a sequential hand-off mechanism from Gle1 to the Snx4-Atg20 

heterodimer as Gle1 and Atg20 bind to the same region of Med13.  

Med13 negatively regulates the transcription of a subset of ATG genes 

We next explored if this newly described autophagy pathway affects viability during 

nitrogen starvation. Consistent with previous studies [140], efficient survival in 

prolonged nitrogen starvation conditions requires Snx4 (Fig. S7B). Snx4 is dispensable 

for nonselective autophagy but is required for many selective autophagy pathways 

[128]. This suggests that the role of Snx4 is essential for cellular adaptation and survival 

in prolonged starvation conditions. Survival during periods of nutrient depletion 

requires the upregulation of ATG genes. As Med13 destruction following H2O2 relieves 

repression on stress-responsive genes [53], we asked if a similar strategy was used 

following nitrogen starvation. RT-qPCR analysis of ATG mRNA levels in unstressed 

wild-type and med13∆ cells showed a ~ fourfold increase in ATG8 mRNA levels 

(Figure 9A) that was mirrored by Atg8 protein levels (Fig. S7C). Furthermore, ATG1 

and ATG14 mRNA levels were also elevated (Figure 9A), indicating Med13 represses 

the transcription of a subset of ATG genes. Moreover, these results are consistent with 

the model that the destruction of two CKM members following nitrogen starvation, 

Cnc1 by the UPS [38] (see Figure 1), and Med13 by autophagy are mechanisms used 

to relieve this repression. Snx4 assists in this autophagy program by targeting a 
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transcriptional repressor that provides a positive feedback loop for the autophagic 

response.  

Snx4-assisted autophagy degrades other transcriptional regulators following 

nitrogen starvation 

Next, we wanted to explore the idea that Snx4-assisted autophagy is a mechanism used 

by the cell to fine-tune the autophagic response at the level of transcription. We first 

examined the transcriptional activator Rim15 which also regulates ATG genes. During 

nitrogen starvation, Rim15 enters the nucleus to directly phosphorylate and inhibit the 

activity of the transcriptional repressors Ume6 [141] and Rph1 [142]. Surprisingly, 

Rim15-GFP cleavage assays revealed Rim15 is degraded via Snx4-assisted vacuolar 

degradation (Figure 9B). 

To address if Snx4-assisted autophagy may have a more global role in 

degrading transcription factors that control ATG expression, the transcriptional 

activators Msn2 and Ccl1, as well as the repressor Rph1 were tested [86–88] [142-144]. 

Free GFP accumulated from Msn2-GFP and Rph1-GFP in wild-type cells following 

nitrogen starvation, illustrating that these transcription factors are degraded via the 

vacuole. However, only Msn2 degradation requires Snx4 (Figure 8C and S7D). These 

results support the conclusion that Snx4-assisted autophagy of transcriptional 

regulators targets a unique subset of nuclear proteins. These findings also provide the 

first evidence that the autophagic pathway directly targets regulatory proteins that 

control its own processes. 
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Figure 9. Transcriptional regulators controlling ATG genes are autophagy 

substrates. (A) RT-qPCR analysis of ATG8, ATG1, and ATG14 mRNA expression 

in wild-type and med13∆ cells in unstressed conditions. ∆∆Ct results for relative 

fold change (log2) values using wild-type unstressed cells as a control. Transcript 

levels are given relative to the internal ACT1 mRNA control. (B) Western blot 

analysis of Rim15-GFP cleavage assays in indicated mutants after nitrogen 

starvation. (C) Western blot analysis of Ccl1-GFP and Msn2-GFP cleavage assays 

in wild-type or snx4∆ cells. For all blots, Pgk1 levels were used as loading controls. 

(D) Summary model of the Snx4-assisted autophagy pathway.  
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Discussion 

Here, by following Med13’s fate after nitrogen starvation, we have uncovered a 

previously undescribed autophagy pathway in which both negative and positive 

transcriptional regulators of ATG genes are degraded following nitrogen starvation. For 

clarity, a list of the proteins tested, and their requirements are provided in Table 1. Our 

findings, together with previous studies, suggest a two-step pathway involving the NPC 

and Snx4 for Med13 translocation from the nucleus to the autophagic machinery 

(outlined in Figure 9D). First, Med13 disassociates from the CKM, shuttles through the 

NPC, and associates with the cytoplasmic nucleoporin Gle1. In the second step, Med13 

is handed off from Gle1 to the sorting nexin heterodimer Snx4-Atg20. This heterodimer 

transports Med13 to Atg17-initiated phagophores located on the vacuole, by localizing 

to Atg17. Lastly, Snx4-Atg20 is recycled back to the cytosol, and Med13 is degraded 

by vacuolar proteolysis. This pathway is also utilized to degrade Rim15 and Msn2, but 

not Rph1 following nitrogen starvation suggesting that the cell degrades specific 

transcription factors following nitrogen starvation.  

Snx4-assisted vacuolar degradation of transcriptional regulators is distinct from 

previously identified selective autophagy mechanisms for several reasons. Firstly, 

different from nucleophagy pathways, it does not use a blebbing mechanism to export 

cargo [145]. Instead, cargos are rapidly transported through the NPC to the awaiting 

RNA remodeling complex, with Snx4-Atg20 enabling their final passage to the 

vacuole. Secondly, to our knowledge, Snx4-assisted autophagy of transcriptional 

regulators is not used to maintain homeostasis. Instead, it rapidly responds to 

environmental cues such as nitrogen starvation and targets functional proteins for 
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autophagic degradation. Also, other selective autophagy pathways that utilize Snx4 

heterodimers [131,140,146-148] predominantly operate to maintain homeostasis, by 

removing damaged and surplus proteins and organelles. Proteaphagy, the autophagic 

removal of nuclear 19S and 20S subunits, most resembles the Snx4-assisted 

degradation of transcription factors [140]. However, there are significant differences 

between the pathways, with proteaphagy being dependent upon the ß-karyopherin 

Crm1 for passage through the NPC and utilizing either Snx4-Atg41 or Atg20 for 

transport to autophagosomes [140]. Similarities include both pathways utilizing the 

Atg17-scaffold complex. The exception to this is the degradation of Rpn1 (19S 

proteasome subunit) and RNA that utilizes both scaffolds [149-151]. The requirement 

for Atg17 to degrade Med13 following nitrogen starvation also is consistent with the 

recent discovery that Atg11 is rapidly degraded by the UPS in nitrogen starvation [79]. 

Lastly, although nonselective autophagy of cytosolic proteins is upregulated upon 

nitrogen starvation, we did not observe a requirement for Snx4, in this mechanism (see 

Fig. S7A). However, Snx4 does recognize plasma membrane-tethered Med13 (Figure 

8B), further illustrating the specificity of this pathway. Thus, to delineate this new 

pathway from other Snx4 pathways, we propose to call it Snx4-assisted autophagy of 

transcription factors.  

How does Med13 find its way to the phagophore? Med13 is a large, 160-kDa 

protein that requires an active process to transit from the nucleus to the cytoplasm. Its 

unusual structure, (see Figure 5D and discussed in [54]) suggests it functions both as a 

scaffold protein and a communication/interaction hub [54,152]. Consistent with this, 

the IDR of Med13 interacts with Gle1, Atg20, Cnc1, and Cdk8 and is the target of 
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additional regulatory protein kinases including Slt2 and Snf1 [[54],[55]]. The 

established role of the Gle1-Dbp5 complex in releasing RNPs (ribonucleoproteins) 

from mRNPs (messenger ribonucleoprotein particles) [153] sets a precedent for Gle1 

shuttling proteins through the NPC. Moreover, recent structural data places the Gle1-

Dbp5 remodeling complex right over the NPC’s central channel, allowing it to 

efficiently capture proteins as they reach the cytoplasmic side of the NPC [119]. 

Although speculative, a similar capture and release mechanism may be used in the 

Med13 transition between Gle1 to Snx4. In support of this model, both Gle1 and Dbp5 

are required for the autophagic degradation of Med13, and Gle1 and Snx4 colocalize 

at the NPC (Figure 6D). Furthermore, Nup159, the nucleoporin that tethers Gle1 and 

Dbp5 to the NPC is also required for Med13 degradation (Figure 5). Recently, Nup159 

has been suggested to act as a receptor protein for NPC-phagy [17,99,100] 

[84,154,155]. This is an Atg11-dependent process and therefore unlikely to regulate 

Med13 autophagic degradation. Furthermore, mass spectrometry analysis of the Atg8 

interactome did not identify Gle1 as an interacting nucleoporin [68] and we show here 

that Gle1 does not interact with Atg8 by Y2H analysis (Fig. S4E). Lastly, the vacuolar 

degradation kinetics of Nup159 is significantly delayed (24 h), compared to the rapid 

degradation of Med13-GFP where free GFP can be seen within 2h (Figure 8E). Taken 

together, the role of Nup159 in Med13 autophagic degradation is most likely to be 

connected to its requirement for tethering the remodeling complex to the NPC.  

The best-characterized cargo of Snx4-Atg20 is Snc1, a plasma membrane-

directed v-SNARE [70,101][[127,156]. Similar to our results with Med13, Snc1 

associates with the BAR domain of Snx4 using both co-immunoprecipitation analyses 



73 

 

as well as Y2H assays [157]. Likewise, SNX-BARs also directly recognize many 

retrograde cargos transiting the endosome in mammals [103,104] [158],[159] 

suggesting that this may be a common function of BAR domains. The mechanism by 

which Snx4 delivers Med13 to phagophores currently remains unknown. In selective 

autophagy, receptor proteins bind to the cargo as well as with Atg8. This is important 

as the phagophore in this case has to be anchored to the cargo [11]. In Snx4-assisted 

autophagy, the phagophores are anchored to the vacuole and Snx4 transports the cargo 

to the phagophore which may negate the need for a “conventional” receptor protein. 

Supporting this, Snx4 colocalizes with Med13 at both perinuclear and cytoplasmic 

locations. Our finding that efficient Med13 and Atg17 co-immunoprecipitation requires 

Snx4 suggests that this sorting nexin relays Med13 from the NPC to the autophagic 

machinery. In addition, Snx4 mediates Med13 vacuolar degradation when this nuclear 

protein is relocalized to the plasma membrane, illustrating that Snx4 specifically targets 

and transports Med13 to growing autophagosomes. Defining the Snx4 interaction motif 

on Med13, as well as Msn2 and Rim15, may result in a common “Snx4 recognition 

motif” that could be used to identify additional transcriptional regulators that are 

degraded by this mechanism. This would be useful because, despite the recent 

discovery of additional Snx4 cargos [156], no consensus Snx4-dependent sorting signal 

has been identified [130]. This is important as Snx4 is evolutionarily conserved [160], 

with recent discoveries that Snx4 dysregulation is now associated with the etiology of 

many diseases, including, cancer, Parkinson's disease, and Alzheimer's disease [161].  

The most unexpected finding from this research was that the complex process 

of autophagy is used to degrade transcriptional regulators. More unexpectedly, was that 
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two transcriptional activators of ATG genes are also regulated by this pathway. The 

molecular details of how these transcriptional regulators are initially targeted and then 

transported through the NPC are unknown. These details will define the nuclear 

components required for this pathway. This work also provides developing information 

on how autophagy is regulated at the level of transcription. The process is selective as 

Rph1, which is also degraded by vacuolar proteolysis following nitrogen starvation, 

but does not require autophagic machinery (Fig. S7D). Likewise, the zinc-deficiency 

triggered vacuolar degradation of RNA polymerase I is autophagy-independent [162]. 

Taken together, Snx4-assisted autophagy may shed light on how other nuclear proteins 

are regulated following stress. This is important as nucleophagy is the least well-

defined of all the autophagy pathways and in recent years links between deficiencies 

and human disease are starting to emerge [145]. For example, a mutation in human 

Gle1 has recently been linked to amyotrophic lateral sclerosis [163]. Given the highly 

conserved nature of both Med13 and Snx4 [160],[164] these studies are likely to be 

relevant to mammalian systems. 
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CHAPTER 3 

Ksp1 is an autophagic receptor protein for Snx4-assisted autophagy of Med13 

This chapter is based on a research paper in revision for publication in the journal 

Autophagy.  

Abstract  

Ksp1 is a casein II-like kinase that contributes to negatively regulating non-specific 

autophagy in yeast. Here we describe a kinase-independent role of Ksp1 as a novel 

autophagic receptor protein for Med13, a known cargo of Snx4-assisted autophagy. In 

this pathway, a subset of conserved transcriptional regulators, Med13, Rim15, and 

Msn2 are selectively targeted for vacuolar proteolysis, assisted by the sorting nexin 

heterodimer Snx4-Atg20 following nitrogen starvation. Here we show that 

characteristic of autophagic receptor proteins, Ksp1 is engulfed by autophagosomes 

alongside its cargo for vacuolar proteolysis. It is also directly associated with Atg8 

following nitrogen starvation at the interface of two Atg8 (LC3)-interacting motifs 

(AIM/LIR) in Ksp1 and the LIR docking site (LDS) in Atg8. Mutation of either the 

AIMs or LDS sites prevents the autophagic degradation of Med13. Ksp1 is recruited to 

the perivacuolar phagophore assembly site (PAS) by Atg29, a member of the trimeric 

scaffold complex. This interaction is independent of Atg8 and Snx4, suggesting that 

Ksp1 is recruited early to phagophores with Snx4 delivering Med13 thereafter. Lastly, 

the autophagic receptor role of Ksp1 is not required for the execution of non-selective 

autophagy, however, the degradation of Ksp1 cargos may promote cell survival. 

Together, these studies define a kinase-independent role for Ksp1 as an autophagic 
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receptor protein for Med13. Moreover, they also suggest that phagophores built by the 

trimeric scaffold complex are capable of receptor-mediated autophagy. 

Introduction  

It is well established that maintaining protein homeostasis is essential in preserving 

normal cellular function. Macro-autophagy (hereafter autophagy) is a highly conserved 

catabolic process that promotes homeostasis [165,166]. As such, autophagy is 

protective against a wide variety of diseases including neurodegeneration, cancer, 

infections, and cardiovascular disorders [167-169].  

Autophagy recycles intracellular material sequestered by the double membrane 

of autophagosomes. The cargo is delivered to vacuoles (in yeast and plants) or 

lysosomes (in metazoans) by fusion of the outer autophagosomal membrane with 

vacuoles. Thereafter the inner structure, an autophagic body, is released into the 

vacuolar lumen and degraded by resident hydrolases [170,171]. Depending on the 

cargo, cytoplasmic material is recycled by either bulk (non-selective) or selective 

autophagy pathways. Non-selective autophagy is characterized by portions of the 

cytoplasm being captured indiscriminately by growing phagophores located at 

perivacuolar sites. The phagophore assembly site (PAS) for these de novo 

autophagosomes is built on the outer vacuolar membrane and is seeded by the 

constitutive Atg17 scaffold complex (Atg29, Atg31, and Atg17) [11]. Non-selective 

autophagy is triggered by starvation-induced inactivation of the TORC1 pathway 

[172], leading to the upregulation of genes required to execute the autophagy signaling 

cascade. In S. cerevisiae, the model organism used in this current study, many of the 

autophagy-related genes (ATG) identified to date are highly conserved [166,173]. 
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By contrast, selective autophagy is active in both physiological and stress 

conditions being required for maintaining the number and integrity of cellular 

organelles, as well as protecting cells from pathogen invasions [101,166,174]. Two 

unifying concepts define selective autophagy. First, a receptor protein is required that 

links cargo to the autophagy machinery, through interaction with Atg8 (Atg8 in plants 

and yeast, LC3/GABARAP in mammals) [71,103,166,175,176]. Second, 

autophagosomal membrane expansion occurs along the surface of degradation targets 

mediated by receptor proteins binding to the Atg11 scaffold [102,177]. In yeast, an 

exception to this is the Cue5 receptor that targets aggregated proteins and dysfunctional 

proteasomes [178,179]. 

Our recently published studies in the model organism S. cerevisiae have defined 

a new autophagy mechanism [3], coined Snx4-assisted autophagy of transcription 

factors (SAA-TF). SAA-TF targets transcriptional regulators that both positively 

(Msn2 and Rim15) and negatively (Med13) regulate ATG transcription. Med13 is a 

conserved member of the Cdk8 kinase module (CKM) that in yeast predominantly 

negatively regulates the transcription of stress response genes including ATG8 

[3,39,180].  Following nitrogen starvation, the removal of the CKM from the Mediator 

contributes to ATG8 upregulation. This is mediated by the vacuolar degradation of 

Med13 [3] alongside the UPS-mediated destruction of Ssn8/cyclin C [3,48,180].  

The autophagic degradation of Med13 (outlined in Figure 1A) utilizes the core 

autophagic machinery but is independent of known nucleophagy mechanisms, known 

receptor proteins, and Atg11. In short, following nitrogen starvation, Med13 exits the 

nucleus through the nuclear pore complex (NPC) mediated by the cytoplasmic 
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nucleoporin Gle1, a member of the RNA remodeling complex [114]. Med13 is 

retrieved from the nuclear periphery and degraded by Atg17-initiated phagophores 

anchored at the vacuole. Efficient transfer of Med13 to phagophores requires the 

sorting nexin heterodimer Snx4/Atg24-Atg20, which binds Atg17 [3,30,131].  

  To meet the criteria of selective autophagy, SAA-TF requires an autophagy 

receptor protein that exclusively tethers Med13 to the autophagic machinery through 

interactions with Atg8. Previously, using a yeast two hybrid (Y2H) screen, Ksp1 was 

identified as one of 34 new putative autophagic receptor proteins in the budding yeast 

[103]. We also identified Ksp1 as a protein that interacts with Med13 after nitrogen 

starvation using mass spectroscopy studies [3]. Taken together, this suggests that Ksp1 

could be an autophagic receptor for SAA of Med13. Ksp1 is a serine/threonine-protein 

kinase in the casein kinase II subfamily. This kinase was first identified as a high copy 

suppressor of a temperature-sensitive allele of Srm1/Prp20, a nucleotide exchange 

factor for Ran/GSP1 proteins [181]. Transcriptional profiling identified that Ksp1 

signaling affects a wide variety of genes including those required for pseudohyphal 

filamentation, amino acid biosynthesis, and metabolism [182-184]. How Ksp1 exerts 

this control remains unclear but proteomic studies identified Ksp1 to be a component 

of cytoplasmic stress granules in response to glucose starvation [185,186]. Other 

studies suggest that Ksp1 functions as a negative regulator of autophagy in 

physiological conditions. In these studies, the authors conclude that PKA-mediated 

phosphorylation of Ksp1 in replete media activates this kinase, which contributes to 

autophagy inhibition by activating the TORC1 pathway [187-191]. In support of this 
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mechanism in vitro studies have shown that PKA directly phosphorylates Ksp1 

[192,193]. In contrast, other studies postulate that dephosphorylation of Ksp1 at the 

same PKA sites hyper-activates Ksp1 in response to glucose starvation, which permits 

it to directly phosphorylate the translation initiation factor eIF4G1 (encoded by 

TIF4631) [194]. These studies serve to demonstrate that Ksp1 has multifaceted 

regulatory roles that may vary depending on the stress.  Here we define a kinase-

independent role of Ksp1, demonstrating that it serves as a receptor protein for the 

Snx4-assisted autophagy of Med13.  

Results 

Ksp1 and Med13 interact following nitrogen starvation. 

To further define components of the SAA pathway we used a mass spectroscopy screen 

to identify proteins that interact with Med13-HA following nitrogen starvation (SD-N)  

[3]. In this screen, we identified Ksp1 as a potential interactor. Co-immunoprecipitation 

analysis between Med13-HA and endogenous Ksp1-MYC both before (lane 2) and 

following 1 h (lane 1) in SD-N confirmed that the interaction between these two 

proteins is significantly enhanced following nitrogen starvation (Figure 1B). We next 

asked if Med13 and Ksp1 interacted using yeast 2 hybrid (Y2H) analysis. As described 

previously, full-length Med13 fused to the Gal4-activating domain represses 

transcription [3]. Therefore for all Y2H assays, we used a set of Med13 constructs that 

span the length of the protein (Figure 1C, left-hand panel [54]). Y2H analysis showed 

that the structured tail domain of Med13 interacts with Ksp1 (Figure 1C right-hand 

panel). Taken together these results suggest that Ksp1 and Med13 can interact 

following nitrogen starvation. 
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Figure 1. Ksp1 interacts with Ssn2Med13. (A) Schematic of Snx4-assisted 

autophagy (SAA) of Ssn2Med13 following nitrogen starvation. [3]. (B) Co-

immunoprecipitation analysis of Ssn2Med13-HA and Ksp1-9MYC before and 

after nitrogen starvation. Cells harboring Ssn2Med13-3HA and Ksp1-MYC 

(lanes 1, 2, & 5) or respective vector controls (lanes 3 & 34) were 

immunoprecipitated from whole cell lysates obtained from pep4∆ prb1-∆.1 cells 

before and following 1 hour of nitrogen starvation. [] represents a no antibody 

control (lane 4). For input controls, Ssn2Med13 and Ksp1 were 

immunoprecipitated from lysates using the indicated antibodies. (C) Y2H 

analysis of Ssn2Med13 and Ksp1. The left panel depicts the known structural 

regions of Ssn2Med13 and previously identified interactors [3]. Y2H Gold cells 

expressing Gal4-BD-Ksp1 and the indicated Gal4-AD-Med13 subclones were 

plated onto medium selecting for plasmid maintenance (left panel, -LEU -TRP) 

or induction of the ADE2 and HIS3 reporter genes (right panel). 
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Med13 moves from being nuclear to associating with cytosolic components of 

the autophagic machinery before being destroyed in the vacuole [3].To determine 

where Ksp1 and Med13 interact following nitrogen starvation we used live cell 

imaging. First, we monitored endogenous Ksp1-GFP in cells harboring Nup-49-

mCherry to mark the nucleus. As previously reported [194], in SD media, Ksp1-GFP 

was predominantly located in the cytoplasm although some nuclear staining is also 

observed upon quantification (Figure S1, upper panels). Unlike during filamentous 

growth [193], Ksp1 does not accumulate in the nucleus in SD-N (Figure S1, lower 

panels). Next, using endogenous Ksp1-mCherry and Med13-mNeongreen (hereafter 

Med13-mNeon) we asked if Med13 co-localizes with Ksp1 as it transitions from the 

nucleus to the vacuole. These studies were executed in pep4∆ prb1∆.1, a vacuolar 

protease mutant, in which autophagic bodies, are kept largely intact and accumulate in 

the vacuolar lumen [70,93]. As previously reported, Med13-mNeon was nuclear in 

unstressed cells [3] and Ksp1-mCherry was predominantly cytoplasmic [194]. 

Following nitrogen starvation, cytoplasmic Ksp1 foci appeared which could also be 

captured co-localizing with cytoplasmic Med13 as it transitions from the nucleus to the 

vacuole (Figure 2A). These results are in agreement with the co-IP studies, showing 

that the interaction between Ksp1 and Med13 occurs following starvation. 
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In our previous studies, we observed  Med13 accumulate outside of the vacuole 

in mutants defective in autophagic cargo delivery [3]. Specifically, in atg8∆ cells which 

are defective in phagophore expansion [195], we observed Med13 co-localizing with 

Atg2 and Atg7, two components of the phagophore [196,197]. In vam3∆, a fusion 

deficient t-SNARE mutant, [96,97,198] Med13 colocalizes with Atg8 which 

conjugates to inner autophagosome membranes [98]. Similar to these studies, using 

live cell imaging, we also captured endogenous Ksp1-mCherry co-localizing with 

Med13-mNeon in both atg8∆ and vam3∆ cells (Figure 2B and C respectively) only 

following nitrogen starvation. Together this suggests that Med13 interacts with Ksp1 

at the PAS before being delivered to vacuoles for proteolysis. 

Ksp1 is required for the autophagic degradation of Med13 

Med13 is actively degraded following TORC1 inhibition by vacuolar proteolysis [3]. 

We, therefore, asked if Ksp1 is required for the autophagic degradation of Med13. 

Quantitative western blot analysis of endogenous Med13-MYC revealed that Ksp1 is 

required for its autophagic degradation (Figures 3A, B, and S3A). The half-life of 

Med13 was >15 h in ksp1∆ compared to the 2.5 h half-life observed in wild-type cells. 

Figure 2. Ssn2Med13 co-localizes with Ksp1 in the cytosol following nitrogen 

starvation. (A) Fluorescence microscopy of endogenous Ssn2Med13-mNeongreen 

and Ksp1-mCherry in pep4∆ prb1∆-1 before and following nitrogen starvation. 

CMAC was used to visualize the vacuoles. Yellow arrows denote co-localization of 

Ssn2Med13 and Ksp1 puncta. (B) Same as in A except atg8∆ cells were analyzed. 

Pink arrows denote co-localization. (C) Same as in A except that vam3∆ cells were 

analyzed before and after 24 h in SD-N. Blue arrow denotes co-localization. Scale 

bar:  5μm. 
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These results show that Ksp1 is required for the autophagic degradation of Med13 

following nitrogen depletion. Next, as Ssn8/cyclin C is also degraded in SD-N, albeit 

by the UPS [180], we asked if Ksp1 is required for its degradation. Quantitative western 

blot analysis of Ssn8/cyclin C-MYC revealed no differences in decay between WT and 

ksp1∆ (Figure S2A and S2B). This indicates that Ksp1 is only required for the 

degradation of autophagic substrates. 

Ksp1 kinase activity is not required for the autophagic degradation of Med13 

Ksp1 is a serine-threonine kinase that is activated by protein kinase A (PKA) in replete 

media at five consensus PKA sites (RRxS/T) [189-193]. Current models propose that 

this activation is required for Ksp1 to help suppress autophagy via the TORC1 pathway 

[188]. By using quantitative western blot analysis, we asked if Ksp1 kinase activity was 

required for the autophagic degradation of Med13.  The results revealed no differences 

in the decay rate of Med13 following nitrogen starvation in ksp1∆ cells harboring either 

wild-type Ksp1 or a kinase-dead mutant (ksp1K47D) (Figures 3C and D respectively) 

[181]. Taken together, this suggests that Ksp1 kinase activity is not required for its 

autophagic receptor function. These results also indicate that Ksp1 has dual roles in 

autophagy. The first is kinase-dependent and helps to suppress autophagy induction in 

replete media [188]. The second, is kinase-independent, being required for the 

autophagic degradation of Med13 and maybe other unknown substrates.   
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Ksp1 and Atg8 co-localize following nitrogen starvation. 

We next focused on determining the role of Ksp1 in cargo degradation following 

nitrogen starvation. Ksp1 was previously identified in a Y2H screen as one of 38 new 

proteins that interact directly with Atg8 [103]. In this study, the authors propose that 

these Atg8 interactors represent novel autophagic receptors.  As Ksp1 is required for 

the delivery of Med13 to the vacuole, we hypothesized that Ksp1 could be a cargo 

receptor protein for this pathway. To test this, we asked if Ksp1 and Atg8 interact using 

fluorescence microscopy. In log-phase cells, growing SD media, very few GFP-Atg8 

foci were observed and Ksp1-mCherry was predominantly cytoplasmic (Fig. S2C). 

Following  2 h in SD-N, most cells contained GFP-Atg8 foci that were observed co-

Figure 3. Ksp1 is required for the autophagic degradation of Ssn2Med13. (A) 

Western blot analysis of extracts prepared from wild-type or ksp1∆ expressing 

endogenous Ssn2Med13-9MYC resuspended nitrogen starvation medium (SD-N) 

for the indicated times. (B) Quantification of degradation kinetics and half-life of 

Ssn2Med13-MYC levels obtained in A. (C) As in A except that Ssn2Med13 in ksp1∆ 

harboring either Ksp1-GFP or a kinase-dead allele (K47D) was examined. (D) 

Degradation kinetics and half-life of Ssn2Med13-9MYC protein levels obtained 

from C.  Pgk1 levels were used as loading controls.  
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localizing with Ksp1-mCherry (Figure 4A). Also, we captured this interaction only 

following nitrogen starvation in vam3∆ where Atg8 foci accumulate in mature 

autophagosomes (Figure 4B and S2C) [199]. Together these results indicate that Ksp1 

and Atg8 can co-localize at the PAS, indicating that Ksp1 could be the autophagic 

receptor for Med13.  

We next used Y2H analysis to both confirm the co-localization studies as well 

as determine how Ksp1 interacts with its cargo and Atg8. To guide us on the design of 

Gal4-BD-Ksp1 constructs we used structure prediction analysis of Ksp1 using IUPred3 

[8-10]. This algorithm predicts the tendency of protein regions to have negligible folded 

tertiary structures, called intrinsically disordered regions (IDRs).  The IUPred3 analysis 

results (Figure 4C, red line) revealed that only the amino terminus of Ksp1, which 

contains the conserved kinase domain, is structured. The remaining two-thirds of Ksp1 

is highly unstructured, containing multiple IDRs. We next asked if regions within these 

IDRs contain molecular recognition features (MoRFs) that have the potential to 

transition to a structured conformation by interaction with a globular protein partner 

[9,200]. This feature allows IDRs to interact with multiple binding partners and is 

observed in many proteins required for autophagy [201]. Moreover, it is significant as 

many Atg8 interacting motifs (AIMs) on receptor proteins lie within ANCHOR regions 

(see below) [5]. Using ANCHOR2 analysis [202,203] we determined that the 

unstructured domain of Ksp1 contains multiple potential MoRFs (Figure 4C, blue line). 

Together this analysis is consistent with the model that Ksp1 could be an autophagic 

receptor protein, possibly of multiple cargos. 
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Based on this structural information, three Gal4-BD-Ksp1 constructs were 

made, one spanning the kinase domain (KD), and two spanning the large unstructured 

region called disordered domain 1 (DD1) and 2 (DD2) (Figure 4C, bottom panel). Only 

the C-terminal construct (Gal4-BD-DD2, amino acids 681-1029) interacted with the 

Gal4-AD-Atg8 but not vector controls (Figure 4D). We also observed that the same 

domain of Ksp1 interacts with Med13 (Figure S4A). Together, these results are 

congruous with the model that Ksp1 is an autophagic receptor protein for this CKM 

member. As would be anticipated by this model, Y2H analysis revealed that Med13 

does not associate with Gal4-BD-Atg8 [3]. To alleviate concern that DD2 interactions 

may be non-specific due to its high IDR content we showed that it does not interact by 

Y2H analysis with two other miscellaneous proteins (human cyclin C and yeast Ume6) 

fused to Gal4-AD (Figure S4B). Together these results show that Ksp1 can interact 

with both Atg8 as well as Med13, supporting the model that Ksp1 is the receptor protein 

for Med13.  
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Figure 4. Ksp1 interacts with Atg8 following nitrogen starvation. (A) Fluorescence 

microscopy of endogenous Ksp1-mCherry in atg8∆ harboring GFP-Atg8 after 2 h 

nitrogen depletion. The blue arrow denotes the co-localization of Atg8 and Ksp1. 

(B) As in A except the experiment was conducted in vam3∆ cells after 24 h in SD-

N. The pink arrow denotes co-localization. Scale bar:  5 μm. (C) IUPred3-long  [8-

10] (red) analysis of Ksp1. The score corresponds to the probability of the given 

residue being part of a disordered region (IUPred3-long). Residues with a predicted 

score above 0.5 are considered disordered, while residues with lower scores are 

considered to be ordered. Overlayed in blue is the ANCHOR2 plot which assesses 

the probability of disordered binding regions transitioning between structured and 

unstructured states. Underneath the profile, a schematic of full-length Ksp1 divided 

into the three domains used in Y2H analysis is shown. (D) Y2H Gold cells 

harboring the indicated Gal4-BD-Ksp1 subclones and Gal4-AD-Atg8. Gal4-BD-

Atg8 and Gal4-AD-Atg7 were used as a positive control. V = vector. The cells were 

plated to medium selecting for plasmid maintenance (left panel, -LEU -TRP) or 

induction of the ADE2 and HIS3 reporter genes (right panel).  
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Ksp1 is degraded by autophagy following nitrogen starvation. 

A hallmark of receptor proteins is that they are engulfed in autophagosomes alongside 

their cargos, being finally degraded by vacuolar proteolysis [166]. To test if Ksp1 is 

degraded by vacuolar proteolysis, we first used quantitative western blot analysis of 

endogenous Ksp1-MYC. The results showed that Ksp1 levels were reduced following 

nitrogen starvation with an apparent half-life of 2.6 h (Figure 5A, B, and S3B). Using 

cycloheximide translation inhibition assays, we found that the half-life of Ksp1 is ~7 h 

in unstressed cells (Figure S4C) arguing that Ksp1 is actively degraded in SD-N. 

Moreover, upon repeating these assays in pep4∆ and atg8∆ strains, we discovered that 

the decay rate of Ksp1 in SD-N was significantly slower with half-lives of over 15 h 

and 6.3 h respectively (Figure 5A and B). The faster decay rate of Ksp1 observed in 

atg8∆ compared to pep4∆ suggests that if Ksp1 cannot reach the vacuole then it may 

be subjected to proteolysis by the UPS. However, Ksp1 was still degraded in ump1∆ 

cells that are defective in 26S proteasome assembly [204-207] and its rate of decay in 

ump1∆ atg1∆ was not significantly different from atg8∆ (Figures 5C and 5D). 

Together, this indicates that following nitrogen depletion Ksp1 is subjected to 

autophagic degradation in the vacuole.  

          To confirm these results, we tried to measure the autophagic flux of Ksp1-GFP 

by western blot analysis. This assay is based on the finding that GFP is protected from 

rapid degradation in the vacuole compared to its fusion partner [208-210]. 

Unfortunately, we were unable to visualize Ksp1-GFP by this method. However, by 

using fluorescence microscopy we observed Ksp1-GFP in the vacuole in pep4∆ after 

18 h in SD-N whereas it remained predominantly cytoplasmic in atg8∆ (Figure 5E). 
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Moreover, kinase-dead Ksp1-GFP which is predominantly cytoplasmic in unstressed 

cells (Figure S4D) is also observed in the vacuole in pep4∆ following SD-N treatment 

(Figure 5F), supporting the idea that Ksp1 kinase activity is not required for its 

autophagic degradation. Taken together, these results are consistent with Ksp1 being 

an autophagic receptor. 

 

  

Figure 5. Ksp1 is an autophagic substrate. (A) Western blot analysis of protein 

extracts made from endogenous Ksp1-9MYC following nitrogen starvation in the 

genotypes indicated. (B) Degradation kinetics of Ksp1-9MYC in A. Pgk1 protein 

levels were used as the protein loading control. (C) Same in A, expect experiments 

were performed in the indicated genotypes. (D) Quantification of C. Ksp1-9MYC 

degradation kinetics in WT cells (blue line) was obtained from 5B and used as a 

comparison in 5D. (E) Fluorescence microscopy of endogenous Ksp1-GFP in either 

pep4∆ or atg8∆ cells following nitrogen starvation. Vph1-mCherry was used to 

mark the vacuoles. (F) As in E except ksp1∆ pep4∆ harboring ksp1K47D-GFP was 

monitored. Scale bar = 5 μM. 
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Ksp1 interacts with the conserved receptor protein docking site on Atg8. 

Selective autophagy receptors interact with Atg8 through a conserved Atg8-interacting 

motif (AIM), also known as LC3-interacting region (LIR), that tightly fits into two 

conserved hydrophobic pockets on Atg8 known as the LIR/AIM docking site (LDS) 

[4,211]. The hydrophobic pockets are named the W and L-sites since they interact with 

tryptophan and leucine residues in AIMs, respectively [4,211,212]. One prediction of 

Ksp1 being an autophagy receptor is that it requires functional W and L-sites on Atg8 

for its autophagic degradation. To test this, we monitored the autophagic degradation 

of Ksp1 in atg8∆ harboring mutations in both sites (Y49A and L50A – named Atg8LDS). 

The results show that Atg8LDS significantly stabilized Ksp1 protein degradation in SD-

N compared to the WT allele (Figure 6A), mirroring the half-life seen in atg8∆ (Figure 

6B and S3C).  

Similar to previous studies [212], we observed GFP-Atg8LDS localization at the 

PAS after 4 h in nitrogen starvation and accumulation in vacuoles to be significantly 

decreased in atg8∆ cells harboring GFP-Atg8LDS compared to GFP-Atg8 in SD-N 

(Figures 6C-E, S5A-C). Similarly, the vacuolar accumulation of Ksp1 in Atg8LDS was 

severely impaired (Figure 6C, quantified in 6F and S5B, C). These results agree with a 

previously published report in which in vitro dot blot binding assays were used to show 

that Ksp1 interacts with processed Atg8 (amino acids 1-116), [213] but not with the 

processed Atg8LDS mutant [103]. This is significant as the processing of Atg8 by 

removal of its C-terminal by Atg4 is required for its recruitment to the PAS [214]. 

Together these results support the model that Ksp1 is a receptor protein and directly 

interacts at the Atg8 docking site.  
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Figure 6. (A) Western blot analysis of endogenous Ksp1-9MYC protein in atg8∆ 

cells expressing either WT or LDS alleles of GFP-Atg8 following nitrogen 

starvation. Pgk1 protein levels were used as the protein loading control. (B) 

Degradation and half-life of Ksp1-9MYC protein levels in the genotypes indicated. 

Ksp1-9MYC degradation kinetics in atg8∆ cells (blue line) obtained from Figure 

5B were used as a comparison in 6B. (C) Fluorescence microscopy of endogenous 

Ksp1-mCherry in atg8∆ harboring either the WT or LDS∆ allele of GFP-Atg8. (D) 

Quantification of foci GFP-Atg8 and GDP-Atg8LDS foci observed in atg8∆ after 4 

h in SD-N.  (E) Quantification of cells observed with GFP-Atg8 or GDP-Atg8LDS 

in the vacuole in atg8∆ after 4 h in SD-N. (F) Quantification of cells observed with 

Ksp1-mCherry in the vacuole after 4 h in SD-N in Atg8 harboring either GFP-Atg8 

or GFP-Atg8LDS.  
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Ksp1 contains a functional Atg8-interacting motif (AIM). 

We next asked if Ksp1 contains a functional Atg8 interacting motif (AIM). These 

domains were originally described as a conserved four amino acid motif 

([W/F/Y]xx[L/I/V]) [4]. More recently, based on in silico analysis of multiple 

experimentally verified functional AIMs, this domain has been redefined to include 

two additional upstream amino acids (outlined in Figure S6A) where residues 3 and 6 

correspond to the required aromatic and hydrophobic residues of the original central 

core motif [5-7]. Also, these studies identified two additional criteria: Firstly, the 

interaction with Atg8 depends strongly on acidic residues surrounding the central core 

motifs; Secondly, an AIM motif that overlaps with MoRFs that have the potential to 

transition to an ordered state is a reliable predictor of binding to LDS domains in Atg8 

[5]. Using the iLIR database that incorporates all of these requirements we identified 9 

putative AIMs within the Ksp1 (Figure S6B). The AIM found at the carboxy-terminal 

of Ksp1 (NNWLIL1022-1025) lies within an ANCHOR region and has the highest 

position-specific scoring matrix (PSSM score). In other words, this AIM (coined 

Ksp1AIM1) has the highest conservation of pattern alignment when compared to verified 

AIM/LIR motifs, indicating that it may be a functional AIM. 

Next, using computer modeling algorithms (ClusPro, Alpha fold) [215-218] 

and the published Atg8 structure [211], we discovered that Ksp1AIM1 fits with high 

confidence into the hydrophobic LDS pocket of Atg8 (Figure 7A -one representative 

model and see Figure S7A for ribbon model). The enlarged image clearly shows that 

the AIM residues sit directly in the pocket and interact with LDS Atg8 residues [212]. 

Using computer modeling determined the potential ability of the various configurations 
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of the mutated AIM1 (W1022A, L1025A, W1022A & L1025A, and WLIL-AAAA) to 

fit into the hydrophobic pocket of Atg8. The results (Figure 7B) clearly show that, 

compared to the WT AIM, the mutants are significantly less able to fit into the pocket 

(orange scores). Instead, they lie either above (pink) or below (cyan) this interface. 

These results are also consistent with previous computer modeling of the LDS region 

of Atg8. In these studies, a mutation in the hydrophobic pocket (Y49A/L50A) 

prevented the conserved tryptophan residue found in Atg19AIMs from binding to the 

first hydrophobic pocket in Atg8 [212]. Taken together, our results indicate that 

Ksp1AIM1 is a strong candidate to be a functional AIM. 

Previous studies have shown that other receptor proteins harboring changes of 

either tryptophan or leucine or both residues to alanine fail to interact with Atg8 using 

Y2H  [4,211,219]. Confirming the computer modeling prediction, the mutation of 

leucine1025 to an alanine residue in the DD2 binding domain construct (DD2L1025A) 

negatively affected the Ksp1-Atg8 interaction (Figure 7C). However, as this mutant did 

not completely eliminate activation of the reporter genes, we tested if the double mutant 

DD2W1022A,L1025A gave a cleaner result. Although significantly less growth was 

observed compared to DD2 on the reporter plates, DD2W1022A,L1025A was unable to 

completely eliminate the interaction (Figure 7D). As Ksp1DD2 contains no other AIMs, 

(see Fig. S6A & B) we decided to rely upon in vivo assays to address if AIM1 is a 

functional Atg8 interacting motif.  
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Figure 7. Ksp1 contains two functional AIM motifs. (A) Left panel: A 

representative image from computer modeling of Ksp1AIM1 with Atg8 showing that 

it can associate with the hydrophobic LDS pocket (yellow arrow). The green 

denotes Atg8, the red Ksp1AIM1, and the blue correlates with the hydrophobic pocket 

(LDS) of Atg8 (see material and methods for details). Right panel: enlarged image 

demonstrating that the AIM1 residues engage with the LDS pocket. (B) Left panel. 

Representative image showing the interfaces on the hydrophobic pocket of Atg8 

where wild type and mutant Ksp1 AIM could lie.  Right panel: the % occurrence of 

the mutation shown in Ksp1AIM1 was modeled onto the hydrophobic pocket region 

of Atg8. The orange position is the interacting region favored by WT AIM whereas 

the pink and cyan positions that lie above and below the pocket are predominantly 

favored by the mutant alleles. (C) Y2H analysis of Gal4-BD constructs shown with 

Gal4-AD-Atg8. Three biological replicates were plated on medium selecting for 

plasmid maintenance (-LEU, -TRP, left) or interaction by induction of all four 

reporter genes, ADE2, HIS3, MEL1, and AUR1-C (right). (D) As in C except that 

Ksp1-DD2W1022A,L1022A was analyzed. Two biological replicates are shown. (E) A 

map outlining the location of AIM1 and AIM2 with respect to other structural 

domains on Ksp1. (F) As in A except both Ksp1AIM1 and Ksp1AIM2 were modeled 

onto Atg8. (G) Modeling of structured N terminal domain (amino acids 1-356) of 

Ksp1 showing the position of AIM2 and the kinase pocket (K47). 
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Ksp1 interaction with Atg8 is required for the autophagic degradation of Med13. 

We next assessed the biological repercussions of disrupting Ksp1AIM1. Surprisingly, 

endogenous KSP1 deleted for this AIM (ksp1AIM∆1) was still degraded following 

nitrogen starvation (Figures S6C and D). This suggests that more than a single AIM 

may be utilized for the interaction of Ksp1 with Atg8. This idea is not without 

precedent, as multiple Atg8 interaction sites have also been observed for Atg19, a 

receptor protein for the cytoplasm-to-vacuole-targeting (Cvt) pathway [104,220,221]. 

The AIM with the second highest PSSM score, DLYEAI169-172 (ksp1AIM2, Figure S6B) 

can also be modeled into the hydrophobic LDS pocket of Atg8, fitting with high 

confidence into the same interface as AIM1 (Figure S7B). This was more apparent 

when both AIMs were mapped simultaneously onto Atg8 (Figure 7E and S7C). 

Although AIM2 lies within the more structured kinase domain of Ksp1, modeling of 

the N terminal domain (1-356) revealed that AIM 2 is exposed which would allow Atg8 

access to the motif (Figure 7G).  

We next determined the degradation kinetics of Ksp1 degradation in SD-N in 

ksp1∆ harboring the deletion of both AIMs (ksp1D167-I172∆, W1022-L1025∆, called 

ksp1AIM∆1&2). Cycloheximide chase assays showed that the protein is slightly less stable 

than its endogenous wild type counterpart with half-lives of 6 and 7 h respectively 

(Figure S8A and B). Western blot analysis revealed that ksp1AIM∆1&2 was stabilized 

following nitrogen starvation (Figure 8A, quantified in 8B) demonstrating that both 

AIMs are required for interaction with the LDS interface of Atg8. Moreover, 

endogenous Med13 was also significantly stabilized following nitrogen starvation in 

ksp1AIM∆1&2 (Figures 8C and D). Similarly, vacuolar accumulation of endogenous 
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Med13-mNeon in SD-N was drastically reduced in ksp1AIM∆1&2 (Figure 8E, quantified 

in 8F). They also validate that Ksp1 functions as the autophagy receptor mediating the 

degradation of Med13.  

Figure 8. (A) Western blot analysis of endogenous Ksp1-9MYC and ksp1AIM∆1&2-

9MYC following nitrogen starvation. (B) Degradation kinetics and half-life of 

indicated Ksp1 alleles. (C) Western blot analysis of endogenous Ssn2/Med13-

9MYC protein levels in ksp1∆ harboring ksp1AIM∆1&2-GFP. (D) Degradation 

kinetics and half-life of Ssn2/Med13-9MYC in ksp1∆ harboring ksp1AIM∆1&2-GFP 

compared to previously observed wild type. For all blots, Pgk1 was used as the 

protein loading control. (E) Fluorescence microscopy of Med13-mNeon in ksp1∆ 

harboring either Ksp1AIM∆1-9MYC or Ksp1AIM∆1&2-9MYC. Vacuoles were 

visualized by staining with CMAC. Scale bar = 5 μM. (F) Quantification of H, 

showing the number of cells with Ssn2/Med13 found in vacuoles.   
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The Atg17-Atg31-Atg29 complex interacts with Ksp1.  

In yeast, the PAS is initiated during selective autophagy by the formation of cargo-

receptor complexes, which are recruited to the vacuole by Atg11. This provides a local 

clustering platform for Atg13 recruited Atg1 leading to trans-autophosphorylation and 

activation of Atg1 [109,129,222]. In contrast, bulk autophagy is initiated by the 

formation of a supramolecular structure of Atg13 and Atg1 with the trimeric Atg17-

Atg31-Atg29 complex (17C) [223,224]. Similar to the selective degradation of Cue5 

cargos (ubiquitinated aggregated proteins and dysfunctional proteasomes [178,179]) 

the autophagic degradation of Med13 requires the 17C scaffold [3]. Therefore, using 

Y2H analysis, we asked if Ksp1 can interact with a member of the trimeric scaffold. 

As reported by others, Y2H analysis revealed that none of the trimeric scaffold complex 

members interacted with Atg8 [225] (Figure S9A). However, the carboxy terminus of 

Ksp1 interacted with both Atg29 and Atg31 (Figure S9B and C). Usage of 3-

aminotriazole (3-AT), in Y2H analysis, allows for differing levels of stringency when 

histidine-based growth selection is used, as it competitively inhibits the HIS3 gene 

product [226]. The addition of 50 mM 3-AT still permitted the Ksp1 interaction with 

Atg29 but not Atg31 (Figure 9A, upper panels). These results suggest that Ksp1 

interacts with 17C. Previous studies have shown that mutation of the AIM in receptor 

proteins does not affect their interaction with scaffold proteins [146,219]. Likewise, the 

C-terminal Ksp1 Y2H construct harboring the L1025A mutation still interacted with 

Atg29 using Y2H analysis (Figure 9A, lower panels). Together, these results support 

the model that Ksp1 interacts with both Atg8 and the scaffold complex, with only the 

Ksp1-Atg8 interaction being dependent on an AIM.  
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Figure 9. (A) Y2H analysis. Upper panels; Gal4-BD-Ksp1DD2 with either Gal4-AD-

Atg29, Gal4-AD-Atg31 or a vector control. Lower panels; Gal4-BD-Ksp1DD2-L1025A 

with either Gal4-AD-Atg29 or a vector control.  Cells were streaked on medium 

selecting for plasmid maintenance (left) or induction of reporter genes (right) by 

Y2H interaction. (B) Single-plane fluorescence microscopy images of Ksp1-

mCherry and Atg29-GFP before and following nitrogen starvation in wild-type and 

atg8∆ cells respectively. Bar = 5 µM. (C) Western blot analysis of Ksp1-9MYC 

following nitrogen starvation. protein levels in snx4∆. Ksp1-9MYC degradation 

kinetics in WT cells (blue line) was obtained from Figure 5A and used as a 

comparison in B. (D) Quantification of B. Ksp1-9MYC degradation kinetics in WT 

cells (blue line) was derived from Figure 5A. (E) GFP pull-down analysis of Ksp1-

GFP and Ssn2/Med13-HA in the presence and absence of Snx4. (F) Single plane 

fluorescence microscopy images of Ksp1-mCherry and Atg29-GFP before and 

following nitrogen starvation in vam3∆ snx4∆ cells. Bar = 5 µM. 
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The Atg17-Atg31-Atg29 scaffold complex recruits Ksp1 to the PAS. 

We next confirmed the Ksp1-Atg29 Y2H interaction using co-localization studies of 

live cells. Congruous with the Y2H results, we observed that endogenous Ksp1-

mCherry colocalized with Atg29-GFP foci only following 2 h in SD-N (Figure 9B). In 

the hierarchy of autophagy proteins loading onto the PAS, 17C arrives at the PAS found 

at perivacuolar sites before Atg8 [224,227]. Therefore, we asked if Ksp1-mCherry was 

able to interact with the PAS (marked by Atg29-GFP) in the absence of Atg8 using 

fluorescence microscopy. The results showed that Ksp1 co-localized with Atg29-GFP 

in atg8∆ cells after 2 h in SD-N (Figure 9B). These studies strongly support a model in 

which after autophagy initiation, Ksp1 is anchored at the perivacuolar PAS by Atg29. 

They also define Ksp1 to be an autophagic receptor protein that works in conjunction 

with expanding phagophores most commonly associated with non-selective autophagy. 

However, instead of packaging indiscriminate parts of the cytoplasm, here we show 

that these phagophores also can recruit targeted cargos.  

Snx4 is not required for the recruitment of Ksp1 to the PAS. 

The sorting nexin heterodimer Snx4-Atg20 assists cargo degradation in many selective 

pathways including mitophagy, pexophagy, and ribophagy [131-135]. In addition,  the 

recruitment of a subset of transcriptional regulators including  Med13 to phagophores 

is aided by this heterodimer [131]. In this model,  Med13 directly binds to Snx4-Atg20, 

and the complex is recruited to the PAS by Snx4-Atg17 interaction [131]. Consistent 

with this, in the absence of Snx4, co-IP analysis between Atg17 and Med13 is 

diminished [3]. To ask if Snx4-Atg20 also recruits Ksp1 to the PAS we monitored the 

autophagic degradation of endogenous Ksp1 in snx4∆. The results (Figures 9C and 
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quantified in D) show that Ksp1 is still degraded following nitrogen starvation. This 

suggests that Snx4 is not required for delivering Ksp1 to the PAS. Consistent with this 

Ksp1-GFP pulldowns of Med13-3HA were significantly enhanced following nitrogen 

starvation in pep4∆ but not in pep4∆ snx4∆ (Figure 9E). Lastly, using fluorescence 

microscopy we also observed Atg29-GFP foci co-localizing with Ksp1-mCherry in 

vam3∆ snx4∆ cells following nitrogen starvation (Figure 9F) Collectively, these results 

support the model that Snx4-Atg20 delivers cytoplasmic Med13 to growing 

autophagosomes but is not required for the recruitment of Ksp1 to the PAS. 

The Ksp1 interaction with Atg8 is not required for general autophagy.  

Previous studies suggest that Ksp1 is not required for selective autophagy or Atg9 

trafficking.  Instead, Ksp1 kinase activity contributes to suppressing the induction of 

non-selective autophagy by activating the TORC1 pathway [188].  To assess if 

ksp1AIM∆1&2 also affects autophagy induction we examined the phosphorylation status 

of Atg13, a substrate of TORC1. This assay correlates with the induction of autophagy 

and serves as a readout for the functionality of upstream signaling cascades that affect 

bulk autophagy [95,228,229]. Similar to a kinase-dead mutant  [188], we observed a 

reduction in the phosphorylation status of Atg13 in unstressed ksp1AIM∆1&2 cells (Figure 

10A). These results suggest that ksp1AIM∆1&2 acts like a kinase-dead mutant with regards 

to inactivating the TORC1 pathway. Similar to this, using GFP-Atg8 cleavage assays 

we observed a statistically significant amount of free GFP in unstressed ksp1AIM∆1&2 

cells compared to wild type. Also using Pgk1-GFP cleavage assays that monitor bulk 

autophagy [137] free GFP appeared slightly earlier in ksp1AIM∆1&2 (Figure S10A and 

S10C).  
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Figure 10.  (A) Western blot analysis of Atg13-HA in the genotypes shown after 

30 and 60 m in SD-N (left) and 30 m after treatment with 200 ng/ml rapamycin 

(Rapa) for the indicated times in SD (right). (B) Survival assays of the strains shown 

before and after 9 days in SD-N. (C) Model outlining the receptor protein role of 

Ksp1 in the autophagic degradation of Ssn2/Med13. Ksp1 is recruited to 

perivacuolar phagophore assembly sites (PAS) by Atg29 of the trimeric scaffold 

complex. Ssn2/Med13 is recruited to the PAS by Snx4-Atg20. Thereafter the 

trimeric complex, PAS factors, and Snx4-Atg20 are released from autophagosomes 

[3,11] whereas the interaction of Ksp1 with the LDS region of at least two Atg8 

sites, delivers its cargo, Ssn2/Med13, to autophagosomes for eventual degradation 

in the vacuole. 
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Taken together, these results suggest that ksp1AIM∆1&2 acts like a kinase-dead mutant 

with regards to autophagy induction. 

As AIM2 lies close to the ATP receptor site, its deletion could potentially affect 

the kinase domain. Using modeling we observed no obvious structural differences in 

the kinase domain of Ksp1 and ksp1AIM2∆ (Figure S8C). Together, these results indicate 

that ksp1AIM∆1&2 is acting like a kinase-dead mutant with respect to promoting 

autophagy induction and execution. However, unlike the kinase-dead mutant, 

ksp1AIM∆1&2 is unable to associate with Atg8 preventing delivery of Med13 to the PAS. 

This suggests a model in which Ksp1 interaction with Atg8 may disable the kinase 

activity of Ksp1. This would be an efficient way to switch between the opposing kinase-

dependent and independent roles of Ksp1. 

Ksp1 is required for survival following nitrogen starvation.  

We next asked if deletion of the AIMs in Ksp1 has a physiological significance. Thus 

we tested if wild-type, med13∆, ksp1∆, and ksp1AIM∆1&2  cells exhibited viability 

differences following nitrogen starvation using a standard autophagy survival assay 

[230]. Mid-log cells were switched to nitrogen starvation medium and after 9 d viability 

was determined by using phloxine B staining that identifies dead cells. As previously 

reported, cell death was significantly elevated in med13∆ mutants compared to wild-

type cells [39,180]. We also observed elevated levels of cell death in ksp1∆ and 

ksp1AIM∆1&2.  Importantly, there was no significant difference between ksp1∆ and 

ksp1AIM∆1&2 strains (Figure 10B). This suggests that the destruction of Med13 and/or 

other potential Ksp1 cargo is important for cell survival upon starvation. As we have 

already identified Rim15 and Msn2 to be cargos of SAA, we tested whether these 
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transcription factors also use Ksp1 as an autophagic receptor. However, using 

autophagic GFP cleavage assays we observed free GFP cleaved from both Rim15-GFP 

and Msn2-GFP following nitrogen starvation in both wild -type and ksp1∆ cells (Figure 

S10D). This suggests that the autophagic degradation of these transcriptional activators 

may be mediated by an unknown receptor protein, possibly by one of the 34 putative 

Atg8 interactors previously identified [103]. These results also suggest that Snx4 

transports selective substrates including transcription factors, RNA, ribosomes, and 

proteasomes to the autophagic machinery [3], and Ksp1 functions as a receptor protein 

at the PAS for only a subset of these proteins. 

Discussion 

In its infancy, the field of autophagy depicted the lysosome as a major non-selective 

dumpsite within the cell. Since then, the pool of autophagic substrates has expanded 

from excess or damaged organelles and protein aggregates to fully functional multi-

subunit complexes and single proteins. In the last decade, a strong focus has been on 

discovering autophagic receptor proteins, as they provide substrate specificity, thereby 

acting as decision-makers in autophagy pathways [166,175,231]. In this report, we 

show that Ksp1 is the receptor protein for the autophagic degradation of a 

transcriptional regulator, Med13 (summarized in Figure 10E). This role is independent 

of its kinase activity, demonstrating the dual functionality of this kinase. Moreover, our 

results suggest a model in which Ksp1 plays dual but opposing functions in regulating 

autophagy. During unstressed conditions Ksp1 negatively regulates autophagy and this 

role is kinase-dependent, however following starvation Ksp1 promotes the autophagic 

degradation of specific substrates and this is kinase-independent. How these different 



105 

 

roles of Ksp1 are regulated remains unclear however it is possible that Ksp1 association 

with autophagy machinery may function as the molecular switch. Data presented in this 

study suggests a model in which Ksp1 is first recruited to the PAS, binding to 17C and 

Atg8. Next, Snx4-Atg20 delivers Med13 to PAS-bound Ksp1. Lastly, PAS factors and 

Snx4-Atg20 are removed from growing phagophores [3,11] and Med13 and Ksp1 are 

engulfed in autophagosomes. This finding supports the model that the autophagic 

degradation Med13 is highly discriminating. Firstly, Med13 is not only exclusively 

targeted from other transcription factors associated with chromatin but also from within 

the CKM itself [3,48]. Secondly, following its nuclear export, the engulfment of 

cytoplasmic Med13 by autophagosomes is not random but assisted by Snx4-Atg20, 

with Ksp1 acting as a receptor protein. Outlining its importance, the degradation of 

either Med13 and/or other Ksp1 cargos by this mechanism contributes to the survival 

of S. cerevisiae following nitrogen starvation.  

Cargo receptors are characterized by their ability to both bind cargo and facilitate 

the recruitment of autophagic machinery through the binding of Atg8 and a scaffolding 

subunit of the Atg1 complex. Thereafter, cargo receptors are captured within 

autophagosomes, being finally degraded by vacuolar proteolysis alongside their cargos 

[166,231]. Here we report that Ksp1 fulfills these functions. Ksp1 specifically binds to  

Med13 and is required for its autophagic degradation. Ksp1 itself is also degraded by 

vacuolar proteolysis. Like other receptor proteins, Ksp1 directly binds to Atg8, and this 

binding is dependent upon the conserved hydrophobic LDS pocket in Atg8 and Atg8 

interaction motifs in Ksp1. Taken together, these observations define Ksp1 as an 

autophagic receptor protein for Med13. Further studies are needed to investigate if 
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Ksp1 exclusively recognizes Med13 or if it can act as a cargo receptor for other 

proteins.  

Cargo receptors in yeast also most commonly interact with the Atg11 scaffold 

protein leading to the nucleation of phagophores in the direct vicinity of cargo 

[79,82,132,146,232-235].  Thereafter cargo filled autophagosomes are delivered to the 

vacuole for degradation. The exception to this is Cue5, which does not require Atg11 

to deliver its cargos to expanding phagophores [178,179]. Atg11 is also not required 

for the autophagic degradation of Med13. Instead, the trimeric Atg17-Atg29-Atg31 

scaffold complex fulfills this role [3]. This is interesting as this scaffold nucleates 

phagophores which most commonly sequester random portions of cytoplasmic material 

during nitrogen starvation [35]. We now show that Ksp1 can bind to Atg29 using Y2H 

analysis as well as co-localizing with this complex after nitrogen starvation at the PAS. 

Together, these results suggest phagophores nucleated by either scaffold utilize 

receptor proteins to sequester specific cargo. Alternatively, as the second job of 17C is 

to mediate efficient autophagosome-vacuole fusion [236], our results could mean that 

Med13 requires this second function of the trimeric scaffold. However, we favor the 

first explanation as this model best fits our results. Intriguingly, the separation of jobs 

for Atg11 and the trimeric scaffold complex is not so clear-cut in more complex 

eukaryotes [79]. For example, in mammalian cells the Atg17 homolog, 

RB1CC1/FIP200 (FAK Family Kinase-interacting protein of 200 kDa), combines the 

functions of both these yeast scaffold proteins, playing a role in selective and non-

selective autophagy [237,238]. 
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 In this report, we demonstrate that two sites in Ksp1 interact with Atg8 in an 

AIM-dependent manner. Multiple AIMs have also been observed in Atg19, a receptor 

protein for the selective Cvt pathway that delivers three resident enzymes to the vacuole 

in replete media [214,239,240]. Current models propose that this enables Atg19 to 

interact with multiple Atg8 proteins simultaneously, which in turn allows its cargos to 

be exclusively captured within autophagosomes [221]. We recently have identified 

other Ksp1 cargos but currently do not know if Ksp1 cargos are engulfed alone, 

together, and/or with non-specific cytoplasmic components. Furthermore, the induction 

of selective autophagy in mammalian cells also leads to bulk degradation of a portion 

of the cytosol. This mechanism, coined “bystander autophagy”, results in 

autophagosomes enriched for both specific and non-specific cargos [241]. Thus, it’s 

possible that autophagosomes enriched with Ksp1 cargos could also capture non-

specific cytoplasmic material. 

We also show in this study that Ksp1-mediated degradation of its cargo is required 

for survival during nitrogen starvation. As the cell survival assays show that Med13 is 

also required, this could mean that Med13 is the critical cargo. However, recently we 

have identified other cargos of Ksp1 that are required for translation (manuscript in 

preparation). Thus, it is possible that either all or a subset of Ksp1 cargo needs to be 

destroyed to survive long-term starvation. To date, no autophagic receptor(s) have been 

identified for autophagy-mediated mRNA degradation. Ksp1 is a good candidate as 

over 50% of the proteins identified as physically interacting with Ksp1 function in 

transcription, chromatin remodeling, mRNA maturation, decay, and translation. In 
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addition, some of these proteins are known autophagic substrates including eIF4G and 

Dhh1 [185,194]. 

Currently, we do not know why Med13 is destroyed by SAA following nitrogen 

starvation when it is destroyed by the UPS in the nucleus following ROS stress [53,54]. 

Like Ssn8/cyclin C, one possibility is that Med13 also has two cellular roles (a. k. a. 

day and night job). Its “day job” is transcriptional control of stress response genes [48]. 

Its starvation stress-induced night job occurs in the cytoplasm before it is destroyed by 

SAA. One possibility is that Med13 could be acting as an RNA binding protein (RBP) 

in this pathway, as recent structural studies have identified it to have an Agonaute-like 

bi-lobal architecture [51]. Argonaute proteins are highly conserved and bind to small 

RNA components to regulate transcription [242,243]. In short, Med13 has four global 

domains that are similar to nucleic acid regions found in RNA-binding proteins (RBP). 

This bi-lobal architecture forms a narrow central channel that binds nucleic acids in 

Argonaute proteins. Interestingly, Med13 contains an additional, unique alpha-helix 

that renders the narrow central channel inaccessible to nucleic acid binding in 

physiological conditions [51]. This channel lies in the same region that we have 

previously shown to be modified by phosphorylation following oxidative stress [54]. 

Thus, a possible model is that following nitrogen starvation, Med13 acts as an RBP for 

specific mRNAs.  Med13 is then in turn recognized by Ksp1, thereby delivering the 

mRNAs to autophagosomes.  Further studies are needed to explore this hypothesis, but 

the current models underline that both transcriptional and post-transcriptional gene 

regulation are unappreciated functions of autophagy.  
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To conclude, the results presented here support the model that Ksp1 defines a new 

type of autophagic receptor protein. This role is independent of its kinase function 

showing that Ksp1 has dual and opposing roles in regulating autophagy pathways. 

These findings not only broaden our knowledge of autophagy mechanisms but 

suggest that paradigms that define selective and non-selective autophagy pathways 

are merging. In support of this, recently it was revealed that specific RNA species that 

are tightly coupled with translation, are degraded by autophagy in response to stress 

[244]. Like SAA of transcription factors, Snx4-Atg20 assists in autophagy-mediated 

mRNA degradation suggesting that the pathways may have other unknown 

similarities [244]. 
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CHAPTER 4 

Med13 is required for proper quiescence entry and P-body autophagic 

degradation following starvation 

Abstract  

In response to stress, cells rapidly alter protein levels, functions, and interactions to 

mitigate damage and initiate repair pathways. The Cdk8 kinase module (CKM) is an 

evolutionarily conserved, detachable unit of the Mediator complex that plays a vital 

role in regulating transcription and communicating stress signals from the nucleus to 

other organelles. Previously, our laboratory has shown that following nitrogen 

starvation, Med13, a scaffold protein within the CKM, localizes to the cytosol where it 

is degraded via Snx4-assisted autophagy. This pathway utilizes the sorting nexin 

heterodimer Snx4-Atg20 and the autophagy receptor Ksp1. Here we show that re-

localization of Med13 is required for cells to properly enter quiescence in response to 

starvation. This cytosolic role is independent of the CKM and occurs prior to its 

autophagic degradation. Interestingly, others have shown that Med13 contains similar 

structural features to RNA silencing Ago proteins. Here we show that Med13 localizes 

to RNP granules and is required for the degradation of selective RNA-binding proteins 

including Edc3 and Dhh1. Taken together, this suggests a model in which Med13 

performs a cytosolic stress-induced role by promoting quiescence entry and selective 

autophagic degradation.   
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Introduction  

Cells adapt to environmental changes by altering transcription, metabolic pathways, 

proteolysis, and upregulating reparative mechanisms. As the cell senses external 

stimuli such as starvation, hypoxia, mating cues, or toxic assaults, signals are 

transmitted to the nucleus where changes in gene transcription coordinate instructions 

for other organelles to respond to these external cues. These organelles, including 

mitochondria and vacuoles, then modulate their function to properly adapt to these 

stimuli [245]. Once these stress cues are deciphered, the appropriate cell fate decisions 

are executed. These decisions can include proliferation, quiescence entry, or the 

initiation of cell death pathways. Stress restricts cell cycle progression, allowing cells 

the time and energy to mitigate and repair cellular damage. During periods of 

starvation, cells enter quiescence (G0), a temporary and reversible exit from the cell 

cycle [16] [246]. Features of quiescence include condensed chromatin, reduced 

translation, increased carbohydrate storage, increased autophagy, and increased stress 

resistance [246] [247].  

A key commander in connecting stress-related cues, transcription, and 

organelle function is the Cdk8 kinase module (CKM). This interchangeable component 

of the Mediator is composed of four conserved proteins, two scaffolding proteins 

Med13 and Med12, as well as cyclin C and its cognate kinase, Cdk8. In yeast, CKM 

association with the Mediator predominantly represses transcription [248,249] [250], 

although positive roles have been described [251] [252]. In higher eukaryotes, the 

CKM can both negatively and positively regulate transcription and the mode of 
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regulation is dependent on different factors such as stress, chromosomal localization, 

and kinase activity [164] [56]. 

In addition to its transcriptional role, the CKM regulates cell fate decisions by 

modulating the sub-cellular address of cyclin C. In response to high levels of reactive 

oxygen species (ROS), Med13 is rapidly degraded via the ubiquitin-proteasomal 

system (UPS) [54]. Along with removing transcriptional repression of stress response 

genes, the dissolution of the CKM results in cyclin C translocation to the cytoplasm. 

Here it is required for stress-induced mitochondrial fission and mediates regulated cell 

death [52] [12]. This response is conserved, with cyclin C directly interacting with the 

Drp1, the GTPase involved in mitochondrial fission [57], as well as cell death factor 

Bax in mammalian cells [58]. This secondary night job of cyclin C is integral to 

promoting cell death and fits with an emerging theme that proteins can have two 

different functions, coined day and night jobs [20] [21].  

In contrast to cell death cues such as oxidative stress, cells are also faced with 

survival cues such as those under starvation, in which they respond by inhibiting 

anabolic processes and activating catabolic pathways such as autophagy. Autophagy is 

a process in which cellular components are sequestered within double-membraned 

vesicles known as autophagosomes [74]. Autophagosomes loaded with cargoes fuse 

with vacuole (lysosome in metazoan), where the contents are degraded via resident 

proteases. Basic building blocks such as nucleic acids and amino acids are released 

back into the cytosol to replenish exhausted nutrient pools. Our studies in yeast have 

demonstrated that starvation cues also trigger the dissolution of the CKM. This results 

in upregulating stress response genes including a subset of autophagy-related genes 



113 

 

(ATG). In contrast to oxidative stress, cyclin C is degraded by nuclear proteasomes 

preventing mitochondrial fragmentation and removing repression of ATG expression 

[38].  

Following starvation, CKM disassembly in yeast also results in Med13 

translocation to the cytoplasm. Here Med13 is selectively targeted for degradation by 

Snx4-assisted autophagy. This novel autophagy pathway utilizes the sorting nexin 

heterodimer, Snx4-Atg20, and the autophagic receptor protein Ksp1 [3]. This illustrates 

that the cell utilizes two different proteolysis systems to degrade Med13 and these 

different modes of destruction are dependent upon stress. To understand why different 

modes of proteolysis are used, we proposed that Med13 plays a vital cytosolic role prior 

to its autophagic degradation. 

Ribonucleoprotein (RNP) granules are membrane-less compartments that 

contain high concentrations of RNA molecules and RNA-binding proteins. These 

structures are intricately linked to the physiological condition of cells and constantly 

grow, shrink, fuse, and dissolve depending on levels of perceived stress [253]. More 

recently it has been discovered that as RNA and proteins concentrate, they condense 

into dense assemblies that are distinct and separate from the surrounding dilute phase. 

This mechanism is termed liquid-liquid phase separation (LLPS) and is caused by weak 

interactions between multivalent proteins and nucleic acids.  [254].  

In yeast, several types of RNP granules form in response to adverse changes in 

physiological conditions such as stress granules and processing bodies (P-bodies) [41]. 

Proteins constitutively associated with P-bodies are involved in translational repression 

and/or RNA decay. This includes the deadenylation complex Ccr4-Not, Lsm1-7, the 
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decapping coactivator and enzyme Dcp1/Dcp2, various decapping activators such as 

Edc3, Pat1, Dhh1 and the 5′-to-3′ exoribonuclease Xrn1 [40]. These proteins usually 

contain intrinsic disordered regions (IDRs) that function as hubs for simultaneous 

interactions with multiple binding partners and RNAs [255]. Furthermore,  a subset of 

P-body constituents is targeted to autophagosomes for degradation [256] [257]. Similar 

to P-bodies, the initiation of the phagophore assembly structure (PAS) requires LLPS 

for its formation [258]. 

Med13 shares similar characteristics to core P-body proteins. Med13 contains 

one of the largest IDRs in the yeast proteome and was recently predicted to be a member 

of the RNA-binding Argonaute (Ago)/PIWI protein superfamily [51]. Med13 also 

contains a large 16 poly Q stretch (amino acids 1121-1136) within its C-terminal 

disordered region. Lastly, Med13 has previously been shown to interact with proteins 

involved in RNA metabolism such as the cytoplasmic nucleoporin required for mRNA 

export, Gle1 [3], and the Casein II-like kinase involved in mRNA decay and translation, 

Ksp1.  

Here we show that Med13 mediates quiescence entry and survival following 

starvation stress. This cytosolic stress-induced role of Med13 is independent of the 

CKM. In short, we show that once in the cytosol, Med13 localizes to P-bodies and is 

required for the autophagic degradation of a subset of P-body proteins. As Med13 

regulates both transcription and RNA binding proteins, these data support a model in 

which Med13 couples transcriptional and post-transcriptional mechanisms during 

starvation.  
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Experimental Results 

Med13 mediates survival and quiescence entry following starvation.  

In the budding yeast Saccharomyces cerevisiae, nutrient deprivation stimulates stress 

response genes (SRGs) transcription critical for entry into either quiescence or 

gametogenesis depending on the cell type. In yeast, this can be triggered by starvation 

stress including nitrogen starvation. The ability to survive is dependent upon correctly 

entering and exiting quiescence which is in part controlled by the conserved serine-

threonine kinase Rim15 [247,259][ [260]. Using plate survivor assays our studies and 

those of others showed that rim15∆ cells exhibited a dramatic loss in viability in 

quiescence triggered by prolonged nitrogen starvation stress, compared to the wild-type 

control or cdk8∆ mutants [38]. Likewise, our previous studies have shown that 

compared to WT or cdk8∆, med13∆ cells exhibit a ~25% increase in cell death 

following prolonged nitrogen starvation stress (Figure 1B and [38]). Thus, here we set 

out to establish why med13∆ have decreased viability during nitrogen starvation.  

Similar to mammalian cells, which arrest in G1/G0 after serum starvation, [261] 

the majority of wild-type yeast arrest in G1/G0 after nitrogen starvation [262]. To 

investigate the role of Med13 in G1/G0 arrest we monitored the budding index of cells 

following nitrogen starvation. During growth in YPDA, both wild-type and about 30% 

of both wild-type and med13∆ cells were in G1/G0, as quantified by the percentage of 

cells without buds. After 4 h, 60% of WT cells showed no buds, representative of cells 

in G0. This increased to over 80% after 24h. However, med13∆ cells were significantly 

slower in exiting the cell cycle, with ~40% and 60% of the cells retaining buds at 4 and 

24 h respectively (Figure 1C, quantified in 1D). Similar to this, med13∆ cells had a 
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greater growth rate compared to WT cells following treatment with low concentrations 

of the TORC1 inhibitor, rapamycin (Figure S1A).  

  

Figure 1. Med13 mediates cell survival and cell cycle arrest following nutrient 

deprivation. (A) Schematic of the role of the CKM in stress response. (B) The 

indicated genotypes were grown to mid-log, washed, and resuspended in media 

lacking nitrogen (SD-N) for 9 days. Cells were then stained with phloxine B and 

the population of phloxine B positive (dead) cells was analyzed using flow 

cytometry. (C) Representative brightfield and fluorescence microscopy images of 

WT and med13∆ cells are shown. Nuclei were visualized using DAPI. Scale bar = 

5 μm. (D) Quantification of Figure 1C. The percentage of cells in quiescence or 

stationary phase (cells with no buds) was quantified in the indicated genotypes. 

Cells were grown to mid-log, washed, and resuspended in SD-N for the indicated 

time points. 200 cells were counted per biological triplicate. Error bars indicate 

S.D., N=3 of biologically independent experiments. 
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Slow nutrient exhaustion that is associated with the transition from logarithmic 

growth to stationary phase results in delays in cell cycle arrest and aberrant cell cycle 

progression in med13∆ cells (Figure S1B and S1C). Lastly, med13∆ cells were 

defective in glycogen accumulation which is a hallmark of quiescence entry (Figure 

S1D). Previously, it has been shown that cdk8∆ cells do not experience defects in 

quiescence glycogen accumulation [39], illustrating these results are unique to the loss 

of Med13. Taken together these data demonstrate an important secondary role for 

Med13 following stress that is independent of its known function within the CKM 

complex. 

Med13 is localized to the cytosol following various starvation conditions.  

Next, we asked if Med13’s role in promoting cell cycle arrest occurred following other 

forms of stress that are known to induce cellular quiescence. Following nitrogen 

starvation, endogenous Med13-mNeonGreen was observed in the vacuole in pep4∆ 

prb1∆.1 cells which are deficient in a major vacuolar protease [93]. In stationary phase 

cells and cells depleted of a carbon source, the same fate was observed. As anticipated 

from our previous studies, Med13 remained nuclear following oxidative stress (H2O2) 

(Figure 2). We also observed that Med13 is degraded during stationary phase (Figure 

S2A and S2B), suggesting that Med13 degradation may be coupled to its cytosolic 

localization.  
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Figure 2. Med13 localizes to the cytosol in various forms of nutrient deprivation. 

(A) Fluorescence microscopy was used to monitor the localization of endogenous 

Med13-mNeongreen in a vacuolar protease-deficient strain. The nuclear was 

visualized using the nuclear marker, Nup49-mCherry, and vacuoles were observed 

using the vacuolar stain CMAC. Representative images are shown in various forms 

of stress. Scale bar = 5 μm.  
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To determine whether quiescence-induced cytosolic localization was unique to 

Med13, the localization of the cyclin C was also monitored during stationary phase. To 

capture transient cytosolic localization following starvation we used the autophagy-

deficient strain, atg8∆, which is defective in autophagosome biogenesis and allows for 

the cytosolic accumulation of autophagic substrates [95]. These experiments 

demonstrated that cyclin C was retained within the nucleus during stationary phase, 

whereas Med13 localized to the cytosol (Figure 3A). Interestingly, these studies also 

revealed that Med13 formed distinct cytosolic puncta following starvation in 

autophagy-deficient cells.  
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Figure 3. Processing bodies form in nitrogen starvation. (A) Fluorescence 

microscopy was used to monitor the localization of cyclin C-mCherry and Med13-

mNeongreen during quiescence in atg8∆ cells. Representative images are shown. 

Scale bar = 5 μm. White arrows denote Med13 puncta. (B) Schematic of Med13 

structural domains. Numbers denote amino acid residues and the different shades 

of blue signify the different structural regions of Med13. PAZ domains are shared 

among Argonaute/PIWI proteins and are required for nucleic acid binding. The L2-

N are two small α-helices that block the RNA binding channel. The PolyQ region 

is a stretch of 15 glutamine residues. Interactive regions of Gle1 and Ksp1 are 

denoted. (C) Representative fluorescent microscopy images of P-body formation. 

WT cells expressing endogenous Dcp2-GFP were starved for nitrogen for the 

indicated time points. Scale bar = 5 μm.   
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Med13 localizes to P-bodies following starvation.  

To determine if Med13 localizes to P-bodies following nitrogen starvation co-

localization experiments were performed in atg8∆ cells expressing endogenous 

Med13-mNeongreen and core components of P-bodies, either Dcp2-mCherry or Edc3-

mCherry [263]. The results demonstrate that Med13 and puncta overlap with both 

markers within the cytosol following starvation in atg8∆ (Figures 4A and B). 

Furthermore, Med13-mNeongreen also co-localized with Edc3-mCherry in stationary 

phase (Figure 4C), suggesting that this RNP granule role is a general response to 

nutrient deprivation. This is significant as it demonstrates that Med13 may perform a 

cytosolic stress-induced role at P-bodies.  
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Figure 4. Med13 localizes to P-bodies following starvation. (A-B) Fluorescence 

microscopy was used to monitor the co-localization of Med13 with P-body proteins 

in nitrogen starvation. The autophagy and vacuolar protease deficient (atg8∆) strain 

expressing genomically-tagged Med13-mNeongreen and harboring expression 

vectors encoding Dcp2-mCherry (top panel) or Edc3-mCherry (bottom panel) from 

their native promoters were starved for nitrogen for 2 hours. Representative images 

are shown. The white arrows denote the co-localization of Med13 and P-bodies. 

Scale bar = 5 μm. (C) Similar to A and B except experiments were performed in 

stationary phase.  
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Edc3 is degraded via autophagy following nitrogen starvation. 

Previously, it has been shown that RNP granules are autophagic substrates in carbon 

starvation [257]. To determine if P-body components are autophagic substrates 

following nitrogen starvation, quantitative western blot analysis was performed. 

Endogenous Edc3-9MYC protein levels were monitored in wild-type and atg8∆. These 

results show that Edc3 is degraded following nitrogen starvation but is stabilized in 

atg8∆ (Figures 5A and B) demonstrating that Edc3 is targeted for autophagic 

degradation. 

Selective autophagy requires an autophagy receptor that binds exclusively to 

unique cargo and tethers these, substrates to the phagophore through Atg8 binding. The 

Atg8-interacting motif (AIM) of the receptor protein binds to the LC3-docking site 

(LDS) of Atg8, which results in the sequestration of cargos into autophagosomes 

[103,174]. Selective autophagic degradation of Med13 requires the LDS of Atg8, the 

sorting nexin Snx4, and the receptor protein Ksp1. To test if Edc3 is degraded using 

this selective autophagy mechanism, protein levels of endogenous Edc3-9MYC were 

monitored in atg8∆ cells harboring either a wild-type or LDS (Atg8LDS) allele of Atg8. 

The results show that Edc3 is degraded upon nitrogen starvation with a half-life of ~2.5 

h. Edc3 is actively targeted for degradation following stress as cycloheximide chase 

assays and revealed its half-life of Edc3 to be 9.8 h (Figure S4A, quantified in S4B). 

Significantly Edc3 was stabilized in Atg8LDS with a half-life of  > 15 suggesting that 

Edc3 is degraded via selective autophagy (Figures 5C, quantified in 5B).  
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Edc3 autophagic degradation uses factors specific to Snx4-assisted autophagy of 

Med13 

Med13 autophagic degradation is assisted by Snx4-Atg20 [3]and utilizes Ksp1 as an 

autophagic receptor [264] To address if Edc3 is similarly degraded, endogenous Edc3-

GFP protein levels were monitored in snx4∆ and ksp1∆ following nitrogen starvation. 

Edc3 was significantly more stable in snx4∆ and ksp1∆ compared to wild-type cells 

(Figure 5D, quantified in 5E). Taken together these data show that Med13 and Edc3 

are degraded in the same selective autophagy pathway. 

For Ksp1 to function as an autophagy receptor for Edc3, these proteins must 

interact. To test if Edc3 and Ksp1 interact, yeast-two hybrid (Y2H) analysis was 

performed. Ksp1 is a 117 kDa protein containing a large IDR [265] therefore three 

Gal4-binding domain constructs that span the full-length protein was used (Figure 5F 

) [264]. The three Gal4-BD-Ksp1 subclones KD (kinase domain), DD1 (disordered 

domain 1), and DD2 (disordered domain 2) were expressed with Gal4-AD-Edc3. Y2H 

analysis revealed that Edc3 interacts with the C-terminal DD2 region of Ksp1 (Figure 

5G). Interestingly, this is the same region that interacts with Med13 and Atg8. 

Previously, non-specific binding or self-activation of Gal4-BD-DD2 was ruled out 

using Y2H analysis with miscellaneous Gal4-AD constructs [264]. These results 

demonstrate that Ksp1 functions as the autophagic receptor protein for Edc3. Taken 

together this suggests a model (outlined in Figure 6A) in which Med13 and Edc3 co-

localize in P-bodies, and they are consequently degraded by autophagy using Ksp1 as 

an autophagic receptor.  
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Figure 5. Edc3 is degraded via Ksp1-mediated autophagy. (A-B) Western blot 

analysis of endogenous Edc3-9MYC in WT, atg8∆ (top panel), or atg8∆ cells 

harboring either WT or LDS mutant alleles of Atg8 (bottom panel). Cells were 

grown to mid-log, washed, and resuspended in SD-N media for the indicated time 

points. Pgk1 protein levels were used as protein loading controls. (C) 

Quantification of A. Error bars indicate S.D. N=3 of biologically independent 

experiments. (D) Similar to A except endogenous Edc3-GFP protein levels were 

monitored in the indicated genotypes. (E) Quantification of C (F) Schematic of 

Ksp1 structural domains. Numbers denote amino acid residues. K47 denotes 

kinase-dead mutation and AIM mutations are shown. The interactive regions of 

Atg8 and Med13 are also signified. (G) Y2H Gold cells harboring the indicated 

Gal4-BD-Ksp1 subclones and Gal4-AD-Edc3. The cells were plated to medium 

selecting for plasmid maintenance (left panel, -LEU -TRP) or induction of the 

ADE2 and HIS3 reporter genes (right panel). 
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P-bodies form prior to their autophagic degradation 

As Edc3 and Med13 localized to P-bodies before being degraded by Snx4-assisted 

autophagy we wanted to ask if Med13 P-bodies localization was required for its 

autophagic degradation. To address this, we first asked if Edc3 is required for P-body 

formation in nitrogen starvation. The results show that similar to other starvation 

conditions [266], deletion of Edc3 results in defects in P-body formation during 

nitrogen starvation (Figure S4C). Next, using quantitative western blot analysis we 

observed that Med13 was partially stabilized in edc3∆ compared to wild type. 

Together, these results suggest that as P-body assembly promotes Med13 degradation 

(Figure 6B, quantified in 6C) that Med13 first is a component of P-bodies, before its 

autophagic degradation. 

Another possibility, however, is that Med13 and Edc3 co-localization is 

occurring at the phagophore assembly site (PAS). To test this, we asked if we could 

observe Edc3 foci that do not co-localize at the PAS (marked by GFP-Atg8) in cells 

defective in autophagosome-vacuolar fusion (vam3∆) [267]. P-bodies formed prior to 

localizing to the PAS as Edc3-mCherry formed distinct puncta that were independent 

of Atg8 after 2 h in SD-N (Figure 6D). Lastly, if our predicted model is correct Med13 

and Edc3 should co-localize in autophagosomes. In line with the previous results, 

Med13 and Edc3 puncta overlap following 24 h of nitrogen starvation in vam3∆ 

(change to Figure 6F). Taken together these data validate our model that Med13 

localizes to P-bodies first, and then subsequently targeted to the PAS with Edc3 and 

degraded via Ksp1-mediated selective autophagy.  
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Figure 6. P-bodies form prior to localization to the PAS. (A) Schematic of the 

proposed model. Following starvation, Med13 is exported from the nucleus, 

localizes to P-bodies, and is subsequently degraded via autophagy with other P-

body components. (B) Western blot analysis of endogenous Med13-9MYC protein 

levels in the indicated genotypes. Pgk1 was used as the protein loading control. (C) 

Quantification of B. Error bars indicate S.D. N=3 of biologically independent 

experiments. (D) Fluorescence microscopy was used to monitor the temporal 

formation of P-bodies and autophagosomes in a mutant defective in 

autophagosome-vacuole fusion (vam3∆). Following 2 h of nitrogen starvation, 

Edc3-mCherry (white arrows) formed distinct puncta independent of GFP-Atg8 

(yellow arrow). Scale bar = 5 μm.  
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Ksp1 selectively targets P-body components for autophagic degradation 

P-bodies are composed of translationally repressed mRNAs and proteins involved with 

mRNA silencing and decay. Core P-body components include the decapping enzyme 

complex proteins Edc3 and Dcp2, as well as the helicase and exonuclease Dhh1 and 

Xrn1, respectively. In addition to these core components, P-bodies also contain 

auxiliary proteins such as the translation initiator factor eIF4G1 which is shown to 

localize to P-bodies following specific forms of stress such as stationary phase. 

Previously, Dhh1, Xrn1, Dcp2, and eIF4G1 were identified as potential components of 

the Ksp1 signal transduction network [194].  

To determine if selective autophagy is used to degrade entire RNP granules or 

just selective components of P-bodies Dhh1, Dcp2, and Xrn1, protein levels were 

monitored following nitrogen starvation. Genomically-tagged alleles of these proteins 

were expressed in the indicated genotypes. Dhh1 was degraded in WT cells following 

4 hours of nitrogen starvation. Interestingly like Edc3, Dhh1 was significantly 

stabilized in ksp1∆ and snx4∆. Dhh1 protein half-life is 4.4 h, illustrating nitrogen 

starvation promotes the active degradation of Dhh1 (Figure S4D, quantified in S4E). 

Xrn1, Dcp2, and eIF4G1 were only partially degraded in 4 h of nitrogen starvation 

(Figure 7B, 7C, and 7D). This is important because this suggests that different 

mechanisms are used to degrade these components as their degradation kinetics vary 

temporally from Med13, Edc3, and Dhh1. Interestingly, Ksp1 is required for the 

partially autophagic degradation of Dcp2, but not Xrn1 or eIF4G. In addition, unlike 

granulophagy which delivers complete stress granules to autophagosomes [257] that 

individual proteins in P-bodies are specifically targeted for degradation. 
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Figure 7. P-body proteins are selectively targeted for autophagic degradation. (A) 

Quantitative western blot analysis of endogenous Dhh1-GFP in the indicated 

genotypes following nitrogen starvation (top panel). Degradation kinetics and half-

lives are shown (bottom panel). Error bars indicate S.D. N=3 of biologically 

independent experiments. (B-D) Similar to A except for protein levels of Dcp2-

9MYC, Xrn1-9MYC, and eIF4G1 were monitored and quantified in the indicated 

genotypes following nitrogen starvation. Pgk1 was used as the protein loading 

control for all blots.  
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Selective autophagy of P-body components requires Med13 

Here we have shown that selective P-body proteins, Edc3 and Dhh1, are degraded using 

the same Ksp1-mediated autophagy pathway as Med13. Therefore, we next asked if 

degradation of these P-body components requires Med13. Strikingly, Edc3-9MYC 

protein levels were stabilized in med13∆ cells (Figures 8A and 8B). In addition, GFP-

fusion cleavage assays demonstrated that Dhh1-GFP autophagic degradation is 

drastically reduced in med13∆, compared with wild-type (Figure 8C).  Cleavage assays 

utilize the protease-resistant fold within the tertiary structure of GFP to monitor 

vacuolar proteolysis. Taken together, these data demonstrate that Med13 is required for 

the autophagic degradation of selective P-body components.  

Med13 could potentially perform several roles within RNP granules. Med13 

contains a large IDR which can function as a scaffolding component or mediate the 

formation of these granules. Med13 also contains potential RNA binding domains 

suggesting that Med13 can bind and sequester mRNA transcripts. To identify if Med13 

is required for P-body formation, fluorescence microscopy was used to quantify Dcp2 

and Edc3 foci formation in wild-type and med13∆ cells (Figure 8D). Interestingly, there 

was no difference in the quantity and size of Dcp2-GFP foci (Figure S5A-C), however, 

there was a significant decrease in Edc3-mCherry foci in med13∆, compared to wild-

type following nitrogen starvation (Figure S5D). Taken together, these data suggest 

that Med13 is required to concentrate a subset of P-body proteins to RNP granules or 

the PAS. 
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Figure 8. Med13 is required for the autophagic degradation of P-body proteins. (A) 

Western blot analysis of Ed3-9MYC protein levels in WT and med13∆ cells 

following nitrogen starvation. (B) Quantification of A. Error bars indicate S.D. N=3 

of biologically independent experiments. (C) Western blot analysis of endogenous 

Dhh1-GFP protein levels in the indicated genotypes following SD-N. free GFP 

refers to the protease resistant GFP moiety that accumulates after the full-length 

fusion protein is degraded via the vacuole. (D) Fluorescence microscopy was used 

to monitor Dcp2-GFP and Edc3-mCHerry foci formation in WT and med13∆. Scale 

bar = 5 μm. (E) Model of the cytosolic role of Med13 during starvation stress.  
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Discussion 

Engineering proteins that can perform multiple independent functions allows cells to 

promptly coordinate many different cellular processes simultaneously. Here we show 

that Med13 plays dual roles in stress response mechanisms. In unstressed conditions, 

Med13 functions within the CKM as a negative regulator of ATG transcription [38] [3]. 

This control is relieved following nitrogen depletion as the CKM dissolves, and Med13 

translocates out of the nucleus. Here it is consequently destroyed by Snx4-assisted 

autophagy, using Ksp1 as its receptor protein. Given the highly sophisticated nature of 

this pathway, we postulated that Med13 must have an important secondary cytoplasmic 

role (night job) following starvation. Here we show that Med13 is required for cell 

survival after nitrogen depletion, as cells deficient in Med13 have defects in quiescence 

entry and decreased viability during starvation. In addition, we demonstrate that Med13 

localizes to P-bodies and is required for the autophagic degradation of two conserved 

P-body components following stress. Taken together, this supports a model in which 

Med13 plays a stress-induced role in the cytosol, where it mediates cell cycle arrest and 

is required for degradation of selective cargo.  

Snx4 is required for other selective autophagy pathways including those 

targeting proteasomes, ribosomes, and fatty acid synthase [30]. More recently, Snx4 is 

required for the autophagic degradation of transcribing mRNAs encoding for amino 

acid biosynthesis and ribosomal proteins [244]. Here we show that Snx4 is also 

required for the autophagic degradation of all the P-body proteins we tested. However, 

Ksp1 is only required for the autophagic degradation of some of them. Taken together, 

this suggests a model in which Snx4 is most likely required to deliver substrates to P-
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bodies. Ksp1 only acts as a receptor protein for Med13, Edc3, and Dhh1, whereas it is 

not required for the autophagic degradation of eIF4G1, Xrn1, or Dcp2. In addition, 

eIF4G1, Xrn1, and Dcp2 are degraded later, or more slowly compared to the substrates 

of Ksp1-mediated autophagy, suggesting different autophagy pathways are used to 

degrade P-body proteins.  

Although these studies show that Med13 is required for Edc3 and Dhh1 

degradation, how it executes this role remains unclear. Med13 contains a large IDR 

that can function as an interactive hub for multiple proteins. These disordered and 

unstructured regions are also essential features of proteins involved in LLPS [254]. 

LLPS has also been shown to be a fundamental component of PAS formation and 

pivotal in the concentration of autophagy machinery and substrates [258]. Here we 

show that Med13 is required for the selective autophagic degradation of P-body 

proteins. Only a unique subset of P-body proteins is degraded via this pathway, 

suggesting that there is an exclusivity factor that discriminates between different P-

body components. Med13 may function as this exclusivity factor by binding and 

concentrating specific P-body proteins. Med13 may function as a consolidator and form 

dense assemblies of autophagy substrates.  

As a second and not mutually exclusive model, Med13 could potentially bind 

to target RNAs and sequester them into RNP granules. Med13 and its bound RNA are 

then degraded via receptor-mediated autophagy. Along with potentially binding to 

RNA, Med13 also interacts with a variety of proteins involved in RNA metabolism 

including Gle1 and Ksp1 [148]. In favor of this model, Med13 was recently identified 

as a member of the Argonaute protein family, which is prominently known for its role 
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in RNA silencing. Med13 contains Ago-like structural features which form a narrow 

central nucleic acid channel [51]. Interestingly, during unstressed conditions two 

helices converge to cover the opening of this nucleic acid channel. The surrounding 

regions of these helices contain consensus sites for post-translational modifications. It 

can therefore be imagined that Med13’s nucleic acid binding channel is inaccessible 

during unstressed conditions, however, during stress post-translational modifications 

can induce conformational changes and in turn make RNA binding accessible. 

The persistence and dysregulation of RNP granules are closely associated with 

neurodegenerative diseases including ALS, dementia, and myopathies [268,269]. 

Autophagy is the prominent mode of degradation for RNP granules, however, the 

mechanism underlying this selective autophagy mechanism is unclear. Understanding 

how autophagy machinery targets and degrades RNP granules in the appropriate time 

and space is essential to delineating RNP granule maintenance.  
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CHAPTER 5 

Cyclin C promotes proteolysis systems that suppress pre-pancreatic cancer 

progression in a murine tumor model 

Abstract  

The Cdk8 kinase module (CKM) regulates stress response pathways at multiple levels. 

Previous studies in yeast and mammalian systems demonstrate that the non-canonical 

cyclin within the CKM, cyclin C, plays both a transcriptional and mitochondrial role 

during stress. Specifically, cyclin C both represses and activates the transcription of 

genes involved in stress response and developmental processes. Studies in our 

laboratory demonstrated that cyclin C suppresses the formation of pre-cancerous 

lesions by 6-8-fold compared to the control group in the LSL-KrasG12D murine 

pancreatic cancer model. Interestingly, cyclin C is also required for normal pancreatic 

maintenance and function, as the absence of cyclin C results in islet atrophy and 

decreased insulin production. At the molecular level, I demonstrate that cyclin C 

promotes autophagy and proteasome activity in ductal lineage cell lines derived from 

these animals. Reduced proteolysis results in increased reactive oxygen species (ROS) 

and genomic instability. In addition, these cells are significantly more sensitive to the 

FDA-approved proteasome inhibitor Bortezomib. Given the role of autophagy in 

inhibiting pancreatic damage, these findings suggest a model that cyclin C suppresses 

pancreatic pre-cancerous lesions by preventing organ damage. 
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Introduction 

The Cdk8 kinase module (CKM) functions as a detachable unit of the Mediator 

complex known to both negatively and positively regulate the transcription of ~ 3,000 

genes in mouse embryonic fibroblasts (MEFs) [56]. The CKM is highly conserved and 

composed of four subunits: the cyclin, cyclin C (Ccnc), its cognate kinase Cdk8 or 

Cdk19, and one of each paralog Med12/Med12L or Med13/Med13L (Figure 1A). 

Previously, our laboratory has shown that transcriptional regulation via the CKM is 

very dynamic. CKM promoter occupancy can activate or repress transcription 

depending on the loci and stress conditions [56]. Many of the genes regulated by the 

CKM are associated with stress response, including those required for autophagy and 

regulated cell death pathways. In addition to transcription, the non-canonical cyclin, 

cyclin C, performs a stress-induced pro-apoptotic role, which involves the re-

localization of a small subset of the nuclear cyclin C population to the cytosol [12]. 

Once in the cytosol, cyclin C interacts with mitochondrial fission machinery and pro-

apoptotic factors such as Drp1 and Bax, respectively [57] [58] (Figure 1B). The duality 

of cyclin C as both a transcriptional and cell death regulator suggests a putative role for 

cyclin C as a tumor suppressor. The role of cyclin C as a tumor suppressor is 

exemplified in the case of T-cell-acute lymphoblastic leukemia (T-ALL) [60] and 

aggressive anaplastic thyroid cancer [59]. Studies investigating common mutations in 

human pancreatic cancer identified a small 500-kb region within the cyclin C locus that 

was deleted in 69% (38/55) of pancreatic cancers [270].  
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Pancreatic cancer has a dismal 11.5% 5-year survival rate that is attributed to 

late-stage diagnosis, ineffective chemotherapy, or chemoresistance [1]. The two 

histological subtypes of pancreatic cancer are pancreatic ductal adenocarcinoma 

(PDAC) and pancreatic neuroendocrine neoplasm (PanNEN) which account for 90% 

and 3-5% of all pancreatic cancer cases, respectively [271]. PDAC progresses in a 

stepwise manner beginning with acinar-ductal metaplasia (ADM), progressing to 

pancreatic intraepithelial neoplasia (PanIN), and ultimately resulting in late-stage, 

metastatic cancer (Figure 2). The etiology of pancreatic cancer includes inherited 

genetic mutations, smoking or heavy drinking, diabetes, and chronic pancreatitis [1]. 

Acute or chronic pancreatitis can result from the dysregulation of pathways involved 

in zymogen activation, ER stress, and autophagy [272]. The pancreas functions as the 

major site of digestive protease production and secretion, therefore it is not surprising 

that cells within the pancreas are thought to have the highest rate of protein synthesis 

Figure 1. (A) Depiction of the Cdk8 kinase module (CKM). (B) Schematic of the 

stress-induced secondary pro-cell death role of cyclin C. Cyclin C promotes Drp1 

oligomerization and mediates Bax mitochondrial localization.  
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compared to any other cell type. Defects in protein folding, sorting, or degradation 

within the pancreas can lead to aberrant zymogen activation, accumulation or 

aggregation of unfolded proteins, and increased levels of ROS. This results in recurrent 

or pro-longed injury or inflammation and increases the risk of pancreatic cancer [273]. 

              

         Recent studies showed that activating mutations within Kras occur in 85.5% 

(665/775) of pancreatic tumor samples [273]. In the LSL-KrasG12D murine model, an 

oncogenic allele of Kras is transcribed only when Cre recombinase is expressed during 

pancreatic development [274]. This system is widely used and accepted within the field 

for inducing PDAC in mice [275]. In addition, 70% of advanced PDAC cases are 

associated with the inactivation of the tumor suppressor p53. The combination of 

oncogenic Kras activation and inactivation of p53 leads to the robust formation of pre-

cancerous lesions by 10 weeks [276]. Although p53 is a common tumor suppressor in 

PDAC, it is not associated with all cases. Cyclin C has previously been identified as a 

tumor suppressor in the case of T-cell-acute lymphoblastic leukemia (T-ALL) [159] 

and aggressive anaplastic thyroid cancer [160]. Studies from our laboratory have shown 

Figure 2. Depiction of pancreatic cancer progression [1]. 
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that the stress-induced mitochondrial role of cyclin C can alter drug sensitivity and 

viability in mouse embryonic fibroblasts (MEF) and thyroid cancer models [26,29].  

Importantly, studies investigating common mutations in human pancreatic cancer 

identified a small 500-kb region within the cyclin C locus that was deleted in 69% 

(38/55) of pancreatic cancers [270]. In more directed studies, we in collaboration with 

Dr. Kerry Campbell’s group, at the Fox Chase Cancer Institute found pancreatic-

specific deletion of Ccnc in combination with oncogenic KrasG12D results in a 6-8-fold 

increase in cancerous lesions in eight-week-old mice. Strikingly, KrasG12D Ccnc-/- mice 

formed both PanIN and PanNEN lesions, which are rare but significant as the co-

existence of these tumor types correlates with poor patient prognosis [277]. In addition, 

pancreatic-specific deletion of Ccnc alone results in significant islet atrophy and 

decreased insulin levels. At the molecular level, we show that cyclin C promotes 

proteolysis pathways such as autophagy and the ubiquitin-proteasome system (UPS). 

Together, we built a model in which cyclin C functions as a tumor suppressor by 

maintaining proteome homeostasis, thereby preventing pancreatic damage leading to 

pancreatic cancer.  

Experimental Results 

Cyclin C functions as a tumor suppressor in the LSL-KrasG12D pancreatic murine 

model and is required for normal pancreatic function.  

To investigate the putative tumor suppressive role of cyclin C in this model, 

collaborators at the Fox Chase Cancer Institute mated LSL-KrasG12D mice expressing 

Cre recombinase under the pancreas-specific Pdx1 promoter with Ccnc-floxed mice, 
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generating pancreas-specific homozygous Ccncf/f knockout mice with oncogenic Kras 

(Pdx1-cre; LSL-KrasG12D; Ccnc1f/f [273]. In these studies, KrasG12D Ccnc-/- mice had a 

6-8-fold increase in the appearance of pre-cancerous lesions as early as 8 weeks 

compared to the KrasG12D Ccnc+/+ mice (Figure 3A). Strikingly, in addition to PDAC 

lesions (ADM and PanIN), neuroendocrine neoplasms (NENs) were also identified in 

KrasG12D Ccnc-/- animals, but not in the control group (Figure 3B). These data are 

significant as intermixed populations of PDAC and NEN tumor types are very rare but 

correlate with poor patient prognosis. Together, this demonstrates that cyclin C 

functions as a repressor for both PDAC and NEN tumor formation.  
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Figure 3. Cyclin C functions as a tumor suppressor in PDAC progression. (A) H&E 

histopathology of tissue samples from indicated mice genotypes. Black arrows 

denote NEN regions. (B) H&E staining of tissue from a KrasG12D Ccnc-/- animal 

illustrating inter-mixed regions of ADM/PanIN and NEN. (C) Table outlining 

weight and serum glucose levels of indicated genotypes. These data were obtained 

from the Fox Chase Cancer Institute. 
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The loss of cyclin C in the pancreas alone does not promote tumorigenesis, 

however, pancreatic function is drastically disrupted in Ccnc-/- mice. Loss of cyclin C 

within the pancreas resulted in significant islet atrophy, which correlated with 

decreased insulin levels and hyperglycemia (Figure 3C). Interestingly, double mutant 

mice, KrasG12D Ccnc-/-, had similar serum glucose levels, compared to wild-type 

animals. One possible explanation is that cancerous cells upregulate glucose uptake and 

anaerobic metabolism to survive hypoxic or nutrient-deprived microenvironments. 

Oncogenic Kras mutations could thereby rescue the loss of cyclin C phenotype by 

increasing glucose uptake and reducing hyperglycemia.  

Cell lines derived from the mouse models recapitulate PDAC in vitro systems 

To determine the underlying molecular mechanisms occurring within these mice 

models, cell lines were derived from these animals. These cell lines were characterized 

using a variety of techniques to validate this in vitro system. PCR and western blot 

analysis were used to confirm the genotypes of these cell lines (Figure 4A-4C). In 

addition, western blot analysis was also used to monitor protein levels of Cdk8, the 

cognate kinase of cyclin C (Figure 4D). Lastly, to confirm that these cell lines were 

ductal cells, western blot analysis was used to monitor the exocrine-specific marker, 

cytokeratin 19 (CK19) [278] (Figure 4E). These analyses indicate that the KrasG12D 

Ccnc-/- cell line is derived from a ductal lineage representing a pre-cursor to PDAC.  
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Figure 4. Characterization of PDAC cell lines. (A) Schematic of conditional 

oncogenic Kras and Ccnc knockout model [12]. The arrowheads denote loxP sites, 

the black circle denotes a transcriptional stop sequence, and the blue boxes denote 

exons. Primers used are denoted by P1, P2, and P3. The different colored boxes and 

numbers describe the size of different PCR products generated with the indicated 

primer sets. Cre-recombinase is under the control of the pancreas-specific Pdx1 

promoter and simultaneously activates transcription of oncogenic Kras and knocks 

out Ccnc. (B) PCR products of the indicated genotypes. Immortalized Ccnc+/+, 

Ccncfl/fl, and Ccnc-/- MEF cell lines were used as controls. (C) Western blot analysis 

of Ccnc protein levels in the indicated cell lines. An immortalized pancreatic 

epithelial cell was used as a control (lane 1). (D) Western blot analysis of Cdk8 

protein levels in the indicated PDAC cell lines. Results are shown in duplicate. (E) 

Western blot analysis of cytokeratin 19, CK19 in the indicated genotypes. An 

immortalized MEF cell and two other PDAC cell lines, Mpt2B and 697, were used 

as controls. β-actin protein levels were used as protein loading controls for all blots.  
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Cyclin C and its cognate kinase, Cdk8, regulate tumorigenesis through a variety 

of different mechanisms. Independent of its transcriptional role, cyclin C-Cdk8 

mediated-phosphorylation of Stat3 and Notch intracellular domain (NICD) suppressors 

thyroid and leukemia tumorigenesis respectively [59,279] [280]. In addition, Smad4 

inactivation through deletion or mutation occurs in over 60% of PDAC cases [281], 

therefore, to determine if other oncogenes or tumor suppressors were dysregulated in 

these PDAC models, western blot analysis was used to monitor p53, p21, Smad4, and 

NICD protein levels. The results indicate that these proteins were expressed at similar 

levels in these cell lines and suggest that cyclin C-mediated phosphorylation of these 

proteins is not required for PDAC suppression (Figure 5). 

  

Figure 5. Other oncogenes or tumor suppressors are expressed at similar levels in 

PDAC cell lines. (A) Western blot analysis of the p53 protein levels in the indicated 

genotypes. (B) As in B except p21 protein levels are monitored. Experiments were 

shown in duplicate. (C) As in A, except SMAD4 protein levels are monitored. (D) 

As in A, except Notch intracellular domain (NICD) protein levels are monitored. 

The Mpt2b PDAC cell line was used as a control. β-actin protein levels were used 

as the protein loading control for all blots.  
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Cyclin C promotes autophagy in pancreatic KrasG12D mouse model 

Previously, our laboratory has shown that the CKM positively regulates the 

transcription of genes required for autophagy [56]. Autophagy is the catabolic 

mechanism necessary for the lysosomal degradation of excess, non-functional, or 

damaged macromolecules, organelles, and protein aggregates. Substrates degraded via 

autophagy are sequestered into double-membrane vesicles known as autophagosomes. 

The cargo within the autophagosome is degraded once the autophagosome fuses with 

the lysosome [282]. Defects in autophagy result in pancreatic injury, pancreatitis, and 

loss of pancreatic function [272].  

To determine if the CKM promotes autophagy in our system, LC3 assays were 

performed. LC3 is a ubiquitin-like protein within the Atg8 family of proteins and is 

required for the maturation of autophagosomes and cargo recruitment. LC3 is first 

synthesized as LC3-I and quickly lipidated to form LC3-II following autophagy 

induction. Autophagy induction and flux can be monitored by treating cells with drugs 

such as Torin1 (autophagy inducer) and chloroquine (CQ, lysosomal inhibitor) and 

using western blot analysis to monitor LC3-I and LC3-II protein levels [283]. Torin1 

promotes autophagy induction and upregulates LC3-I transcription and lipidation to 

LC3-II. Chloroquine inhibits lysosomal degradation of LC3-II, which allows it to 

accumulate within the cell. In KrasG12D Ccnc+/+ cells LC3-II accumulates following 

treatment with both autophagy inducers and lysosomal inhibitors demonstrating 

autophagy induction and degradation can occur (Figure 6A). Interestingly, KrasG12D 

Ccnc-/- cells had drastically decreased levels of LC3-II indicating a defect in autophagy 

induction (Figure 6A). Similar results were also obtained by monitoring LC3 protein 
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levels, via indirect immunofluorescence (Figure 6B). To determine if this is a 

transcriptional role of cyclin C, KrasG12D Ccnc+/+ cells were pretreated with the Cdk8 

kinase inhibitor, Senexin A before treatment with chloroquine and Torin1 (Figure 6C). 

These results showed that Cdk8 kinase inhibition mirrored KrasG12D Ccnc-/- cells and 

suggests that the CKM functions as a transcriptional activator of autophagy.  

  

Figure 6. Cyclin C promotes autophagy in PDAC. (A) Western blot analysis of 

LC3 protein levels following 24 h treatment with Torin1 (250 nM), chloroquine 

(CQ, 100 μM), or both in indicated cell lines derived from the animal models. β-

actin protein levels were used as protein loading controls. (B) Indirect IF was used 

to monitor LC3 protein levels in indicated genotypes following 4 h treatment of 

Torin1 and CQ. (C) Western blot analysis of LC3 protein levels following treatment 

with Torin1 and CQ. KrasG12D Ccnc+/+ cells were pretreated with Senexin A (0.4 

mM) for 24 h. 
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The autophagy pathway utilizes at least 40 core proteins and multiple protein 

complexes. Western blot analysis was used to determine if other autophagy proteins 

were downregulated in KrasG12D Ccnc-/- cells. [68]. There was no significant difference 

in protein levels between genotypes (Figure 7A), illustrating that the CKM upregulates 

a unique subset of autophagy genes.  

  

Figure 7. (A) Western blot analysis of the indicated autophagy proteins. β-actin 

protein levels were used as the protein loading control for all blots. (B) Indirect 

immunofluorescence was used to monitor cyclin C localization in unstressed 

conditions and following autophagy induction (250 nM Torin1 for 4 h). Nuclei and 

mitochondria were visualized using DAPI and mitotracker red respectively. Scale 

= 25 μm. 
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During oxidative stress a small nuclear portion of cyclin C re-localizes from the 

nucleus to the cytosol. In the cytosol, cyclin C promotes mitochondrial fragmentation 

and initiation of regulated cell death pathways [12] [57] [58]. To determine if cyclin C 

localizes to the mitochondria during autophagy induction, cyclin C localization, and 

mitochondrial morphology were monitored in unstressed conditions and following 

autophagy induction (Torin1 treatment). These results indicate that cyclin C is retained 

within the nucleus and mitochondria remain reticular, following autophagy induction 

(Figure 7B). Taken together these data suggest that the stress-induced mitochondrial 

role of cyclin C does not occur following autophagy induction.  

Previously, it has been shown that defects in autophagy lead to increased ER 

stress, oxidative stress, proteotoxic protein aggregates, and genomic instability [284] 

[285]. Here we show that KrasG12D Ccnc-/- cells have increased cytosolic and 

mitochondrial ROS levels, compared to KrasG12D Ccnc+/+ cells (Figures 8A and 8B). 

Minimal levels of ROS promote tumorigenesis by functioning as a signal for growth, 

proliferation, survival, and adaptation [286,287]. If the level of oxidative stress exceeds 

a certain threshold ROS becomes deleterious to the cell and perturbs cellular functions, 

such as mitochondrial integrity. However, mitochondrial morphology and membrane 

potential were similar between genotypes (Figure 8C and 8D). Similar to other PDAC 

studies [286,287], these data suggest that ROS levels are maintained at elevated 

concentrations, which may be advantageous for viability and tumorigenesis.   
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Figure 8. Decreased autophagy results in elevated levels of ROS and p62 as well as 

genomic instability. (A) Flow cytometry analysis of cytosolic ROS levels using the 

fluorescent redox-sensitive probe, DHE was performed in the indicated genotypes. 

Overlapping lines indicated biological replicates. (B) Similar to A except cells were 

dyed with the fluorogenic mitochondrial specific dye, Mitosox. (C) Fluorescence 

microscopy was used to monitor mitochondrial morphology in the indicated 

genotypes. Nuclei and mitochondria were visualized using DAPI and mitotracker 

red respectively. (D) Flow cytometry analysis of mitochondrial membrane potential 

using the fluorescent dye, TMRM. Control signifies unstained cells. Overlapping 

lines indicated biological replicates. 
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 Under physiological conditions, the autophagy receptor, p62, is degraded via 

basal autophagy [283]. Defects in the autophagy pathway result in the accumulation of 

p62 in the cytosol. If not degraded, p62 can form proteotoxic aggregates which have 

been associated with many neurodegenerative diseases [288]. Correlating with our 

previous data, p62 protein levels were elevated in KrasG12D Ccnc-/- cells compared to 

KrasG12D Ccnc+/+ cells (Figure 9A). Autophagy has previously been shown as a vital 

component of genome maintenance. Defects in autophagy result in increased DNA 

damage, abnormal nuclear architecture, and aneuploidy [289] [284]. KrasG12D Ccnc-/- 

cells also exhibited a high degree of aneuploidy and abnormal nuclear structure (Figure 

9B, 9C, and 9D). Lastly, increases in cell size correlate with increases in cellular 

biomass, which occurs when biosynthetic rates are greater than catabolic rates [290]. 

Here we show that KrasG12D Ccnc-/- cells were significantly larger in size compared to 

KrasG12D Ccnc+/+ cells (Figures 9E and 9F). Taken together these data demonstrate that 

autophagy inhibition in KrasG12D Ccnc-/- cells results in the accumulation of ROS, 

proteotoxic aggregates, aneuploidy, and an increase in cell size.   
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Figure 9. Decreased autophagy results in elevated levels of ROS and p62 as well as 

genomic instability. (A) Western blot analysis was used to monitor protein levels of 

the autophagy receptor, p62/SQSTM1. β-actin protein levels were used as the protein 

loading control. (B) The quantity of genetic material was monitored using the 

fluorescent stain PI and flow cytometry. Interestingly, KrasG12D Ccnc-/- cells appear 

to be triploidy. (C and D) Fluorescence microscopy was used to monitor nuclear 

abnormalities. Cells were fixed and stained with the nuclear marker, DAPI. KrasG12D 

Ccnc-/- cells have significantly larger nuclei and abnormal nuclear structure. The 

white arrow denotes abnormal structure and nuclear blebbing. 1000x magnification 

representative images are shown. Scale = 25 μm. (F and F) Phase contrast and 

brightfield microscopy were used to monitor cell morphology. 20x magnification 

representative images are shown. Scale = 50 μm. 
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Cyclin C is required for efficient proteasomal activity in the pancreatic KrasG12D 

mouse model 

Lysosomal- and proteasomal-mediated degradation are the two major modes of 

proteolysis within the cell. To compensate for defects in autophagy or lysosomal 

degradation, cells upregulate proteasome activity [291]. To monitor proteasomal 

degradation, whole-cell lysates were prepared and incubated with a fluorogenic 

substrate (Suc-LLVY-AMC) to detect chymotrypsin activity [292].  Fluorescence 

occurs only after the cleavage of this substrate and is measured by a plate reader every 

15 minutes for a duration of 90 minutes. Proteasome inhibitors are used as controls to 

measure UPS-independent cleavage due to cytosolic proteases or aberrant degradation. 

Strikingly, KrasG12D Ccnc-/- cells had a significant decrease in proteasomal activity, 

compared to KrasG12D Ccnc+/+ cells (Figure 10A). Taken together, these data suggest 

that KrasG12D Ccnc-/- cells have decreased proteasomal activity and are more sensitive 

to proteasome inhibitors. 

 To determine if Cdk8 kinase activity is required for upregulating proteasome 

activity, KrasG12D Ccnc+/+ cells were pretreated with the Cdk8 kinase inhibitor, Senexin 

A. These results demonstrate that KrasG12D Ccnc+/+ cells treated with Senexin A 

partially phenocopy KrasG12D Ccnc-/- (Figure 10B), suggesting that the CKM is a 

transcriptional activator of proteasomal-mediated degradation. Senexin A inhibits 

Cdk8 kinase activity [293], therefore kinase-independent transcriptional regulation 

imposed by the CKM can also be at play. Lastly, we wanted to determine if autophagy 

inhibition affected proteasome activity. Interestingly, treating KrasG12D Ccnc+/+ cells 

with chloroquine results in a significant decrease in proteasome activity (Figure 6C). 
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One hypothesis for these results is that inhibition of one proteolysis system results in 

the inundation of the other. If the lysosome is inhibited the proteasome may be clogged 

with substrates that are either too big or cannot be easily denatured. 

 To determine if decreased proteasome activity was due to decreased quantities 

of proteasome subunits, western blot analysis was used to monitor protein levels of 

both the core (20S) and lid (19S) complexes of the 26S proteasome. Interestingly, there 

were no differences observed in protein levels between genotypes, suggesting that the 

decrease in activity was not due to fewer proteasomes (Figures 10D and 10E). The 

proteasomal-ubiquitin system is very complex and is regulated on multiple levels. 

Decreases in activity can be a result of defects in many different pathways such as 

autophagy, ubiquitin conjugation, ATPases, and chaperones.  
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The absence of cyclin C sensitizes cells to proteasome inhibitors.  

The finding that KrasG12D Ccnc-/- cells are deficient in lysosomal and proteasomal 

mediated degradation prompted the question of whether these cells were sensitive to 

autophagy and proteasomal inhibitors. To test this, we monitored viability following 

treatment with autophagy inducers, autophagy inhibitors, and proteasome inhibitors. 

Autophagy induction did not result in cell death in either genotype. However, KrasG12D 

Figure 10. Cyclin C promotes UPS activity in PDAC. (A) Proteasome activity 

assays were performed using the fluorogenic substrate, Suc-LLVY-AMC. This 

peptide fluoresces following hydrolysis via chymotrypsin-like proteases. Whole-

cell lysates were prepared from unstressed cells, normalized by protein 

concentration, and incubated with the fluorogenic substrate. Fluorescence (LLVY-

AMC hydrolysis) was measured over time. (B) Similar to A except KrasG12D 

Ccnc+/+ cells were treated with 0.4 mM Senexin A for 24 h prior o harvesting. (C) 

Similar to A except KrasG12D Ccnc+/+ cells were treated with 100 μM CQ prior to 

harvesting. (D and E) Western blot analysis of the indicated proteasome subunits 

from unstressed KrasG12D Ccnc+/+ or KrasG12D Ccnc-/- cells. β-actin protein levels 

were used as protein loading controls. 



155 

 

Ccnc+/+ cells had increased cell death compared to KrasG12D Ccnc-/- cells following 

treatment with the autophagy inhibitor chloroquine (Figure 11A). Previously it has 

been shown that cancer cells can become “autophagy addicted” [294]. The increased 

energetic demands of cancer cells can be fueled by autophagy. Cancer cells become 

dependent on autophagy for survival during periods of starvation, hypoxia, and toxic 

chemotherapy drug treatments. It has been shown that autophagy-addicted, or 

dependent cells are sensitive to autophagy inhibitors and a combination of autophagy 

inhibitors with other drug treatments results in synergistic effects [295]. These data 

may suggest that KrasG12D Ccnc+/+ cells are sensitive to autophagy inhibitors because 

they are autophagy-dependent, however, KrasG12D Ccnc-/- cells are resistant to 

autophagy inhibitors.  

 Next, we monitored viability following treatment with proteasome inhibitors. 

Here we demonstrate that KrasG12D Ccnc-/- cells have a 2-3 fold increase in cell death 

compared to KrasG12D Ccnc+/+ cells following treatment with proteasome inhibitors 

such as MG132 and the FDA-approved inhibitor, Bortezomib (Figure 11B). Before a 

drug can be approved for use, efficacy and toxicity studies must be conducted. To 

determine the concentration of Bortezomib that efficiently induce PCD KrasG12D Ccnc-

/- cells but does not affect untransformed pancreatic cells, titration curves were 

performed with KrasG12D Ccnc-/- cells, KrasG12D Ccnc+/+ cells, and quiescent or dividing 

immortalized pancreatic epithelial cells (Figure 11C). Quiescent epithelial cells were 

used to best imitate cells within the body which are predominantly not divided. As 

expected, proliferating untransformed cells were more sensitive than quiescent cells to 

proteasome inhibition. Most importantly KrasG12D Ccnc-/- cells were more sensitive to 
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proteasome inhibitors compared to any of the control conditions. These data show that 

we can target more aggressive cancer cells such as KrasG12D Ccnc-/- cells with 

proteasome inhibitors. 

 Next, we sought to determine if we can phenocopy drug sensitivity in KrasG12D 

Ccnc+/+ cells using the FDA-approved Cdk8 inhibitor, Sel120. KrasG12D Ccnc+/+ cells 

pretreated with Cdk8 inhibitors mirror Bortezomib drug sensitivity in KrasG12D Ccnc-/- 

cells (Figure 7C). Together, this provides insight into the effects of different drug 

combinations such as Cdk8 inhibitors, autophagy inhibitors, and proteasome inhibitors. 

Lastly, we asked if these drug combinations could be effective in promoting cell death 

in other cancer models such as the colorectal cancer model, HCT116. Strikingly, cells 

defective in cyclin C or Cdk8 kinase activity were more sensitive to proteasome 

inhibitors, compared to the control groups. These data expand the efficacy of these drug 

combinations to other Kras-driven cancer models.  
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Figure 11. Cells defective in cyclin C are sensitive to proteasome 

inhibitors. (A) Flow cytometry was used to quantify annexin V positive (apoptotic) 

cells within the population following Torin1 (250 nM) or chloroquine (CQ, 100 

μM) 24 h treatment. (B) Flow cytometry was used to quantify viability following 

24 h treatment with the indicated proteasome inhibitors. N=3 of biologically 

independent experiments. (C)  Titration curves were generated in the indicated 

genotypes following 24 h of treatment. Immortalized, untransformed quiescent or 

dividing pancreatic epithelial cells were used as a control. (D) Viability in the 

indicated cell lines was monitored using flow cytometry. Cells were pretreated with 

the Cdk8 inhibitor Sel120 for 24 h prior to 24 h Bortezomib treatment. (E) Flow 

cytometry was used to monitor the viability of HCT116 human colorectal cancer 

cells following the indicated drug treatments. AS-2863619 is a small molecule 

Cdk8 inhibitor. Statistical significance compared to the control is shown. 
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Discussion 

The asymptomatic nature and rapid progression of pancreatic cancer result in poor 

patient prognosis and extraordinarily low survival rates. The thick, dense fibrous 

stromal microenvironment, and significant heterogeneity of PDAC, render current 

therapeutic strategies ineffective [296]. In particular, pancreatic cancer is thought to 

have a very high degree of inter- and intra-tumor heterogeneity, encompassing different 

tumor types, varying in differentiation status, proliferation rates, and drug sensitivities 

[297]. These factors make tailoring effective drug regimens very difficult. This is 

exemplified by evidence demonstrating that the co-existence of different tumor 

subtypes, such as pancreatic ductal adenocarcinoma (PDAC) and pancreatic 

neuroendocrine neoplasm (PanNEN), is associated with poorer patient prognosis [277].  

This study describes the putative role of cyclin C as a tumor suppressor in the 

pancreatic KrasG12D mouse model and identifies cyclin C as a PDAC and PanNEN 

suppressor, and a critical component of pancreatic homeostasis and function. Data 

obtained by Dr. Kerry Campbell’s group at the Fox Chase Cancer Institute showed that 

pancreas-specific deletion of Ccnc in the presence of oncogenic Kras resulted in the 

rapid formation of intermixed, heterogeneous populations of various tumor subtypes 

including early-stage PDAC lesions (ADM/PanIN), as well as non-functional, high and 

low grade, poorly differentiated NEN.  

A major cause of pancreatic cancer is chronic, recurrent, or prolonged 

pancreatic injury and pancreatitis. Our collaborators at Fox Chase also demonstrated 

that the deletion of Ccnc alone resulted in significant metabolic disturbances 

reminiscent of pancreatic injury. Pancreas-specific deletion of Ccnc during 
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development resulted in islet atrophy, decreased insulin, hyperglycemia, and decreased 

weight in these animals.  

Here, we propose a model in which the transcriptional role of cyclin C is 

required for tumor suppression. However, pancreas-specific deletion of Cdk8 (Figure 

12), in combination with activation of oncogenic Kras, did not show an increase in pre-

cancerous lesion formation 

compared to the control group. One 

explanation is that Cdk8 activity can 

be substituted with the closely 

related paralog, Cdk19. These 

paralogs may function redundantly 

and Cdk19 could activate autophagy 

and proteasome activity in the absence of Cdk8. The kinase domain of Cdk8 and Cdk19 

share 97% sequence identity, therefore kinase inhibitors cannot discriminate between 

Cdk8 and Cdk19 [50]. This could explain why pharmacological inhibition of 

Cdk8/Cdk19 kinase activity mirrored Ccnc-/- phenotypes.  

At the molecular level, cyclin C functions to promote autophagy and 

proteasomal degradation (Figure 13A). In the absence of cyclin C, there is an increase 

in ROS and genomic instability (Figure 13B) which correlates with the defects in 

pancreatic function seen in the animal studies. Following pancreatic injury or 

inflammation, cells enter a reparative state in which cells either go through cell death 

or repair pathways. To reestablish homeostasis and restore healthy tissue, cells will de-

differentiate and re-differentiate [21]. Oncogenic Kras mutations repress 

25 cycles

Figure 12. Confirmation of pancreas-

specific deletion of Cdk8. PCR products of 

Cdk8 and Ccnc were obtained from DNA 

derived from either the spleen (S) or the 

pancreas (P). Three biological replicates are 

shown. 
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redifferentiation pathways and promote tumorigenesis (Figure 13C). Cyclin C, 

therefore, functions as a tumor suppressor by maintaining proteome integrity and 

reducing the risk of pancreatic dysfunction.   

Autophagy plays opposing roles during different stages of tumorigenesis. In the 

early stages of tumorigenesis, autophagy inhibits tumor formation under physiological 

conditions by decreasing ROS, mitochondrial defects, DNA damage, and 

inflammation, and promoting cell death. In later stages of tumorigenesis, autophagy 

promotes survival and metastasis by providing nutrients during periods of hypoxia and 

nutrient deprivation and decreasing stress sensitivity. In these studies, we demonstrate 

that autophagy may play tumor suppressive roles in the Kras pancreatic murine model, 

as deletion of cyclin C and subsequent autophagy inhibition results in the formation of 

pre-cancerous lesions as early as 8 weeks.  
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Figure 13. Cyclin C functions as a tumor suppressor in the PDAC murine model. 

(A) Cyclin C promotes autophagy-mediated lysosomal and proteasomal 

degradation. (B) Defects in these pathways result in pancreatic dysfunction, 

pancreatic injury, and pancreatitis. (C) Pro-longed or recurrent pancreatic injury or 

inflammation is a common cause of pancreatic cancer. To reestablish healthy tissue 

and restore normal function cells either go through cell death or repair pathways. 

These reparative mechanisms include the dedifferentiation and redifferentiation 

phases. Oncogenic Kras represses redifferentiation and promotes tumor formation 

and progression. 
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Further studies will need to be conducted to determine the origin of these 

different tumor types and distinguish if these cell types originate from a single cell 

lineage, or if they are expansions of functionally distinct cell types. Interestingly, the 

deletion of Ccnc, in the presence of oncogenic Kras, rescues the metabolic disturbances 

observed in the deletion of Ccnc alone. One hypothesis previously mentioned was that 

cancer levels upregulate glucose consumption, therefore it may be possible that the 

excess glucose attributed to the deletion of Ccnc can be taken up by oncogenic Kras-

driven tumors. These tumors would then 

eliminate glucotoxicity and mitigate 

pancreatic stress (Figure 14). In addition to 

metabolic dysregulation, the immune 

system also plays a key role in pancreatitis 

and pancreatic injury [298]. It would be 

interesting to investigate the role of cyclin C in pancreatic function at the organismal 

level and delineate potential connections between metabolism, immunity, and 

tumorigenesis. The detailed function of the CKM in regulating proteasome activity 

remains unclear. The integrity of the ubiquitin-proteasome system is regulated and 

maintained at multiple levels including ubiquitin conjugation, chaperone activity, 

ATPase hydrolysis, proteasome assembly, and clearance [299]. The CKM can regulate 

one or more of these steps. Lastly, determining if the novel drug combinations 

identified in these studies will be translatable to animal studies will be of great 

significance.  

Ccnc-/-

KrasG12D;

Ccnc-/-

p=0.0007

Figure 14. Kapan Meier plot of 

viability. 



163 

 

SUMMARY AND CONCLUSIONS 

Summary 

To summarize, multifunctionality is a characteristic of many proteins that regulate 

stress response mechanisms. Here, we show that Med13 and Ksp1 perform repressive 

roles in unstressed conditions by negatively regulating transcription and autophagy, 

respectively. Following starvation these proteins take on different roles, both being 

required for the selective autophagic degradation of processing body (P-body) proteins. 

These highly selective and complex mechanisms expand the underappreciated 

sophistication of autophagy-mediated vacuolar degradation. We show that autophagy, 

which was once thought of as a bulk degradative process, has elaborately coupled 

transcriptional and post-transcriptional regulatory mechanisms. These various levels of 

regulation coordinate a feedback loop in which proteins regulating autophagy are 

substrates for autophagic degradation themselves. These intricate regulatory networks 

allow cells to tightly moderate autophagy levels and promptly fine-tune the autophagic 

response.  

 These studies describe a novel receptor-mediated autophagy pathway that 

selectively targets transcriptional regulators such as Med13, Rim15, and Msn2 [3]. In 

Chapter 2 the sequential steps of this autophagy pathway were described. Med13 is 

exported from the nucleus via the evolutionarily conserved cytosolic nucleoporin, 

Gle1. At the nuclear periphery, Med13 is transported to Atg17-initiated phagophores, 

via the conserved sorting nexin heterodimer consisting of Snx4 and Atg20 [3]. In 

Chapter 3, the protein kinase Ksp1 was identified as the autophagy receptor protein 

required for tethering Med13 to autophagosomes through interaction with Atg8. We 
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describe here the first kinase-independent role of Ksp1. We discovered two functional 

Atg8-interacting motifs (AIMs), within Ksp1 which are required for its autophagic 

receptor role. After delineating the mechanistic details of this novel receptor-mediated 

autophagy pathway, we asked why different proteolysis pathways are used to degrade 

Med13 in response to different stress conditions (oxidative stress vs starvation; UPS vs 

autophagy) [54,265]. In Chapter 4, we demonstrate that Med13 plays an important 

cytosolic role before its autophagic degradation. This role is independent of the CKM 

and mediates cell cycle arrest and survival during periods of starvation or stationary 

phase. During starvation, Med13 localizes to ribonucleoprotein (RNP) granules, known 

as processing bodies (P-bodies). Med13 is required for the autophagic degradation of a 

small subset of P-bodies proteins, including Edc3 and Dhh1. Strikingly, Med13 

functions as a negative regulator of bulk autophagy in unstressed conditions [38], but 

promotes the autophagic degradation of P-body proteins during starvation. This work 

has been separated into three manuscripts: Chapter 2 was published in the Autophagy 

journal; Chapter 3 is in revision for publication in the Autophagy journal; and Chapter 

4 is in preparation for submission to an autophagy special issue in the MBoC journal. 

 In addition to work done in S. cerevisiae, in Chapter 5, I investigated the 

evolutionarily conserved roles of the CKM in regulating autophagy in the pancreatic 

murine model. Using cell lines derived from mice models, generated by our 

collaborators at Fox Chase, we show that the CKM promotes autophagy and 

proteasome activity in this mammalian system. These data complement work done at 

the Fox Chase Cancer Institute, which shows pancreas-specific deletion of cyclin C 

results in significant defects in pancreatic homeostasis and function. Additionally, 
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combining pancreas-specific oncogenic Kras mutations, with the deletion of cyclin C 

resulted in a 6-8 fold increase in pre-cancerous lesions. These data suggest that the role 

of cyclin C in regulating autophagy and proteasome activity is evolutionarily 

conserved, and provides insight into pathologies associated with CKM defects. This 

work is in preparation for submission to the Cancer Research journal.  

Conclusions 

Autophagy can be divided into two major groups: bulk (non-selective) and selective. 

Nitrogen starvation triggers Atg1 phosphorylation, and robust induction of bulk 

autophagy which randomly 

sequesters cytoplasmic contents in 

starvation-induced autophagosomes, 

and requires the scaffold protein 

Atg17 (Figure 1, right side) [300]. 

Bulk autophagy substrates and 

autophagic machinery are degraded 

as early as 2 h, following autophagy 

induction [3]. In contrast, selective 

autophagy pathways degrade 

organelles or large multisubunit 

complexes, such as mitochondria, 

peroxisomes, proteasomes, and 

ribosomes, and require the Atg11 scaffold protein (Figure 1, left side). Degradation of 

Figure 1. Activation of Atg1 in selective vs 

non-selective autophagy. On the left in red 

shows, selective autophagy is induced by 

receptor-mediated activation of Atg1. These 

selective autophagy pathways require the 

Atg11 scaffold protein. On the right in blue 

to the robust activation of the non-selective, 

starvation-induced autophagy pathway that 

requires the Atg17 scaffold protein.  
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these organelles and complexes requires Atg1 activation by receptor proteins [301]. 

These receptor proteins monitor organelle dynamics and intracellular conditions and 

are activated when their targeted substrates need to be degraded. For instance, Atg32, 

Atg39, and Atg30 are activated during conditions that stimulate mitophagy, ERphagy, 

and pexophagy respectively. These selective autophagy pathways are predominantly 

used to maintain homeostasis, but can also be induced following ER and oxidative 

stress [174]. 

The autophagic degradation of Med13 defines a new autophagy mechanism 

As in the case of Med13 during oxidative stress, the timely degradation of transcription 

factors requires nuclear 26S proteasomes [54,55]. Remarkably, in these studies, we 

demonstrate that Med13 degradation following nitrogen starvation requires the trimeric 

Atg17 complex and starvation-induced autophagosomes. Degradation products of 

Med13-GFP can be identified as early as 2 h ,which correlates with Med13’s observed 

2.6 h protein half-life during starvation [3]. The temporal degradation of Med13 is 

critical, as it illustrates that Med13 is actively selected and recruited to autophagy 

machinery in the initial phases of the starvation stress response. If Med13 was exported 

from the nucleus and randomly sequestered via bulk autophagosomes it would take 

much longer than 4 h to sequester and degrade the entire cytosolic population of Med13 

(Figure 2). Med13 autophagic degradation, therefore, requires components of both bulk 

and selective autophagy. Selective mRNA autophagic degradation is described using a 

similar mechanism that requires Snx4 and occurs following 3 hours of nitrogen 

starvation [244]. The autophagy-mediated degradation of targeted regulatory substrates 
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such as transcription factors and mRNA illustrates that these mechanisms are 

temporally distinct from Atg11-mediated selective autophagy pathways.  

To date, much of the literature describing selective autophagy pathways refers 

to the mechanisms used to degrade excess or damaged organelles or multi-subunit 

complexes [174]. Here we expand upon the concepts of selective autophagy and 

introduce a new model in which receptor-mediated autophagy can exclusively target 

substrates destined for vacuolar degradation. Data from these studies illustrate that 

starvation-induced autophagosomes which were initially thought to only sequester 

random cytosolic cargo can also sequester selective cargo such as transcription factors. 

Our work revealed that Snx4-assisted autophagy is highly exclusive as Med13 is 

distinguished not only from other chromatin-bound proteins, but also from the other 

Figure 2. Mechanisms of selective vs non-selective autophagy during nitrogen 

starvation. The green shapes represent Med13, and the purple shapes denote 

autophagy receptors. The blue and red circles symbolize Atg17 and Atg11 

respectively. The box on the left is a schematic of selective autophagy. The middle 

box is a schematic of starvation-induced non-selective autophagy. The green box 

on the right outlines the proposed mechanism of Med13 autophagic degradation. 

Med13 is concentrated at the PAS during periods of starvation through interactions 

with Snx4 and Ksp1. Receptor-mediated degradation allows cells to rapidly 

concentrate, sequester, and degraded selective cargo such as Med13.  
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CKM members. Moreover, we discovered that other transcription factors regulating 

ATG transcription were also substrates of this pathway, illustrating that this pathway is 

a general regulatory function of autophagy. Autophagic degradation of transcriptional 

repressors and activators (Rim15 and Msn2) of ATG expression allows cells to fine-

tune autophagy levels [37]. The discovery of these receptor-mediated autophagy 

pathways in yeast is important as it redefines paradigms that describe bulk and selective 

autophagy as separate and distinct. These findings also suggest that the potential pool 

of autophagic substrates and autophagy receptors can be much more expansive than 

originally thought.  

Ksp1 has two opposing roles in autophagy that are kinase-dependent and 

independent  

Selective autophagy pathways require receptor proteins that bind exclusively to cargo 

and tether substrates to Atg8. The Atg8-interacting motif (AIM) within the receptor 

interacts with the LC3-docking site (LDS) of Atg8 [103]. In these studies, we show that 

Med13 autophagic degradation requires the serine/threonine kinase, Ksp1, as the 

selective receptor protein. Here, we show that Ksp1 is an autophagic substrate with two 

functional AIMs required for its autophagic degradation. The AIM-LDS interface of 

Ksp1 and Atg8 is essential for Med13 degradation, as mutations obscuring this 

interaction inhibit Med13 autophagic degradation. This is significant as it demonstrates 

that Med13 degradation requires a specificity factor such as a receptor protein that 

exclusively binds to Med13 and tethers it to the autophagy machinery. The use of 

transporters (Snx4-Atg20) and receptors (Ksp1) allows cells to rapidly localize, 

sequester, and degraded specific substrates during stress.  
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 Ksp1 functions within the TORC1 pathway and negatively regulates autophagy 

in unstressed conditions [188]. Following stress, Ksp1 is required for the autophagic 

degradation of Med13, illustrating that Ksp1 plays opposing roles in these conditions. 

Ksp1 is a multifunctional protein, and its duality tightly regulates autophagy, both in 

unstressed and stressed conditions. It has been shown that Ksp1 is hyperphosphorylated 

in unstressed conditions and dephosphorylation is required for these stress-induced 

roles [194]. Our model suggests that following autophagy induction Ksp1 localizes to 

the PAS and interacts with Atg29, a component of the Atg17 trimeric scaffold complex. 

Med13 localizes to the PAS via Snx4 [3] and interacts with Ksp1. Ksp1 then tethers 

Med13 to the phagophore through its interaction with Atg8. Med13 and Ksp1 are then 

engulfed into the autophagosome and degraded via vacuolar-mediated proteolysis.  

 As with cyclin C, Ksp1 is also a multifunctional protein that plays opposing 

roles in unstressed and stressed conditions. Under physiological,  unstressed conditions 

Ksp1 plays its day job as a repressor of autophagy in a kinase-dependent manner [194]. 

However, following starvation Ksp1 plays a night job by promoting the autophagic 

degradation of target substrates in a kinase-independent manner. These separate roles 

function as a molecular switch to promptly and appropriately turn on or turn off the 

autophagic stress response.  

Med13 mediates cell cycle arrest and autophagic degradation of P-body proteins 

following starvation 

The studies presented in this thesis and previous studies by our group have revealed 

that both the mode and subcellular address of Med13 proteolysis is dependent upon the 

type of stress cues. In short, oxidative stress promotes Med13 proteasomal degradation 
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in the nucleus [54], whereas following nitrogen depletion, Med13 is exported to the 

cytoplasm, where it is selectively targeted for autophagic degradation [3]. Our previous 

studies demonstrate that following oxidative stress, cyclin C plays a critical role in 

promoting mitochondrial fragmentation and programmed cell death initiation [12,52]. 

We hypothesized that similar to cyclin C, Med13 plays an important cytosolic role prior 

to its autophagic degradation. 

Here we provide evidence to support this model. In short, our data suggest that 

Med13 mediates cell cycle arrest and autophagic degradation of P-body proteins 

following starvation.  Data presented in these studies illustrate that Med13 mediates 

quiescence entry and survival during starvation conditions independent of the CKM. 

Strikingly, Med13 localizes to cytosolic P-bodies during periods of starvation including 

nitrogen starvation and stationary phase. We also illustrate that a unique subset of P-

body proteins is degraded via autophagy following nitrogen starvation. Significantly, 

degradation of these proteins requires Med13, Ksp1, and Snx4.   

Med13 plays dual roles in regulating autophagy 

Under physiological conditions, Med13 performs its day job as a negative regulator of 

autophagy (Figure 3A) [38], following starvation, the CKM is disassembled and 

Med13 is exported to the cytosol [3]. Here we show that once in the cytosol Med13 

performs its night job by promoting the autophagic degradation of P-body proteins 

(Figure 3B). In the cytosol, Med13 functions as a scaffolding component required for 

the concentration of specific P-body proteins such as Edc3 and Dhh1. Although Med13 

functions as a negative regulator of bulk autophagy under physiological conditions [3], 

during stress Med13 promotes the autophagic degradation of Edc3 and Dhh1. We 
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propose a model in which Med13 is required for the concentration and sequestration of 

selective autophagic substrates (Figure 3C). The large IDR of Med13 functions as an 

interactive hub allowing for multiple binding partners simultaneously [54]. Med13 may 

therefore function in binding and concentrating autophagic substrates within RNP 

granules or the PAS. Liquid-liquid phase separation (LLPS) is an essential process in 

both RNP granules and PAS formation [258].  

P-bodies are ribonucleoprotein (RNP) granules that play a role in mRNA 

silencing, decay, and storage. Ribosomal proteins and proteins involved in cell cycle 

regulation have previously been identified in RNP granules demonstrating that these 

assemblies mediate stress-induced cell cycle arrest and translation inhibition 

[302],[303],[43]. These RNP granules are evolutionarily conserved attesting to their 

importance as regulatory storage centers. Taken together, these data suggest that 

defects in cell cycle arrest and quiescence observed in med13∆ cells could potentially 

be attributed to its role in regulating the P-body proteome.  

The duality of regulating both transcription and RNP granule dynamics 

demonstrates that Med13 coordinates multiple mechanisms of stress response. Med13 

post-translational modifications, localization, and degradation are pivotal in 

orchestrating these separate functions. These results expand upon the concepts of 

multifunctional proteins and broaden the roles of the CKM in stress response. 
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Figure 3. Multifunctionality of Med13. (A) Med13 is a negative regulator of ATG 

transcription and P-body proteins negatively regulate ATG mRNA expression in 

unstressed conditions. (B) Following stress, the CKM is disassembled and ATG 

transcription is upregulated. Med13 localizes to cytosolic P-bodies and is required 

to degrade selective P-body proteins. ATG transcripts are recycled back into the 

cytosol and translated. (C) Following starvation, Med13 functions as a scaffolding 

component that concentrates specific P-body proteins and is required for their 

autophagic degradation. 
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The CKM regulates autophagy in the pancreatic murine model.  

Our studies have shown that cyclin C and Med13 are multifunctional and execute both 

day and night jobs. Their day job in unstressed cells is to maintain transcriptional 

control of a subset of stress response genes. In yeast, the CKM predominantly 

negatively regulates stress response genes whereas in mammalian cells the CKM both 

positively and negatively regulates these gene sets. Following stress, cyclin C and 

Med13 perform night jobs which are separate and distinct from their transcription roles. 

Both the day (transcriptional) and night (mitochondrial) roles of cyclin C are 

evolutionarily conserved. 

Figure 4. Evolutionarily conserved day and night jobs of the CKM. From left to 

right: The transcriptional (day job, negatively regulates stress response genes = 

SRG) and the mitochondrial (night job, inducing mitochondrial fragmentation) of 

cyclin C in yeast following oxidative stress. Next, these roles are evolutionarily 

conserved in mouse embryonic fibroblast (MEF) cells. Cyclin C both represses and 

activates SRGs in mammalian systems. Thirdly, the transcriptional role (day job) is 

conserved in the pancreatic ductal adenocarcinoma murine model. Within these 

cells, there are elevated levels of intrinsic ROS, but mitochondrial remain reticular. 

Lastly, the autophagic role (night job) of Med13 following nitrogen starvation stress 

in yeast.  
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The CKM functions as a negative regulator of ATG genes in S. cerevisiae. In 

mouse embryonic fibroblasts (MEFs) the CKM functions as an activator of autophagy 

genes such as Gabarap, Beclin1, and Atg9b. Although these are opposing roles, the 

CKM-mediated regulation of autophagy is evolutionarily conserved. In the pancreatic 

KrasG12D murine cancer model, cyclin C promotes autophagy and proteasome activity. 

Defects in proteolysis result in increased oxidative stress, genomic instability, and 

accumulation of proteotoxic proteins, such as p62. The pancreas is the site of digestive 

protease production and secretion, therefore defects in proteostasis can be detrimental 

to this cell type. Recurrent or prolonged pancreatic dysfunction is a major cause of 

pancreatic cancer. KrasG12D Ccnc-/- mice had a 6-8 fold increase in pre-cancerous 

lesions (ADM and PanINs) compared to KrasG12D animals. KrasG12D Ccnc-/- mice also 

had a significant degree of tumor heterogeneity compared to the control group. 

KrasG12D Ccnc-/- mice form very aggressive cancer types as large, heterogeneous 

tumors arise as early as 8 weeks, and by 26-29 weeks pre-cancerous lesions cover 80% 

of the total tissue area.  

Aggressive and heterogenous cancer types make finding effective treatment 

difficult as these tumors are usually resistant to chemotherapy and metastasis rapidly. 

Identifying drug combinations that can trigger cell death within these cancer types is 

therefore of utmost importance. Here we show that the deletion of Ccnc or inhibition 

of Cdk8 kinase activity in the PDAC model sensitives KrasG12D cells to proteasome 

inhibitors. These results were translated to human colorectal cells as well 

demonstrating, that this drug combination can be effective in other aggressive cancer 

types such as colorectal cancer.   
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APPENDIX 

Table 1. Candidate proteins that interact with Med13 after 90 min 200 ng/ml 

rapamycin treatment.  

 

Select proteins obtained from mass spectroscopy where 

counts were greater than 2-fold after 90 min of 200 ng/mL 

rapamycin. 

Counts 

Systematic 

Name 

Gene Protein Function T=0 T=90  

Other 

YER155C BEM2 RhoGAP 47 203 

YJL005W CYR1 Adenylate cyclase 19 50 

YHR016C YSC84 Actin-binding protein 7 18 

YNL271C BNI1 Formin 5 13 

YBR140C IRA1 GTPase activator 1 12 

YDR103W STE5 MAPK scaffold 4 12 

YGR032W GSC2 spore wall assembly 1 9 

YDL198C GGC1 Mitochondrial GTP/GDP 

transporter 

3 7 

Nuclear Activity 

YPR018W RLF2 Chromatin assembly 21 44 

YPL155C KIP2 Kinesin 6 34 

YDL140C RPO21 RNA polymerase II subunit 13 33 

YML065W ORC1 DNA replication 14 32 

YNL278W CAF120 Transcriptional regulation 7 27 

YDR216W ADR1 Transcription factor 12 26 

YER040W GLN3 Transcriptional activator 10 23 

YDR364C CDC40 mRNA Splicing 7 15 

YGL045W RIM8 Activates Rim101 6 13 

YER088C DOT6 DNA binding protein  3 12 

YDL089W NUR1 Mitotic exit/nuclear periphery 3 9 

YDL207W GLE1 Cytoplasmic nucleoporin 3 9 
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YDL220C CDC13 Telomere capping 4 9 

Vacuole 

YJL172W CPS1 Vacuolar carboxypeptidase 4 18 

YPR036W VMA13 V-ATPase 4 12 

YDR128W MTC5 Vacuole/TORC1 3 8 

YLL048C YBT1 Vacuole fusion 2 8 

Kinase/Phosphatase 

YDR283C GCN2 Kinase 78 160 

YHR082C KSP1 Kinase 25 60 

YKL168C KKQ8 Kinase 13 36 

YDR122W KIN1 Kinase 4 28 

YOR039W CKB2 Kinase 8 26 

YDL025C RTK1 Kinase 3 18 

YOR061W CKA2 Kinase 5 15 

YGL019W CKB1 Kinase 4 13 

YMR165C PAH1 Phosphatase 4 13 

YIL035C CKA1 Kinase 5 12 

YAR014C BUD14 Protein phosphatase regulator 3 7 

Anabolism/Catabolism 

YLR044C PDC1 Pyruvate decarboxylase 57 200 

YKL182W FAS1 Fatty acid synthetase 35 94 

YKL060C FBA1 Glycolysis 26 62 

YEL071W DLD3 Lactate dehydrogenase 16 40 

YBR196C PGI1 Phosphoglucose isomerase 3 29 

YLR304C ACO1 Aconitase 10 25 

YLR153C ACS2 Acetyl-coA synthetase 8 24 

YOR136W IDH2 Isocitrate dehydrogenase 

complex 

7 22 

YBR208C DUR1,2 Urea amidolyase 0 21 

YLR355C ILV5 Amino acid biosynthesis 1 19 
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YGL009C LEU1 Leucine biosynthesis 7 17 

YKL218C SRY1 Amino acid catabolism 2 15 

YGL245W GUS1 tRNA synthetase 2 15 

YER024W YAT2 Acetyltransferase/mitochondria 1 11 

YBR221C PDB1 Pyruvate dehydrogenase 3 10 

YDR341C YDR341

C 

Arginyl-tRNA 

synthetase/mitochondria 

1 9 

YIL128W MET18 Methionine biosynthesis/CIA 

complex 

2 9 

YGL001C ERG26 Ergosterol biosynthesis 3 7 

YJL060W BNA3 Aminotransferase 3 7 

Protein Trafficking 

YNL287W SEC21 COPI vesicle coat 9 23 

YBR102C EXO84 Exocytosis/splicesome 

assembly 

3 19 

YBL037W APL3 Intracellular protein transport 5 13 

YNL049C SFB2 COPII vesicle coat 5 12 

YNL246W VPS75 Histone chaperone 4 12 

YHR103W SBE22 Golgi/bud growth 2 11 

YLR114C AVL9 Exocytic transport 3 9 

YDR483W KRE2 Golgi mannosyltransferase 2 8 

YJL036W SNX4 Sorting nexin/CVT 2 8 

YDR171W HSP42 Chaperone 3 7 

YDR186C SND1 ER targeting  3 7 

Ribosome 

YPL009C YPL009C Ribosome quality control 

complex 

14 63 

YKL014C URB1 Ribosome biogenesis 20 47 

YGR162W TIF4631 Translation initiation factor 12 37 

YDR333C RQC1 Ribosome quality control 13 31 

YMR049C ERB1 Ribosome biogenesis 13 28 
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YJR041C URB2 Ribosome biogenesis 1 11 

YNL224C SQS1 Ribosome biogenesis 4 9 

Unknown Function 

YPL032C SVL3 Unknown function/vacuole 16 59 

YER047C SAP1 Unknown/AAA ATPase 21 53 

YGR237C YGR237C Unknown function 11 28 

YLR187W SKG3 Unknown function 9 19 

YLR219W MSC3 Unknown function 8 18 

YBR007C DSF2 Unknown/bud Tip 5 15 

YOR093C YOR093C Unknown function 6 15 

YBR225W YBR225W Unknown/cell wall 5 13 

YDR251W PAM1 Unknown function 2 13 

YGR196C FYV8 Unknown function 4 11 

YDR239C YDR239C Unknown function/ribosome 2 9 

Transporters/Permeases 

YDR345C HXT3 glucose transporter 7 22 

YKR093W PTR2 Peptide transporter 6 21 

YKR039W GAP1 Amino acid permease 4 20 

YJR152W DAL5 Allantoate permease 0 15 

YCL025C AGP1 amino acid permease 4 11 

Ubiquitin 

YBL067C UBP13 Ubiquitin protease 7 19 

YEL012W UBC8 Ubiquitin-conjugating 7 16 

YDL126C CDC48 ATPase/ubiquitin binding 6 15 

YDL122W UBP1 Ubiquitin protease 3 11 
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Table 2. List of yeast strains that were used.   

 

Strain* 

 

Genotype 

 

             Source 

  

RSY10* MATa ade2 ade6 can1-10 his3-11, 15 leu2-3, 112 

trp1-1 ura3-1  

[304] 

RSY1812* MED13-yECitrine::KanMX6 [53] 

BJ5459**/R

SY449 

pep4::HIS3 prb1-∆1.6R [305] 

RSY1961* ump1::HIS3 MED13-13MYC::KanMX4 [53] 

RSY2000 gal4∆ gal80∆ LYS2::GAL1-HIS3 GAL2-Ade2 

URA3-MEL1 AUR1-C MEL1 

 

RSY2094* atg1::KanMX4 This study 

RSY2097* vac8::KanMX4 This study 

RSY2104* atg17::KanMX4 This study 

RSY2106* nvj1::KanMX4 This study 

RSY2144* atg8::KanMX4 This study 

RSY2160* ump1::KanMX4 [180] 

RSY2123* atg39::KanMX4 atg40∆::NatNT2 This study 

RSY2202* atg1::KanMX4 ump1::NatNT2 This study 

RSY2211* MED13-9MYC::NatNT2 This study 

RSY2213* nvj1::KanMX4 MED13-9MYC::NatNT2 This study 

RSY2214* atg1::KanMX4 MED13-9MYC::NatNT2 This study 

RSY2215** pep4::HIS3 prb1-∆1.6R MED13-9MYC::NatNT2 This study 

RSY2231* atg8::KanMX4 MED13-9MYC::NatNT2 This study 

RSY2248* atg11::KanMX4 This study 

RSY2157* PRE6-GFP::HphNT1  

RSY2176* Cdk8::NatNT2  

RSY2266* ksp1::KanMX4 This study 

RSY2267* ksp1:: KanMX4 MED13-9MYC::NatNT2 This study 

RSY2272* snx4::HphNT1 This study 

RSY2276* snx4::HphNT1 MED13-9MYC::NatNT2 This study 

RSY2277* atg20::KanMX4 MED13-9MYC::NatNT2 This study 

RSY2283* ADH-GFP-SNX4::NatNT2 This study 

RSY2299* pep4:: KanMX4 ADH-GFP-SNX4::NatNT2 This study 

RSY2305** pep4::HIS3 prb1-∆1.6R 

MED13-mNeongreen::NatNT2 

This study  

RSY2307* atg8::KanMX4 MED13-mNeongreen::NatNT2 This study 
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RSY2323** pep4::HIS3 prb1-∆1.6R ksp1∆::KanMX4 

MED13-mNeongreen::NatNT2 

This study 

RSY2324** pep4::HIS3 prb1-∆1.6R snx4∆::HphNT1 

MED13-mNeongreen::NatNT2 

This study 

RSY2325* atg8::KanMX4 MED13-mNeongreen::NatNT2  

RSY2348* PTetO7-Ubi-Leu::3HA-CRM1::NatMX4 MED13-

9MYC::HphNT1 

This study 

RSY2349* atg39::KanMX4 atg40::NatNT2 MED13-

9MYC::HphNT1 

This study 

RSY2373* atg17::KanMX4 MED13-9MYC::NatNT2 This study 

RSY2394* snx41::HIS3 MED13-9MYC::NatNT2 This study 

RSY2395** pep4::HIS3 prb1-∆1.6R ATG17-GFP::HphNT1 This study 

RSY2396** pep4::HIS3 prb1-∆1.6R snx4::KanMX4 ATG17-

GFP::HphNT1 

This study 

RSY2399* msn5::KanMX4 MED13-9MYC::NatNT2 This study 

RSY2400** pep4::HIS3 prb1-∆1.6R MED13-

mNeongreen::HphNT1 ATG17-RedStar::NatNT2 

This study 

RSY2423** pep4::HIS3 prb1-∆1.6R GLE1-GFP::HphNT1 This study 

RSY2424** pep4::HIS3 prb1-∆1.6R 

MED13-mNeongreen::HphNT1 ADH1-mCherry-

SNX4::NatNT2 

This study 

RSY2444* MED13::HIS3 This study 

RSY2450** pep4::HIS3 prb1-∆1.6R 

MED13-mNeongreen::NatNT2 GLE1-

RedStar::KanMX4 

This study 

RSY2451* ADH1-GFP-SNX4::NatNT2 GLE1-

RedStar::KanMX4 

This study 

RSY2455* GLE1-GFP::HphNT1 This study 

RSY2456 his3∆1 leu2∆ met15∆ ura3∆ GLE1-TAP-AID-

FLAG::Ura3 

[306] 

RSY2464 his3∆1 leu2∆ met15∆ ura3∆ NUP159-TAP-AID-

FLAG::Ura3 

[306] 

RSY2473 his3∆1 leu2∆ met15∆ ura3∆ GLE1-TAP-AID-

FLAG::Ura3 pep4::KanMX4 MED13-

mNeonGreen::NatNT2 

This study 

RSY2474** pep4::HIS3 prb1-∆1.6R KSP1-GFP::KanMX4 This study 

RSY2535* vam3::KanMX4 MED13-mNeonGreen::NatNT2 This study 

RSY2540* atg19::HphNT1 This study 

RSY2545* atg8::KanMX4 MED13-mNeonGreen::NatNT2 

atg7-mCherry::HphNT1 

This study 
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RSY2547* atg8::KanMX4 MED13-mNeonGreen::NatNT2 

atg2-mCherry::HphNT1 

This study 

RSY2551* vam3::KanMX4 This study 

RSY2557* atg34::KanMX4 This study 

RSY2559* atg19::HphNT1 atg34::KanMX4 This study 

RSY2561* pep4::KanMX4 MED13-mNeonGreen::NatNT2 

KSP1-mCherry::HphNT1 

This study 

RSY2567* KSP1-9MYC::HphNT1 This study 

RSY2574* pep4::KanMX4 KSP1-9MYC::HphNT1 This study 

RSY2666* EDC3-GFP::KanMX4  

RSY2687* DHH1-GFP::KanMX4  

RSY2688* ksp1::KanMX4 DHH1-GFP::HphNT1  

RSY2694* med13::HIS3 DCP2-GFP::HphNT1  

RSY2700* snx4::HphNT1 DHH1-GFP::KanMX4  

RSY2701* snx4::HphNT1 EDC3-GFP::KanMX4  

RSY2704* atg8::KanMX4 MED13-mNeongreen::NatNT2 

DCP2-mCherry::HphNT1 

 

RSY2714* edc3::KANMX4 DCP2-GFP::HphNT1  

RSY2715* atg8::KanMX4 Ksp1-GFP::HphNT1 This study 

RSY2716* vam3::KanMX4 Ksp1-GFP::HphNT1 This study 

RSY2725* ksp1::KanMX4 EDC3-GFP::HphNT1  

RSY2737* atg8::KanMX4 KSP1-9MYC::HphMX6 This study 

RSY2744* atg8::KanMX4 pep4::HIS3 MED13-

mNeonGreen::NatNT2 KSP1-mCherry::HphNT1 

This study 

RSY2745* vam3::KanMX4 MED13-mNeonGreen::NatNT2 

KSP1-mCherry::HphNT1 

This study 

RSY2778* atg8::KanMX4  3BFP-PHO8::LEU2  KSP1-

mCherry::HpHNT1 

This study 

RSY2797* KSP1-9MYC::HphNT1 ump1::NATNT2 This study 

RSY2798* KSP1-9MYC::HphNT1 ump1::NATNT2 

atg1::KanMX4 

This study 

RSY2815* atg8::KanMX4 Ksp1-mCherry::HphNT1 This study 

RSY2817* atg8::KanMX4 EDC3-9MYC::HphNT1  

RSY2820* atg8::KanMX4 XRN1-9MYC::HphNT1  

RSY2821* atg8::KanMX4 DCP2-9MYC::HphNT1  

RSY2824* ksp1::KanMX4 DCP2-9MYC::HphNT1  

RSY2825* ksp1::KanMX4 XRN1-9MYC::HphNT1  

RSY2826* edc3::KANMX4 MED13-9MYC::HphNT1  
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BY4741 MATa his3∆1 leu2∆ met15∆ ura3∆ 

atg4::KANMX4 

atg9::KANMX4 

atg19:: KANMX4 

atg32::KANMX4 

atg36:: KANMX4 

cue5::KANMX4 

hsp42:: KANMX4 

hsp104:: KANMX4 

los1::KANMX4 

nup2:: KANMX4 

ubx5::KANMX4 

vps34::KANMX4 

[307]  

 

*Genotype of all stains is MATa ade2 ade6 can1-10 his3-11, 15 leu2-3, 112 trp1-1 

ura3-1 (W303). **Genotype of all strains is MATa his3-∆200 can1 ura3-52 leu2∆1 

lys2-801 trp1-289 (BJ5459). The atg19, atg36, csm1, heh1, lrs4, and nur1 strains are 

from the yeast knock out collection (Chu and Davis, 2008) and are derived from 

BY4741 (MATa his3∆1 leu2∆ met15∆ ura3∆).  
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Table 3. List of plasmids that were used. 

 

Plasmid 

Name 

 

Gene  

 

Tag  

 

Marker 

 

Reference 

pKC801 MED13 3HA URA3 [54] 

pKC803 MED13 3HA LEU2 [54] 

pKC337 CNC1 MYC TRP1 [49] 

pDS2 GAL4-AD-

MED131-305 

1HA LEU2 [54] 

pDS4 GAL4-AD-

MED13907-

1421 

1HA LEU2 [54] 

pDS7 GAL4-AD- 

MED13306-570 

1HA LEU2 [54] 

pDS8 GAL4-AD- 

MED13571-906 

1HA LEU2 [54] 

pSH3 RPH1 GFP URA3 This study 

pSH4 PGK1 GFP URA3 [3] 

pSH8 GAL4BD-

SNX4 

1HA TRP1 This study 

pSH9 GAL4-AD-

ATG8 

T7 TRP1 [3] 

pSH13 GAL4BD-

ATG20 

1HA TRP1 This study 

pSH16 GAL4BD-

SNX41-157 

1HA TRP1 This study 

pSH17 GAL4BD-

SNX4157-423 

1HA TRP1 This study 
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pSH18 GAL4AD-

MED13907-

1163 

1HA LEU2 This study 

pSH19 GAL4AD-

MED131163-

1421 

1HA LEU2 This study 

pSH25 GAL4-BD-

KSP1 

1HA TRP1 This study 

pSH26 KSP1 GFP URA3 This study 

pSH30 SNX4 6HA TRP1 This study 

pSH32 KSP1K47D GFP URA3 This study 

pSH33 

(KD) 

GAL4-BD-

KSP11-401 

1HA TRP1 This study 

 

pSH34 

(DD1) 

GAL4-BD-

KSP1401-681 

 

1HA TRP This study 

pSH35 

(DD2) 

GAL4-BD-

KSP1681-1029 

 

1HA TRP1 This study 

pSH36 

 

ATG8Y49A,L50

A 

GFP TRP This study 

pSH37 

 

KSP11022-

1029∆ 

9MYC URA3 This study 

pSH38 

 

KSP1167-172∆, 

1022-1029∆ 

9MYC URA3 This study 

pSH39 

 

KSP1167-172∆, 

1022-1029∆ 

GFP URA3 This study 

pSW108 GAL4-AD-

CNC1 

 

- LEU2 This study  
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pSW132 GAL4AD-

UME6 

 

- LEU2 This study 

pSW143 GAL4-BD-

ATG7 

1HA TRP1 [3] 

 

pSW144 GAL4-AD-

ATG8 

T7 LEU2 [3] 

 

pSW155 GAL4-AD-

ATG17 

T7 LEU2 This study 

pSW156 GAL4-AD-

ATG29 

T7 LEU2 This study 

pSW157 GAL4-AD-

ATG31 

T7 LEU2 This study 

pSW163 GAL4-BD-

KSP1681-1029, 

L1025A 

T7 TRP1 This study 

pSW217 MSN2 GFP URA3 This study 

pSW218 MED13 GFP URA3 This study 

pSW221 VPH1 mCherry URA3 [180] 

pSW230 CCL1 GFP URA3 This study 

pSW288 CRN1-

MED13 

GFP URA3 This study 

pSW320 MED13 GFP HIS3 [3] 

pSW337 ATG8 GFP TRP1 [3] 

Lep752 NUP49 mCherry LEU2 Kiran 

Madura 

pNab2-

NLS 

NAB2 mCherry LEU2 [308] 

pFD846 RIM15 GFP TRP1 [309]  

pYL666 ATG8 mCherry LEU2 [310] 
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Atg8 ATG8 GFP TRP1 [311] 

ATG8 mCherry LEU2 CUP ATG8 

pAS2 GAL4-BD 1HA TRP1 [312] 

pACT2-

T7 

GAL4-AD 1T7 LEU2 [3] 

PHO8 PHO8 3xBFP HIS3 [313] 

pCM188 TET - URA3 [314] 

pKW2571 Gle1-

V513D/A516

D/I520D 

- LEU2 [315] 

pSW3345 Gle1-

K337Q/L378

Q 

- LEU2 [117] 

pPH27427 ATG13 3HA TRP1 [316]. 

pRS315 - - LEU2 CEN 

pRS316 - - URA3 CEN 
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Table 4. Antibodies used in mammalian work. 

 

 

 

  

List of antibodies that were used to monitor proteins via western blot analysis. 

Reactive with mouse. DSHB: Developmental Studies Hybridoma Bank 
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Supplemental figures 

Chapter 2  

Figure S1.  Med13 is degraded in response to rapamycin.  (A) Degradation kinetics 

of endogenous Med13-9MYC protein levels in wild-type cells treated with 200 

ng/mL rapamycin. Error bars indicate S.D., N=3 biological samples. (B) RT-qPCR 

analysis probing for MED13 mRNA expression in wild-type cells following 

nitrogen starvation. ∆∆Ct results for relative fold change (log2) values using wild-

type unstressed cells as a control. Transcript levels are given relative to the internal 

ACT1 mRNA control. (C) Western blot analysis of Med13-3HA protein levels, 

expressed from a single copy functional plasmid in wild-type, ump1∆ and pep4∆ 

prb1∆.1 cells following nitrogen starvation. Pgk1 levels were used as loading 

controls. (D) Quantification of Med13-3HA degradation kinetics in indicated 

mutants obtained from C.  Error bars indicates S.D., N=3 biological samples. (E-I) 

Quantification of free GFP accumulation in cleavage assays. 
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Figure S2. (A) Fluorescence microscopy of pep4∆ prb1∆.1 cells expressing 

endogenous Med13-mNeongreen and Vph1-mCherry (vacuole marker). (B) 

Fluorescence microscopy of wild-type cells expressing endogenous Med13-YFP 

treated with 200 mM PMSF before and after 24 h in SD-N media. FM4-64 staining 

was used to visualize the vacuole. (C) Western blot analysis of Med13-GFP 

cleavage assays in the indicated genotypes. Pgk1 levels were used as loading 

controls. (D) Co-localization of endogenous Med13-mNeongreen and Atg7-

mCherry in atg8∆ cells stained with DAPI. (E) Y2H Gold cells harboring Gal4-

BD-Atg8 and the indicated Gal4-AD- Med13 constructs or vector controls. (F) Y2H 

analysis with GAL4-AD-Atg8 and GAL4-BD-Atg7. (G) Co-immunoprecipitation 

analysis of GFP-Atg8 and Med13-3HA. Whole-cell lysates were 

immunoprecipitated with the antibodies shown from nitrogen-starved pep4∆ 

prb1∆.1 cells expressing GFP-Atg8 and Med13-3HA. (H) Schematic map of the 33 

putative AIMs motifs found within the different domains of Med13.  
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Figure S3. The autophagic degradation of Med13 does not require known selective 

autophagy receptor proteins. (A) Wild-type BY4741 cells and the indicated mutants 

expressing Med13-GFP were nitrogen-starved for the indicated times. (B) As in A 

except that Med13-GFP were executed in ubx5∆. (C) Western blot analysis of 

Med13-3HA protein levels, expressed from a single copy functional plasmid in 

hsp42∆ and hsp104∆ cells following nitrogen starvation. Pgk1 was used as a protein 

loading control in all experiments. (D) Western blot analysis of endogenous Med13-

9xMYC degradation in atg17∆ cells as well as in strains defective in known 

nucleophagy pathways following nitrogen starvation. (E) Degradation kinetics and 

half-life of Med13 protein levels obtained in D. Error bars indicate S.D., N=3 

biological samples. (F) Fluorescence microscopy monitoring colocalization of 

endogenous Med13-mNeongreen and Atg17-Redstar after 2 h of nitrogen starvation 

in pep4∆ prb1∆.1. Representative single-plane images are shown. Bar: 5 μm. For all 

blots, Pgk1 levels were used as loading controls. 
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Figure S4. Mass spectrometry screen to identify proteins required for Med13 vacuolar 

degradation. (A) Immunoprecipitation assays with Med13 in unstressed cells or cells 

treated with 200 ng/ml rapamycin for 90 minutes. Spyro Ruby stain was used to 

visualize proteins immunoprecipitated with Med13-3xHA from whole cell lysate. 

Asterisks denote bands that were present in stressed samples and absent in unstressed 

samples. (B) Western blot analysis of immunoprecipitation experiments performed in 

wild-type and pep4∆prb1∆.1 cells. (C) Gle1 auxin-inducible degron system. The 

BY4741 strain harboring endogenous GLE1-TAP-AID-FLAG was grown to mid-log 

and treated with 250 μM Auxin. Cells were then washed and resuspended in SD-N 

media containing 250 μM Auxin for indicated time points. Gle1 protein depletion was 

monitored via western blot analysis using antibodies against FLAG. (D) Western blot 

analysis of Atg8-GFP cleavage assays performed in the Gle1 auxin-inducible degron 

system. (E) Y2H Gold cells harboring Gal4-BD-Atg8 and the indicated Gal4-AD-

Med13 constructs or vector controls were plated on medium selecting for plasmid 

maintenance (-LEU, -TRP) (left) or interaction by induction of the ADE2 and HIS3 

reporter genes (right). (F) Crn1-doxycyclin inducible degron system. Cells expressing 

Crm1-HA under a tetracycline repressible promoter and endogenous Med13-9xMYC 

were grown to mid-log. Cells were treated with doxycycline for 1 hour before switching 

cells to SD-N media with doxycycline. Western blot analysis was used to monitor 

Crm1-HA and Med13-9xMYC degradation following doxycycline and nitrogen 

starvation treatment. (G) los1∆ BY4741 cells Med13-GFP were nitrogen-starved for 

the indicated times. (H) Western blot analysis of Med13-9xMYC protein levels 

following nitrogen starvation in msn5∆ cells.  (I) Western blot analysis of Med13-

9xMYC protein levels following nitrogen starvation in nup2∆ cells.   
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Figure S5. Western blot analysis of Y2H plasmids. (A) Western blot analysis of 

cells expressing indicated Med13 activating domain Y2H constructs.  (B and C) 

Western blot analysis of cells expressing of Atg8 and Gle1 binding domain Y2H 

constructs respectively. (D and E) Western blot analysis of Snx4 and Atg20 binding 

domain Y2H constructs.  
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Figure S6. Snx4 localizes to the nuclear periphery following nitrogen starvation. 

(A) Fluorescence microscopy of GFP-Snx4 localization in wild-type cells following 

2 h of nitrogen starvation. Bar: 5 μm. (B) Fluorescence microscopy of pep4∆ cells 

expressing GFP-Snx4 and harboring Nab2-mCherry (nuclear marker) before and 

after nitrogen starvation. Representative deconvolved images are shown. Bar: 5 μm. 

(C) Fluorescence microscopy of endogenous Med13-mNeongreen and mCherry-

Snx4 in pep4∆ prb1∆.1 cells before and after nitrogen starvation. The vacuolar 

Med13 population is indicated by the blue arrow and perinuclear Med13-Snx4 

colocalization is indicated by the pink arrow. Bar: 5 μm. (D) Y2H Gold cells 

harboring Gal4-BD-Snx4 and the indicated Gal4-AD-Atg8 construct or vector 

controls (E) Fluorescence microscopy of colocalization experiments performed in 

wild-type cells expressing GFP-Snx4 and endogenous Gle1-RedStar. Cells were 

grown to mid-log, washed, and resuspended in SD-N media for 2 h. Bar: 5 μm.  
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Figure S7. Snx4 is required for viability in long-term nitrogen starvation. (A) 

Western blot analysis of Pgk1- GFP cleavage assays in wild-type and snx4∆ cells 

following nitrogen starvation. (B) Wild-type and snx4∆ cells were grown to mid-

log, washed, and resuspended in SD-N media for the indicated number of days. The 

percentage of inviable cells within the population was determined using pholxine B 

staining and fluorescence-activated cell analysis (FAC). Quantification of N=2 

independent biological experiments. Data are mean ± S.D. ** P = 0.0012,  **** P 

= <0.0001 (C) Quantification Atg8 protein levels in wild-type and Med13∆ cells 

relative to Pgk1 loading control. Quantification of N=3 biological samples. Data are 

mean ± S.D. **** P = <0.0001. (D) Western blot analysis of Rph1-GFP cleavage 

assays in wild-type, atg1∆, and snx4∆ cells. Pgk1 levels were used as loading 

controls.  
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Figure S1. Fluorescence microscopy of Ksp1-GFP before and following nitrogen 

starvation in pep4 prb1∆.1 harboring the nuclear pore complex marker, Nup49-

mCherry, using fluorescence microscopy. The numbered cells were further 

analyzed using linear quantification analysis. The green and red peaks represent 

the fluorescence intensity of Ksp1-GFP and Nup1-mCherry respectively. Scale bar 

= 5 μM 
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Figure S2. Ksp1 is not required to degrade cyclin C following nitrogen starvation. 

(A) Western blot analysis of Ssn8/cyclin C-MYC protein levels following nitrogen 

starvation in WT and ksp1∆. Pgk1 protein levels were used as the protein loading 

control. (B) Degradation kinetics of Ssn8/cyclin C in WT and ksp1∆. (C) 

Fluorescence microscopy in unstressed cells of Ksp1-mCherry and GFP-Atg8 in 

strains indicated. Bar = 5µM 
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Figure S3. Degradation kinetics of proteins shown without the line of best fit. (A) 

Quantification of degradation kinetics of endogenous Ssn2/Med13-MYC levels 

following nitrogen starvation in wild type and ksp1∆ (B and C). Quantification of 

degradation kinetics of endogenous Ksp1-MYC levels following nitrogen 

starvation in wild type and ksp1∆.  The corresponding Figures that contain linear 

regression analysis are indicated.  
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Figure S4. (A) Y2H analysis. Top panel: map of Ssn2/Med13 outlining its structure 

and the position of the Y2H activating domain constructs. Bottom panel: Y2H Gold 

cells harboring the indicated Gal4-BD-Ksp1 and Gal4-AD-Ssn2/Med13 constructs 

or vector control (V). Three biological replicates were plated on medium selecting 

for plasmid maintenance (-LEU, -TRP, left) or interaction by induction of the ADE2 

and HIS3, reporter genes (right). (B) Y2H analysis of Gal4-BD-Ksp1DD2 and Gal4-

AD-Ume6 or Gal4-AD human cyclin C (hCC).  The interaction between Gal4-BD-

Ksp1DD2 and Gal4-AD-Atg8 was used as a positive control. Three biological 

replicates were plated on medium selecting for plasmid maintenance (-LEU, -TRP, 

left) or interaction by induction of all four reporter genes, ADE2, HIS3, MEL1, and 

AUR1-C, as described in the material and methods section. (C) Western blot 

analysis of endogenous Ksp1-MYC in mid-log cells following 50 µg/ml 

cycloheximide (CHX) treatment for the indicated times. (D) Fluorescence 

microscopy of Ksp1K47D-GFP in unstressed cells. Vacuoles were labeled with 

CMAC. Bar =5µM. 
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Figure S5. Ksp1 co-localizes with Atg8 following nitrogen starvation. (A) 

Fluorescence microscopy of cultures shown in unstressed cells. (B) Linear 

quantification analysis of Ksp1-mCherry in atg8∆ harboring GFP-Atg8 using 

fluorescence microscopy. Vph1-TFP was used to mark the vacuole. The blue line 

in the representative images correlates with the signal quantified and the cells 

analyzed are numbered.  (C) As in B except that the LDS∆ allele of GFP-Atg8 was 

used. Scale bar = 5 μM. 
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Figure S6. Ksp1 contains putative Atg8-interacting motifs (AIMs). (A) The 

extended AIM motif. Residues 3 and 6 correspond to the required aromatic and 

hydrophobic residues of the original central core motif conserved four amino acid 

motif ([W/F/Y]xx[L/I/V]) [58,69,73,74]. (B) Results from iLIR database [58] 

analysis of Ksp1 using the extended AIM motif. The position-specific scoring 

matrix (PSSM) score i.e., the highest conservation of pattern alignment when 

compared to verified AIM/LIR motifs is given. AIMs were scored positive for 

ANCHOR analysis if they overlapped with IDRs with the potential to transition to 

an ordered state. (C) Western blot analysis of ksp1AIM∆1-9MYC protein levels in 

ksp1∆ cells following nitrogen starvation. Pgk1 protein levels are used as the 

protein loading control. (D) Degradation kinetics ksp1AIM∆1-MYC protein levels 

obtained in C.  
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Figure S7. Representative stick and ribbon images of Ksp1AIM1 and Ksp1AIM2 

modeled onto the hydrophobic binding pocket of Atg8. See text for details.  (A and 

B) Ksp1AIM1 (red) and Ksp1AIM2 (yellow) were modeled onto the hydrophobic LDS 

residues (blue) of Atg8 (green) respectively. (C) Both Ksp1AIM1 and Ksp1AIM2 were 

modeled simultaneously demonstrating how they both can fit into the hydrophobic 

pocket.   
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Figure S8. Deletion of AIM1 and AIM2 in Ksp1 only slightly changes protein 

stability. (A) Western blot analysis of ksp1∆ harboring the ksp1AIM∆1&2-9MYC 

plasmid in mid-log cells following 50 µg/ml cycloheximide (CHX) treatment for 

the indicated times (B) Quantification of A. N=2. (C) Left panel. Modeling of 

structured N terminal domain (amino acids 1-356) of Ksp1 showing the position of 

AIM2 and the kinase pocket (K47). Right pocket. The modeling was done using 

Ksp1AIM2∆. The original position of this motif is indicated by the arrow and dotted 

lines in the structure. 
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Figure S9. Y2H analysis of Ksp1 and 17C. Y2H analysis of the indicated Gal4-BD 

and Gal4-AD plasmids, or vector controls (V). Three biological replicates were plated 

on medium selecting for plasmid maintenance (-LEU, -TRP, left) or interaction by 

induction of all four reporter genes, ADE2, HIS3, MEL1, and AUR1-C, as described in 

the material and methods section.  
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Figure S10. Precocious induction of autophagy in ksp1AIM∆1&2 (A) GFP-Atg8 

cleavage assays after 4 h nitrogen starvation in the strains shown. (B) Quantification 

of free GFP from the assays in A. (C) Autophagic cleavage assays of Pgk1-GFP in 

the strains shown. (D) Autophagic cleavage assays of Rim15-GFP and Msn2-GFP 

in WT and ksp1∆ cells. For all assays, endogenous Pgk1 was used as a loading 

control. 
 



244 

 

 Chapter 4 

 

 

Figure S1. Med13 is required for efficient cell cycle arrest and quiescence entry 

following the transition from logarithmic cell growth to stationary phase. (A) 

Growth curves were performed in WT and med13∆ cells following treatment with 

low concentrations of rapamycin. Cell concentrations were monitored using 

absorbance readings analyzed by a plate reader. (B) Growth curves of indicated 

genotypes. Cells were grown to ~1 x 105 cells/mL and transferred to a 96-well plate. 

Cell concentrations were monitored using a plate reader. (C) Brightfield and 

fluorescence microscopy were used to monitor the budding index of the indicated 

genotypes. Cells were grown for 48 h in nutrient-replete media, stained with DAPI, 

and visualized. Scale bar = 5 μm. (D) Glycogen accumulation assays to assess 

carbohydrate storage during quiescence in the indicated genotypes. Three 

individual colonies of each genotype were grown overnight and were then plated 

onto a YPD plate in triplicate and grown for 5 days at 30⁰C. The yeast colonies were 

then exposed to iodine vapors. Red/brown coloration signifies glycogen staining 

and was captured using the iBright FL1500 imaging system.  
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Figure S2. Med13 is degraded during stationary phase. (A) Western blot analysis 

of endogenous Med13-9MYC protein levels during stationary phase. Cells were 

grown in YPDA for the indicated time points. Two biological replicates are shown. 

(B) Quantification of A. Error bars indicate S.D. N=2 of biologically independent 

experiments. 
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Figure S3. Stress granules and PSG do not form in nitrogen starvation. (A and B) 

Fluorescence microscopy was used to monitor the formation of stress granules and 

proteasome storage granules following nitrogen starvation (left panel). Pub1-

mCherry and Pre6-GFP were used as markers for stress granules and PSGs 

respectively. Conditions that promote a robust SG and PSG response were used as 

positive controls (right panel). Representative images are shown. (C and D) 

Fluorescence microscopy was used to monitor the formation of P-bodies during 

glucose starvation and quiescence. Scale bar = 5 μm.   
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Figure S4. Edc3 and Dhh1 are actively degraded following nitrogen starvation. (A) 

Western blot analysis of endogenous Edc3-9MYC protein levels following 

cycloheximide treatment. Two biological replicates are shown. Pgk1 is used as the 

protein loading control. (B) Protein half-life quantification of A. (C) Fluorescence 

microscopy of P-body formation (Dcp2-GFP) in edc3∆ cells following nitrogen 

starvation. (D) Western blot analysis of endogenous Dhh1-GFP protein levels 

following cycloheximide treatment. Two biological replicates are shown. (E) 

Quantification of D.  
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Figure S5. Med13 is not required for P-body formation. (A) The number of P-

bodies following nitrogen starvation was quantified using fluorescence microscopy 

in WT and med13∆ cells expressing genomically-tagged Dcp2-GFP. (B) Images 

from A were analyzed using the image processing software Fiji. A graph depicting 

the total number of cells containing P-bodies is shown. 
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ABBREVIATIONS 

AIM: Atg8 interacting motif 

ATG: Autophagy-related genes 

CKM: Cdk8 kinase module 

IDR: intrinsically disordered region 

LIR: LC3-interacting region  

LDS: LIR/AIM docking site  

NPC: nuclear pore complex 

PAS: phagophore assembly site  

RBP: RNA binding protein  

UPS: ubiquitin-proteasome system 

PDAC: pancreatic ductal adenocarcinoma  

panNEN/NET/NEC: pancreatic neuroendocrine neoplasms/tumors/carcinomas 

PanIN: pancreatic intraepithelial neoplasia 

ADM: acinar ductal metaplasia  

CQ: chloroquine 

ROS: reactive oxygen species  

SD-N: synthetic dextrose minus nitrogen  

Y2H: Yeast-two hybrid 

RNP: ribonucleoprotein  

P-bodies: processing bodies 

SRG: stress response genes 

LLPS: liquid-liquid phase separation 
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