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ABSTRACT 
 
 

Effect of ATG101 ubiquitination on autophagy  
and cancer cell survival 

 
 

Autophagy is a critical cytoprotective mechanism against stress, which is 

initiated by the protein kinase Unc-51-like kinase 1 (ULK1) complex. 

Autophagy plays a role in both inhibiting the progression of diseases and 

facilitating pathogenesis, so it is critical to elucidate the mechanisms 

regulating individual components of the autophagy machinery under various 

conditions. However the molecular regulation how to control the protein 

stabilities of autophagy machineries are less studied. Here, I examined how an 

ULK1 complex component, autophagy-related protein 101 (ATG101) is 

downregulated via ubiquitination, and whether this in turn suppresses 

autophagy activity in cancer cells. Knockout of ATG101 in cancer cells using 

CRISPR resulted in severe growth retardation and lower survival under 

nutrient starvation. Transfection of mutant ATG101 revealed that the C-

terminal region is a key domain of ubiquitination, while co-

immunoprecipitation and knockdown experiments revealed that HECT, UBA 

and WWE domain containing E3 ubiquitin protein ligase 1 (HUWE1) is a 

major E3 ubiquitin ligase targeting ATG101. Protein levels of ATG101 was 

more stable and the related-autophagy activity was higher in HUWE1-
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depleted cancer cells compared to non-targeting control cancer cells, 

indicating that HUWE1-mediated ubiquitination promotes ATG101 

degradation. Moreover, enhanced autophagy in HUWE1-depleted cancer cells 

was reversed by siRNA-mediated ATG101 knockdown. Stable ATG101 level 

in HUWE1-depleted cells was a strong driver of autophagosome formation 

similar to upregulation of the known HUWE1 substrate WD repeat domain, 

phosphoinositide interacting 2 (WIPI2). Cellular survival rates were higher in 

HUWE1-knockdown cancer cells compared to controls, while concomitant 

siRNA-mediated ATG101 knockdown tends to increase apoptosis rate. 

Collectively, these results suggest that HUWE1 normally serves to suppress 

autophagy by ubiquitinating and triggering degradation of ATG101 and WIPI2, 

which in turn represses the survival of cancer cells. Accordingly, ATG101-

mediated autophagy may play a critical role in overcoming metabolic stress, 

thereby contributing to the growth, survival, and treatment resistance of 

certain cancers. 

  



v 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

This paper is written based on the published paper,  

Lee, JaeYung, et al.  

"ATG101 Degradation by HUWE1-Mediated Ubiquitination Impairs 

Autophagy and Reduces Survival in Cancer Cells."  

International journal of molecular sciences 22.17 (2021): 9182. 

 
 
 

 
 
 
 
 
 
 
 
 

Copyright by 

JaeYung Lee 

2022 
 
 
 
  



vi 

 

Contents 
 
1. Introduction ............................................................................................ 1 

1.1 Autophagy ............................................................................................... 1 

1.1.1 Autophagy .................................................................................... 1 

1.1.2 Autophagy assay .......................................................................... 5 

1.1.3 Autophagy in Cancer ................................................................. 11 

1.2 ATG101 ................................................................................................. 14 

1.2.1 ATG101, a novel protein in ULK1 complex ............................. 14 

1.2.2 Structure of ATG101 ................................................................. 15 

1.3 Ubiquitination ........................................................................................ 17 

1.3.1 Ubiquitination ............................................................................ 17 

1.3.2 E3 ligase in ubiqutination .......................................................... 18 

1.3.3 HUWE1, ubiquitin E3 ligase ..................................................... 20 

2. Materials and Methods ........................................................................ 22 

2.1 Cell lines ................................................................................................ 22 

2.2 Generation of Stable Cell Lines ............................................................. 22 

2.3 Antibodies and reagents......................................................................... 23 

2.4 DNA Construct and siRNA ................................................................... 24 

2.5 Site-directed mutagenesis ...................................................................... 25 

2.6 LC–MS/MS Analysis ............................................................................ 26 



vii 

 

2.7 Immunoprecipitation ............................................................................. 27 

2.8 Fluorescence Microscopy Analysis of Autophagy ................................ 28 

2.9 Cell Proliferation and Death Assay ....................................................... 28 

2.10 Western Blotting .................................................................................... 29 

3. Results ................................................................................................... 31 

3.1 Autophagy-related protein 101 (ATG101) is required for autophagy to 

promote cell growth and survival .................................................................. 31 

3.2 The ubiquitination of ATG101 .................................................................. 37 

3.2.1 ATG101 is regulated by ubiquitination...................................... 37 

3.2.2 ATG101 is ubiquitinated through C-terminus region ................ 40 

3.2.4 ATG101 single lysine mutant in C-terminal region is not sufficient 

for altering autophagy activity .............................................................. 45 

3.3 E3 ligase of ATG101 ubiquitnation ....................................................... 49 

3.3.1 HUWE1 mediates ATG101 ubiquitination and degradation ..... 49 

3.3.2 HUWE1 suppresses autophagy activity through regulating 

ATG101 levels ...................................................................................... 55 

3.3.3 HUWE1 suppresses autophagy by regulating ATG101 and WIPI2 

levels .................................................................................................... 59 

3.3.4 ATG101 ubiquitination is critical for supporting cancer cell 

survival under metabolic stress conditions............................................ 64 

4. Discussion.............................................................................................. 68 



viii 

 

List of Tables 
 
 
 
Table 1. E3 ligase candidates among ATG101-interacting proteins ......... 54 

  



ix 

 

List of Figures 
 
 
Figure 1. Autophagy process. ...................................................................... 7 

Figure 2. The steps for initiating Autophagy. .............................................. 8 

Figure 3. LC3 and p62 are used as the markers of autophagy activity. ..... 10 

Figure 4. KRAS mutation is a main cause of PDAC. ................................ 13 

Figure 5. Structural study and the C-terminal region of ATG101. ............ 16 

Figure 6. Ubiquination processes and the various types of ubiquitinations.

 ..................................................................................................... 19 

Figure 7. Autophagy-related protein 101 (ATG101) is required for 

autophagy to promote cell growth and survival .......................... 35 

Figure 8. ATG101 is regulated by ubiquitination ...................................... 39 

Figure 9. Ubiquitination of ATG101 is regulated through the C-terminal 

domain ......................................................................................... 43 

Figure 10. ATG101 Single lysine mutant in C-terminal region is not 

sufficient for altering autophagy activity. .................................... 47 

Figure 11. HUWE1 mediates ATG101 ubiquitination and degradation .... 52 

Figure 12. HUWE1 suppresses autophagy by regulating ATG101 levels. 58 



x 

 

Figure 13. HUWE1 suppresses autophagy by regulating ATG101 and 

WIPI2 levels ................................................................................ 62 

Figure 14. ATG101-mediated autophagy supported while HUWE1-

catalyzed ubiquitination of ATG101 reduced cancer cell survival

 ..................................................................................................... 67 

  



xi 

 

Abbreviations 
 
 

ATG, autophagy-related genes; ATG101, autophagy-related gene 101; AMPK, AMP 

activated protein kinase; mTOR, mammalian target of rapamycin; ULK1, Unc-51-

like kinase 1; PtdIns3K, class III phosphatidylinositol 3-kinase; LC3, microtubule-

associated protein 1 light chain; GFP, green fluorescent protein; HUWE1, HECT, 

UBA and WWE domain containing E3 ubiquitin protein ligase 1; WIPI2, WD repeat 

domain, phosphoinositide interacting 2. 

  



1 

 

1. Introduction  

 

1.1 Autophagy 

1.1.1 Autophagy 

Autophagy is an intracellular catabolic pathway which is mediated through 

lysosome degradation under nutrient deficiency or stressful condition. For instance, 

autophagy is generally induced by stress, like oxygen stress, energy- or amino acid-

deprivation, irradiation and certain types of cytotoxic drugs. Unnecessary organelles 

like misfolded proteins, dysfunctional organelles and other cytoplasmic compounds 

are enwrapped by vesicular membrane and degraded by lysosome for recycling. 

Degraded products can be used as molecular precursors or cellular energy sources [1] 

(Figure 1). Autophagy can be divided into two types, non-selective autophagy and 

selective autophagy. Upon nutrient deprivation, cytoplasmic components are 

enwrapped and catabolized non-selectively with autophagosome and recycled. 

However, selective autophagy targeted particular substrates into the autophagosome 

by selective autophagy receptors. The common characteristic of selective autophagy 

receptors is that they contain an LC3-interacting region (LIR). LIRs provide selective 

binding ability to LC3/GABARAP protein family to link substrates with 

autophagosomes [2]. Therefore, selective autophagy eliminates various substrates 

such as protein aggregates, unwanted organelles and infected pathogens. For instance, 

mitochondrial autophagy (Mitophagy) is important for regulating mitochondrial 

health and number in degenerative disease, especially neurodegenerative disease. In 
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the case of malfunctional mitophagy, it contributes to progressive neuronal loss in 

Parkinson disease [3]. Moreover, autophagy also plays a critical role in aging. 

Previous studies reported that autophagic proteins have reduced expression in aged 

tissues and that autophagy is reduced with aging. This applies in normal human brain 

aging and osteoarthritis in which autophagy machinary are downregulated [4,5]. Thus, 

autophagy plays an important part in maintaining cellular homeostasis. 

In autophagy, AMPK and mTOR are the key regulating proteins. Autophagy is 

promoted by activation of AMP activated protein kinase (AMPK) in response to low 

levels of ATP/AMP ratio, therefore AMPK is considered as an energy sensor to 

regulate cellular metabolism for maintaining energy homeostasis. In addition, AMPK 

regulates the phosphorylation of TSC2 and Raptor, thereby inactivating the 

mammalian target of rapamycin (mTOR) Complex I under the energy starvation 

conditions [6,7]. Conversely, mTOR which is a central cell-growth regulator by 

integrating growth factor and nutrient signals inhibits autophagy [8]. Both AMPK and 

mTOR regulates autophagy activities inversly through direct phosphorylations of 

major protein of autophagy initiation complex, ULK1 [9].  

Autophagy is divided into five steps: Induction, nucleation of a phagophore 

structure, maturation of the phagophore to autophagosome, autophagosome fusion 

with the lysosome, and the degradation and recycling of nutrients [10]. When 

autophagy is initiated by cellular stress, the initiation complex Unc51-like kinase 1 

(ULK1) complex is activated by AMPK-mediated phosphorylation. Then ULK1 

phosphorylates Class III PI3K complex to start nucleation. When the nucleation is 
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started, double-membrane called phagophore is formed inside cells. Activation of the 

Class III PI3K complex increases phospho-inositol-3-phosphate (PIP3) production 

that results in recruitment of PIP3-binding proteins Double-FYVE-containing protein 

1 (DFCP1) and WD repeat domain, phosphoinositide interacting protein 2 (WIPI2). 

Next, Ubiquitin-like (UBL) proteins contribute to the expansion of the phagophore. 

As the first ubiquitin-like protein related system, Atg12 is conjugated to Atg5 by 

combining with Atg7 and Atg10 (E1 and E2-like enzymes, respectively). When Atg5-

12 are conjugated, the formation of which is essentially constitutive, associates with 

Atg16L [11]. The association with ATG16L leads to the conjugation of microtubule-

associated protein 1 light chain (LC3) to the phosphatidylethanolamine (PE) by Atg7 

and Atg3, the latter of which acts as an E2-like enzyme in this conjugation reaction. 

This lipidated form of LC3 is referred to as LC3-II and localizes to autophagosomal 

membranes, though localization of LC3-I to cytosol [12]. These serial conjugations 

and localization mature phagophore to autophagosome around the cargo. When 

autophagosome is formed, Syntaxin 17 (Stx17) as the autophagosomal SNARE is 

required for fusion with the lysosome through which Stx17 interacts with SNAP-29 

and the lysosomal SNARE VAMP8 [13]. Finally, the cargo molecules inside of 

autolysosomes are digested by lysosome hydrolase. 

There are about 40 autophagy related proteins have been found that are involved 

in steps of autophagy process [14]. Although autophagy related genes (Atg) were 

discovered first in yeast, autophagy process and majority of Atg proteins are also 

highly conserved in lower eukaryotes to mammals [15]. For autophagy initiation, 
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ULK1 which is mammalian homologue of the first identified autophagy-related gene 

1 (Atg1) is important for induction of autophagy. ULK1 forms a complex with three 

autophagy proteins: 200 kDa FAK Family Kinase-Interacting Protein (FIP200), 

ATG13 and ATG101. Interactions between ULK1 and ATG13 or FIP200 can stabilize 

and enhance the kinase activity of ULK1. Kinase activity of ULK1 also can be 

promoted or inhibited by AMPK or mTOR complex 1 (mTORC1). Given that both 

AMPK and mTORC1 have a role of key regulators of autophagy mechanism through 

ULK1 site-specific phosphorylations [9], autophagy activity is closely coordinated 

with cellular metabolism and growth (Figure 2). 

Not only phosphorylation, other forms of post-translational modification also 

regulate the multiple components of the autophagy machinery. Among them, 

ubiquitination regulates protein levels by marking proteins for intracellular 

degradation [16]. However, the molecular mechanisms which regulate the functional 

activity and stability of each ATG proteins involved in distinct steps of autophagy are 

still largely unknown.  
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1.1.2 Autophagy assay 

Among known ATG proteins, two well-known proteins are widely used for 

measuring autophagy activity. Microtubule-associated protein 1 light chain 3 (LC3), 

a mammalian orthologue of yeast Atg8, is usually dispersed in cytosol during basal 

conditions. However, it localizes to autophagic membranes, including the phagophore, 

the autophagosome, and the autolysosome in stress condition [17,18]. During 

autophagy induction, LC3 proteins were cleaved by a protease, ATG4  to form 

cytosolic forms of LC3-I which were conjugated with phosphatidylethanolamine (PE) 

in precursor form of autophagic vesicles, phagophore to become LC3-II (LC3-PE 

form). The conjugation between LC3 and PE is also promoted by the ATG12–ATG5 

conjugate with ATG16L1. Then LC3-II is recruited to autophagosome (autophagic 

veisicle ) membranes. Finally, LC3 is recycled from LC3-II from PE by a second 

Atg4-dependent cleavage , while LC3-II in the autolysosomal lumen is degraded by 

autophagy. Thus, LC3 conversion (LC3-I to LC3-II) and lysosomal degradation of 

LC3-II reflect the progression of autophagy [19]. In addition to detecting LC3 

conversion, green fluorescence protein (GFP)-tagged LC3 or tandem GFP-Red 

fluorescence protein (RFP) tagged LC3 can be used for determining autophagy 

activity. Using GFP-LC3, fluorescence microscope can detect the autophagy by 

changes to cytosol GFP to GFP puncta form which represents autophagosome. The 

other method using tandem GFP-RFP-LC3 with different pH sensitivity fluorescence 

protein which consists of pH stable RFP and pH sensitive GFP. Both green and red 
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tandem signals are expected in autophagosome while only green signal is vanished 

when fused with lysosome [20]. 

 Another protein is p62 / A170 / SQSTM1 (p62). p62 is a ubiquitin‐binding scaffold 

protein that colocalizes with ubiquitinated protein aggregates. p62 is able to 

polymerize via an N‐terminal PB1 domain and can interact with ubiquitinated 

proteins via the C‐terminal UBA domain for combining with target cargo molecules 

and bring them into autophagosome [21]. Also, p62 binds directly to LC3 and 

GABARAP family proteins to facilitate degradation of cargo molecules [22].Then 

p62-cargo molecules complex is degraded together in autolysosome. Thus, autophagy 

activities can be detected by the levels of degradation of p62 in consequence (Figure 

3).  
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Figure 1. Autophagy process. Autophagy is an intracellular catabolic 

pathway for maintaining cellular homeostasis. When autophagy is activated, 

the precursor form of autophagic vesicle called phagophore is formed in the 

inside of a cell. The targets molecules are gathered into phagophore and 

matured to a vesicle called autophagosome. This autophagosome is fused 

with lysosome and become autolysosome. Finally, the cargo molecules are 

degraded by lysosomal hydrolases.   



8 

 

 

Modified image refers to Lee, J. S., et al. Regulation of Autophagy Is a Novel Tumorigenesis-Related Activity of 
Multifunctional Translationally Controlled Tumor Protein. Cells (2020).  
 

Figure 2. The steps for initiating Autophagy. When cellular stress is induced, 

AMKP activates ULK1 by phosphorylation on multiple serine residues. 

Then ULK1 which is one of serine/threonine protein kinase is activated and 

initiates autophagy process. Activated ULK1 phosphorylates Class III PI3K 

complex that contains Beclin1, VPS34 to start nucleation for forming 

autophagosome precursors, phagophore .[23] . 
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Modified image refers to https://www.novusbio.com/support/faqs-autophagy-and-lc3  

 

Modified image refers to Kim, H., & Seong, J. Fluorescent Protein-Based Autophagy Biosensors. Materials, (2021).  
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Figure 3. LC3 and p62 are used as the markers of autophagy activity. (A) 

When autophagy is induced, cytosolic LC3-I form is converted to 

autophagosome-attached LC3-II forms. Autophagy activity can be detected 

with the conversion of LC3 I to II form in Western blot. Another marker, 

p62 is known as a cargo receptor protein. It binds and brings with target 

cargo molecules to the autophagosomes, then degraded with them together. 

Therefore, the levels of autophagy also can be detected by degradation of 

p62 [24]. (B) Green Fluorescence Protein (GFP)-tagged LC3 is also used for 

measuring autophagy activity. When autophagy is activated, cytosolic 

diffused forms of subcellular localization of GFP-LC3 are changed into the 

puncta forms of GFP-LC3, representing LC3-II form conjugated into 

autophagosome or vesicle precursor-phagophore . The change of subcellular 

localization of GFP-LC3 can be detected by fluorescence confocal 

microscopy analysis. (C) RFP-GFP-LC3 is a tandem Fluorescence Protein-

tagged LC3 consisting a pH-stable RFP and a pH-sensitive RFP. Both green 

and red signals can be detected in autophagosomes, while green signal 

disappears when autophagosome fused with lysosome [20]. 
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1.1.3 Autophagy in Cancer 

In cancer development ,the role of autophagy process is considered as a double-

edged sword. In initial stages of tumorigenesis, autophagy has a role as a tumor 

suppressor by degrading damaged organelles or harmful agents, thereby suppressing 

the spread of damage including DNA alterations [25]. For instance, one of early 

stages of autophagy proteins, Beclin-1/ATG6 is an important protein that makes 

autophagy may serve as a tumor suppressor. Previously reported that there is a higher 

rate of spontaneous carcinomas and lymphomas in lung, liver and breast tissue in 

beclin 1 +/− mice than that of beclin 1 +/+ mice [26]. Also, monoallelically deleted or 

epigenetically silenced Beclin-1 has a portion in 50–70% of human breast, ovarian 

and prostate cancer [27]. Those reports indicates that autophagy is important a tumor 

suppressor for the development of cancer. 

However, in advanced or late stages of tumor development, autophagy has a role 

of tumor promoter because autophagy has ability to sustain cancer survival by 

maintains the functional mitochondria or intracellular recycling that provides 

substrates for metabolic needs in stressful microenvironments. One of oncogenic 

events that creates autophagy dependence in cancer is activation of Ras oncogenes. 

The model of spontaneous KRASG12D-driven non-small-cell lung cancer (NSCLC) 

demonstrated that atg7-deficient tumors accumulated dysfunctional mitochondria 

[28]. In addition, inhibition of autophagy by FAK family-interacting protein of 200 

kDa (FIP200) deletion suppresses tumor progression in a mouse model of breast 

cancer driven by the PyMT oncogene [29].  
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Moreover, basal autophagy is up-regulated by expression of a H-rasV12 or K-ras 

V12 oncogene, which is required for tumor cell survival in starvation and in 

tumorigenesis [30]. In addition to its tumor-promoting activity, autophagy makes a 

notable contribution to resistance to distinct types of therapy that can be a serious 

obstacle for successful treatment. 

In this study, a pancreatic cancer cell line, MIAPaCa-2 is used. Pancreatic ductal 

adenocarcinoma (PDAC) originates from malignant pancreatic acinar epithelial cells 

and is the most common types of pancreatic cancer. Globally, PDAC is the twelfth 

most common malignant tumor and the seventh leading cause of cancer-related deaths, 

with a 5-year survival rate of only 9% [31]. In PDAC patients, the oncogene, KRAS, 

and tumor suppressor gene, TP53, are the most frequently altered genes (Figure 4B).  

Pancreatic cancers tend to have a distinct dependence on autophagy. Pancreatic 

cancer primary tumors and cell lines show elevated autophagy under basal conditions 

[32]. Moreover, KRASG12D mice in vivo model that lacking ATG5 or ATG7 developed 

low-grade malignant peripancreatic lesions, which did not progress to high-grade 

malignant PanIN and PDAC [33] (Figure 4). Therefore, regulating autophagy levels 

in pancreatic cancer may obtain more attention as one of anti-cancer strategies.  
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(Upper) Modified image refers to Luchini, Claudio, et al. "KRAS wild-type pancreatic ductal adenocarcinoma: 
molecular pathology and therapeutic opportunities.“ Journal of Experimental & Clinical Cancer Research 39.1 
(2020): 1-10. 
(Bottom) Modified image refers to Bryant, Kirsten L., et al. "KRAS: feeding pancreatic cancer proliferation." Trends 
in biochemical sciences 39.2 (2014): 91-100.  
 

Figure 4. KRAS mutation is a main cause of PDAC. Genetic progression of 

pancreatic ductal adenocarcinoma (PDAC). KRAS activation by its point 

mutations, is a major cause of pancreatic cancer cells (About 90%). 

Pancreatic intraepithelial neoplasias (PanINs), small microscopic abnormal 

duct structures, are believed to be precursors to invasive pancreatic cancer. 

In mouse model studies where targeted KRAS activation in acinar cells 

causes PanIN lesion development suggest that this is the cell of origin for 

PDAC. KRAS activating mutations can be found in normal pancreas and 

PanIN-1. Addition to KRAS, in PanINs with high-grade dysplasia and in 

invasive cancer, tumor protein 53 (TP53) and SMAD4 inactivating 

mutations appear to be late events [33,34]  
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1.2 ATG101 

1.2.1 ATG101, a novel protein in ULK1 complex 

Under the nutrient sufficient conditions, a well-known autophagy inhibitor mTOR 

prevents ULK1 activation by phosphorylating ULK1 [9]. However, in nutrient 

starvation or growth factor depletion, autophagy is induced by AMPK. The 

mTORC1 dependent phosphorylation sites in ULK1 are rapidly dephosphorylated 

and energy sensor AMKP block the mTOR and phosphorylates ULK1. ULK1, a 

serine/threonine protein kinase, auto-phosphorylates and phosphorylates ATG13 

and FIP200 thereby initiating autophagy process [35].  

ULK1 complex is consist of 4 proteins, FIP200/RB1CC1, ATG13 and 

ATG101/C12orf44. ATG101 was originally identified as an interacting partner of 

ATG13. ATG101 associates with the ULK-ATG13-FIP200 complex, most likely 

through direct interactions with ATG13 [27]. Under the presence of ATG13, ATG101 

is localized to ULK1 for further autophagy process [36].  

At first, ATG101 was known for accessory protein of ATG13 for stabilizing. 

Degradation of overexpressed ATG13 was blocked in overexpression of ATG101 

[37]. However, a previous report demonstrated that ATG101 has an essential role in 

autophagy. Downregulation of ATG101 shows the defect of GFP-LC3 dot formation 

and blocks conversion of LC3-I to II [29]. These results indicate that ATG101 is a 

novel autophagy protein that is required for autophagy and functions together with 

ULK1, ATG13 and FIP200.  
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1.2.2 Structure of ATG101 

The precise functions and structural features of ATG101 have been actively 

studied recently. WF finger domain on ATG101 recruits the downstream factors to 

autophagosome formation site via GFP-LC3 puncta assay [38]. Hop1p/Rev7p/MAD2 

proteins (HORMA) domain on ATG101 that is needed for interaction with ATG13 is 

also required for starvation-induced autophagy [39]. Mutation studies revealed that 

the residues present on WF finger (W110, F112, and P111) did not rescue the defect 

in formation of GFP-LC3 puncta when these residues in WF domain were mutated 

into Alanine. Moreover, L30 and H31 residues on ATG101 that are responsible for 

binding with ATG13 also did not rescue the levels of autophagy activity. With these 

mutation forms of ATG101, its interactions with ATG13 or ULK1 complex were not 

detected using immuno-precipitation [38]. 

Recently, our lab and the collaborators have identified that the protruding C-

terminal structure of ATG101 is a key structure for interacting with components of 

multiple class III phosphatidylinositol 3-kinase (PtdIns3K) complex such as Beclin1, 

Atg14, and Vps34 [40] (Figure 5). Therefore, ATG101 plays a major role in linking 

ULK1 and PtdIns3K complexes for autophagy nucleation. 

  



16 

 

 

Kim, Byeong-Won, et al. "The C-terminal region of ATG101 bridges ULK1 and PtdIns3K complex in autophagy 
initiation."Autophagy. (2018) 

 

Figure 5. Structural study and the C-terminal region of ATG101. ATG101 

was originally identified as interacting partner and stabilizer of ATG13 with 

HORMA domain for further autophagy steps (Left). Protruding C-terminal 

region of ATG101 is distinguished from ATG13 HORMA domain or WF 

finger. It is a key structure for interacting with components of multiple class 

III phosphatidylinositol 3-kinase (PtdIns3K) complex (Right) [40]. 
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1.3  Ubiquitination 

1.3.1 Ubiquitination 

ULK1 activity is modulated by various post-translational modifications (PTM) [41, 

42]. Ubiquitination is one of the PTMs to regulate ULK1 stability and further 

influences on the autophagy pathway [43]. Ubiquitin proteasome system (UPS), a 

major cellular degradation pathway, maintains cellular homeostasis, whereas, a 

lysosome-mediated degradation pathway, autophagy plays a role in degrading and 

recycling misfolded proteins, protein aggregates, and damaged or malfunctioning 

organelles [44]. In addition to ubiquitinating cargoes for these pathways, multiple 

signaling pathways tend to connect both autophagy and UPS closely.  

 In polyubiquitination, the types of branched ubiquitin chains are major determinants 

of the target protein's functions and fates [45]. For instance, K48 ubiquitination on 

AMBRA1 is regulated by RNF2 E3 ligase, leading to its proteasomal degradation 

[46]. Therefore, various types of ubiquitination that control ATG proteins can be the 

regulators in each step of autophagy. Also, this regulation has important implications 

for cancer progression and the cellular responses to the cancer treatment . 
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1.3.2 E3 ligase in ubiqutination 

Polyubiquitination is carried out by enzymes such as ubiquitin-E1, E2, and E3. E1 

ligase is a ubiquitin-activating enzyme that activates ubiquitin by binding it with 

cysteins. Then the ubiquitin is passed to E1 ligase which is ubiquitin-conjugating 

enzymes. Again, C-terminus of cysteine in the ubiquitin is linked to E2 ligase. Finally, 

the ubiquitin is conferred to final protein target by E3 ligase for recognition by 

proteasome pathway [47]. 

As ULK1 complex is important for autophagy initiation, activities of complex is 

regulated by both phosphorylation and ubiquitination. Recently, various E3 ligases 

have been identified that regulates ubiquitination of ULK1 for carrying out distinct 

roles in modulating ULK1 stability and activity. For instance, TRAF6 positively 

regulates K63 ubiquitination of ULK1, thereby enhancing ULK1 stability and 

function. Moreover, association between ULK1 and TRAF6 is controlled by the 

cofactor AMBRA1 and depends on status of ULK1 phosphorylation [48]. While, 

NEDD4-like E3 ligase (NEDD4L) also has a critical role of ULK1 ubiquitination in 

negative way that disrupts stability.  

Although the effects of ubiquitination on ULK1 and other ATG proteins have been 

studied extensively, relatively little is known for one of ULK1 complex components 

ATG101.   
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Modified image refers to https://www.mycancergenome.org/content/pathways/protein-degradation-ubiquitination/  

 

Modified image refers to Swatek, K. N., & Komander, D. Ubiquitin modifications. Cell research, (2016).  
 

Figure 6. Ubiquination processes and the various types of ubiquitinations. 

(A) Protein ubiqituination started with binding between E1 ligase and C-

terminus of cystein in the ubiquitin molecule. The ubiquitin molecule is 

conferred to E2 and E3 ligases in order, then E3 ligase catalyzes the 

formation of an isopeptide bond between ubiquitin and substrate. Finally, 

ubiquitinated substrates are targeted to the proteasome for degradation [49]. 

(B) In polyubiquitination, the types of branched ubiquitin chains are major 

determinants of target protein function and fate. Among various types of 

ubiquitination, Many studies have reported that Lys(K)-63-linked ubiquitin 

chains target proteins for autophagic degradation, whereas proteins 

conjugated to Lys(K)-48- or Lys(K)-27-linked chains are likely to undergo 

proteasomal degradation [50].  
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1.3.3 HUWE1, ubiquitin E3 ligase 

Ubiquitination requires an E3 ligase, which is responsible for substrate recognition 

and conferring ubiquitin molecules. One of E3 ligases, HUWE1 is a HECT domain-

containing ubiquitin E3 ligase that catalyzes both mono-ubiquitination and K6-, K48- 

and K63-linked poly-ubiquitination of its substrates. At the C-terminus of HUWE1, 

there is a HECT domain having catalytic residues for ubiquitin-thioester formation. 

Thus, this HECT domain has enzymatic activity and modulates direct substrate 

ubiquitination [51].  

HUWE1 is associated with tumorigenesis and metastasis because many of its 

substrates play a crucial role in maintaining the cellular homeostasis and development. 

[52]. One of the proto-oncogene, Myc is also regulated by HUWE1, suggesting an 

oncogenic role. K63-linked polyubiquination is induced by HUWE1 on c-MYC 

which is required for recruitment of p300, coactivator [53]. Previous studies have 

shown that knockdown of HUWE1 reduces Myc functions in breast cancer cell lines 

and co-depletion of HUWE1 and Mnt, an antagonist of MYC further abolished the 

colony formation in HeLa cells [54]. However, in colorectal cancer, HUWE1 plays 

as a tumor suppressor that prevents MYC-mediated oncogenic signals. In the model 

of genetic deletion of HUWE1 in colorectal cancer, tumorigenesis is rapidly 

accelerated by loss of the intestinal tumor suppressor gene APC regulator of WNT 

signaling pathway (APC), with a significant increase in tumor initiation [55]. 

Moreover, HUWE1 also regulates autophagy proteins. When WIPI2, the autophagy 

protein that links LC3 conjugation with PI3P [56], is phosphorylated by mTOR, 
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interaction between WIPI2 and HUWE1 is enhanced. Then WIPI2 is ubiquitinated 

by HUWE1 for degradation [57], thereby reducing the autophagy flux. Since 

autophagy is considered as a tumor promoting role in developed cancer, HUWE1 may 

plays as tumor suppressor by ubiquitinating WIPI2, an autophagy protein. 

Here, I investigated the roles of ATG101 ubiquitination in autophagy process and 

the survival of cancer cells. Also, I identified that ATG101 ubiquitination is regulated 

by HUWE1 comparing with other E3 candidates and the C-terminal region of 

ATG101 is essential for ubiquitination. Therefore, stabilization of ATG101 has a 

crucial role for regulating autophagy activity which can be a critical modulator for 

cancer cell survival under metabolic stress conditions,. 
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2. Materials and Methods 

 

2.1  Cell lines  

MIA PaCa-2, HEK293T, and HeLa cells were kindly provided by YH Kim, KT Kim 

(National Cancer Center Korea), which are originally purchased from the American 

Type Culture Collection (ATCC; Manassas, VA, USA). All cells were maintained at 

5% CO2 and 37 ℃ in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 100 U/mL penicillin, 

and 100 μg/mL of streptomycin (Gibco, Waltham, MA, USA) For starvation media, 

Earle’s Balanced Salt Solution (EBSS) or Hank’s balanced saline solution (HBSS) 

was used as a base solution and then supplemented with 10% dialyzed FBS, glucose, 

vitamins, HEPES and minerals at the same concentration as in DMEM. 

 

2.2  Generation of Stable Cell Lines 

GFP-LC3 or mCherry-GFP-LC3 was stably expressed in HeLa and MIA PaCa-2 

cells using a retroviral vector following standard protocols for viral transduction. For 

generating HUWE1 knockdown cell lines, Lenti-viral vector (pLKO.1; Addgene) 

expressing shRNA against HUWE1 was constructed. The following shRNA 

sequences were used for the constructs : Forward : 5’-

CCGGCCACACTTTCACAGATACTATCTCGAGATAGTATCTGTGAAAGTGT

GGTTTTTG-3’, Reverse: 5’- 

AATTCAAAAACCACACTTTCACAGATACTATCTCGAGATAGTATCTGTGAA
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AGTGTGG -3’. Stable knockdown cells were generated using the lentiviral vector 

harboring either shHUWE1 or a scramble shRNA as a control following standard 

protocols for viral transduction. For generating non-targeting sgRNA and ATG101 

KO cell lines, LentiCRISPRv2-based ATG101 CRISPR-Cas9 guide RNA expression 

plasmid (Gene Script, U0448BI200-1; Piscataway, NJ, USA,) and LentiCRISPRv2-

sgControl expression plasmid was used. The following sgControl sequence was used 

for the constructs : 5’-CACCGGCACTACCAGAGCTAACTCA-3‘. Then viral 

transduction processes were followed by standard protocols. Subsequently after 

appropriate selection steps, immunoblotting was performed to test the expression of 

the proper gene sets in stable cell lines. Cells were transfected with Lipofectamine 

2000 (Invitrogen, Carlsbad, CA, USA) with plasmid DNAs in Opti-MEM media 

(Gibco) following standard protocol.GFP-LC3 in the MigRI-based retroviral vector 

was generously provided by Craig Thompson. HeLa and MIA PaCa-2 stably 

expressing GFP-LC3 were generated following standard protocols for retrovirus 

transduction.   

 

2.3  Antibodies and reagents 

Primary antibodies against ATG13 (13468), ATG101 (13492), LC3B (2775) and 

WIPI2 (8567) were purchased from Cell Signaling Technology (Danvers, MA, SA); 

Antibodies against HUWE1 (A300-486), β-actin (A300–491A), HA (A190–108A) 

and WIPI2 (A305-324A) were purchased from Bethyl Laboratories(Montgomery, TX, 

USA); those against FLAG M2 (F1804) and FLAG (F7425) were purchased from 
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Sigma Aldrich (St. Louis, MO, USA); antibody against GFP (mouse SC-9996) (rabbit 

SC 8334) were purchased from Santa Cruz Biotechnology; and antibody against p62 

(610832) was purchased from BD Bioscience; antibody against ATG14 (GTX119950) 

was purchased from GeneTex (Hsinchu, Taiwan). Secondary antibodies against 

horseradish peroxidase-linked anti-rabbit (A120–101P) and anti-mouse (A90–116P), 

were purchased from Bethyl Laboratories. Hoechst 33342 (H3570), LipofectamineTM 

2000 (11668019), LipofectamineTM RNAiMAX (13778150) were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Rapamycin (Rapamycin from 

Streptomyces hygroscopicus, R0395), CCCP (carbonyl cyanide 3- 

chlorophenylhydrazone, C2759), Chloroquine (CQ, C6628), MG132 (M7449), and 

Cycloheximide (CHX, C4859) were purchased from Sigma Aldrich. Protease 

inhibitor cocktail tablets (11697498001) were purchased from Roche Applied 

Bioscience (Penzberg, Germany).  

 

2.4  DNA Construct and siRNA 

For constructing the FLAG-ATG101, ATG101 encoding DNA fragment that 

amplified by a polymerase chain reaction (PCR) was inserted between the EcoRI and 

XhoI sites of the pCMV9-3x FLAG vector. The full-length ATG101 cDNA was 

provided by the Korea Human Gene Bank (Daejeon, Korea). A plasmid encoding 

GFP-LC3B in a MigRI-based retroviral vector removed GFP reporter was generously 

provided by Dr. Craig Thompson (Memorial Sloan Kettering Cancer Center, New 

York, NY, USA). A plasmid encoding mCherry-GFP-LC3B in pBabe vector was 
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provided by Dr. Jayanta Debnarth through Addgene (22418) (Watertown, MA, USA). 

Plasmids encoding HA-ubiquitin and pcDNA3-HA were provided by Dr. Seok Hee 

Park (Sungkyunkwan University, Seoul, Korea). Plasmids pRK5-HAubiquitin-WT, 

pRK5-HA-ubiquitin-K27, pRK5-HA-ubiquitin-K48, pRK5-HA-ubiquitin-K63 were 

kindly provided by Dr. Jaewhan Song (Yonsei University, Seoul, Korea). Negative 

control siRNA (non-targeting pool) and siRNA targeting the genes of interest were 

purchased from Genolution Inc. (Seoul, Korea). As following siRNA sequences were 

used for the indicated target genes: siControl : 5’-

CUCGUGCCGUUCCAUCAGGUAGUU-3’ ; siATG101, 5’-

ACUUCAUCGACUUCACUUATT-3’ (#1) and 5’-CAGCCCUACCUGUACAA 

GATT-3’ (#2); siHUWE1, 5’-CAUUGGAAAGUGCGAGUUA-3’ (#1) and 5’-

CUGUGAGAGUGAUCGGGAA-3’ (#2); siCHIP, 5’-

CGAGCGCGCAGGAGCTCAA-3’ (#1) and 5’-AGCTGGAGATGGAGAGCTA-

30(#2); siTRAF6, 50-CCACGAAGAGAUAAUGGAUGCCAAA-30 (#1) and 50- 

GTTCATAGTTTGAGCGTTA-3’ (#2); siWIPI2, 5’-TACGGAAGATGTGTGCATT-

30 (#1) and 5’-GACAGUCCUUUAGCGGCATT-3’ (#2). 

 

2.5 Site-directed mutagenesis  

All mutants of ATG101 were generated by site-directed mutagenesis, substituting 

the central 1–2 nucleotides of the desired mutagenic site with two complimentary 

mutagenic primers using the Muta-Direct site-directed mutagenesis kit (iNtRON 

Biotech, Sungnam Korea; cat no. 15071), following the manufacturer’s instructions. 
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2.6 LC–MS/MS Analysis 

The protein samples were precipitated using cold acetone, reduced with 10 mM 

dithiothreitol (DTT), and alkylated with iodoacetamide (IAA). The alkylated samples 

were digested with mass spec grade trypsin/lys-C mix in 50 mM Tris-HCl (pH 8) for 

12 h at 37 ℃. The digested peptides were analyzed by a Q Exactive hybrid 

quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific) coupled with an 

Ultimate 3000 RSLCnano system (Thermo Fisher Scientific). The peptides were 

loaded onto trap columns (100 µm × 2 cm) packed with Acclaim PepMap100 C18 

resin, separated on an analytical column (EASY-Spray column, 75 µm × 50 cm, 

Thermo Fisher Scientific), and sprayed into the nanoelectrospray ionization source. 

The Q Exactive Orbitrap mass analyzer was operated in a top ten data-dependent 

method. Full MS scans were acquired over a range of 300–2000 m/z with a mass 

resolution of 70,000 (at 200 m/z). The automatic gain control target value was 1.0 × 

106. The ten most intense peaks with charge state ≥2 were fragmented in the higher-

energy collisional dissociation collision cell with normalized collision energy of 30, 

and tandem mass spectra were acquired in the Orbitrap mass analyzer with a mass 

resolution of 17,500 at 200 m/z. Database searching of all raw data files was 

performed using Proteome Discoverer 2.2 software (Thermo Fisher Scientific). 

SEQUEST-HT was used for database searching against the Swiss-Prot Homo sapiens 

database. Database searching against the corresponding reversed database was also 

performed to evaluate the false discovery rate (FDR) of peptide identification. The 

database searching parameters included precursor ion mass tolerance 10 ppm, 
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fragment ion mass tolerance 0.08 Da, fixed modification for carbamidomethyl 

cysteine, and variable modifications for methionine oxidation. I obtained an FDR of 

less than 1% on the peptide level and filtered for high peptide confidence. 

 

2.7  Immunoprecipitation 

Ubiquitin, ATG101 and WIPI2 were tagged with a human influenza HA epitope, 

FLAG and GFP, respectively. Epitope-tagged proteins were co-expressed in 

HEK293T and MIA PaCa-2 cells. In the stage of cell harvest, HEK293T cells were 

washed with ice-cold PBS and lysed in lysis buffer containing 1% NP-40, 0.2 mM 

PMSF, 10 mM NaF, 20 mM Tris-HCl, 10% glycerol, 2 mM EDTA, 1 mM Na3O4V, 

150 mM NaCl, protease inhibitor cocktail (11836153001; Roche Applied Bioscience) 

and 1% phosphatase inhibitor cocktail (Sigma Aldrich). Then, each 0.5 mg of cell 

lysates were incubated with 2 µg primary antibodies against FLAG M2 (Sigma 

Aldrich), HA (Bethyl Laboratories), GFP (Santa Cruz), HUWE1 (Bethyl 

Laboratories), rabbit IgG (Sigma Aldrich), or mouse IgG (Sigma Aldrich) at 4 ℃ for 

90 min. Then, 50 µL protein A agarose beads (GenDEPOT, Katy, TX, USA) were 

added and incubated at 4 ℃ for overnight. Immunoprecipitates were washed three 

times with wash buffer and then eluted by boiling in Sodium dodecyl sulfate (SDS) 

sample buffer with β-mercaptoethanol (β-ME) for 5 min. Then, western blot was 

performed for immunoblotting immunoprecipitates with the indicated antibodies. 

Liquid chromatography mass spectrometry (LC–MS) was used for analyzing the 

immunoprecipitated complex.  
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2.8  Fluorescence Microscopy Analysis of Autophagy 

Cell lines stably expressing LC3B tagged with GFP were used for monitoring 

autophagy activity by confocal fluorescence microscopy. Cells stably expressing the 

tandem mCherry-GFP-LC3 construct were also used. MIA PaCa-2 and HeLa cells 

stably expressing GFP-LC3 or mCherry-GFP-LC3 and transfected with either control 

or HUWE1 shRNA were cultured in a glass-bottomed chamber (Lab-Tek; Thermo 

Fisher Scientific) overnight, and then replaced with DMEM culture medium 

containing the indicated chemicals or starvation media for the indicated time periods. 

Nuclei were stained using Hoechst 33342. Images were acquired with the LSM780 

confocal fluorescent microscope (Carl Zeiss, Oberkochen, Germany) and the percent 

of either GFP-LC3 puncta area or mCherry-LC3 puncta area were normalized to the 

Hoechst 33342-stained area, which was quantified using ZEN black software (Carl 

Zeiss). The area of LC3 puncta was counted in five different arbitrary areas from three 

independent experiments. 

 

2.9  Cell Proliferation and Death Assay 

Cell proliferation was measured using the image-based cell proliferation analyzer 

IncuCyteTM (Essen Instruments, Ann Arbor, MI, USA). Cells were cultured in nutrient 

complete DMEM media on multi-well plates overnight and imaged throughout the 

indicated time period. IncuCyteTM automated cell proliferation detector was used to 

measure cell proliferation through quantitative kinetic processing metrics derived 
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from time-lapse image acquisition and presented as a percentage of cell confluence 

over time. Cell viability was determined by Annexin V and PI staining following 

standard protocols at the indicated time periods (556547, BD Biosciences, San Jose, 

CA, USA). Cells negative for both Annexin V and PI were considered live cells. The 

proportion of dead cells was measured based on the number of Annexin V and PI 

single and both-stained cells. The fluorescence of stained cells was detected using the 

FACS Verse analyzer (BD Biosciences).  

 

2.10  Western Blotting 

Cells were harvested in ice-cold RIPA lysis buffer (50 mM Tris-Cl, pH 7.4, 150 

mM NaCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 1 mM EDTA) containing 

protease inhibitor cocktail (Roche Applied Bioscience) and phosphatase inhibitor 

(Sigma Aldrich). Soluble lysate fractions were isolated by centrifugation at 20,000× 

g, for 20 min at 4 ℃ and quantified using the Pierce bicinchoninic acid (BCA) Protein 

Assay kit (Thermo Fisher Scientific). Samples were resolved by SDS polyacrylamide 

gel electrophoresis using equal concentrations of protein and transferred to 

polyvinylidene fluoride membranes. The membranes were blocked with 5% skim 

milk and then probed with the indicated primary and secondary antibodies following 

standard protocols. Image J software (NIH, Bethesda, MD, USA) was used for 

quantification of the indicated bands.  
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2.11  Statistical Analyses  

Immuno-blotted proteins were quantified and using Image J software version 1.50i 

(NIH, Bethesda, MD, USA) and normalized by loading control. Data are expressed 

as the mean ± standard error of the mean, which are from at least three independent 

experiments. Statistical significance was calculated using Student’s t test in Graph 

Pad Prism 8. A value of p < 0.05 was considered statistically significant (* p < 0.05; 

** p < 0.01 ; *** p < 0.001).  
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3. Results 

3.1 Autophagy-related protein 101 (ATG101) is required for 

autophagy to promote cell growth and survival 

Previously, our lab has identified that ATG101 is required for activating autophagy 

and promoting cancer cell growth and survival [58]. To confirm the notion that 

ATG101 influences cancer growth and survival via induction of autophagy, I first 

conducted assays comparing proliferation rates of MIA PaCa-2 pancreatic cancer 

cells between sgControl (irrelevant sgRNA)-transfected cells and corresponding 

sgATG101-transfected ATG101 knockout (KO) cells generated using the Lenti-

CRISPR system [59, 60]. Compared to corresponding sgControl cell lines, ATG101 

KO cell line demonstrated slower cell proliferation rate, even under nutrient complete 

conditions, as measured using the image-based IncuCyte™ system (Figure 7A). 

Annexin V/propidium iodide (PI) staining and fluorescence activated cell sorting 

(FACS) also revealed greater portions of dead cells (Annexin V- or PI-positive) 

among ATG101 KO cells compared to WT MIA PaCa-2 cells, under nutrient 

deprivation (Figure 7B). Thus, ATG101 appears to promote the proliferation and 

survival of cancer cells, possible by activating or maintaining autophagy, a notion 

investigated in subsequent experiments. To directly examine the contribution of 

impaired autophagy from ATG101 KO to reduced cancer cell proliferation and 

survival, I measured autophagy activity under nutrient starvation by immunoblotting 

and subcellular localization of the autophagy marker proteins. Immunoblot analysis 

revealed more accumulated levels of p62 and cytoplasmic LC3-I form than the levels 
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of autophagosome-bound LC3-II forms (lower levels of the ratio LC3-II/I) in 

ATG101 KO cancer cells compared to corresponding sgCTL cells under both nutrient 

complete and amino acid-deprived conditions (–AA) (Figure 7C). 

Moreover, ATG101 KO cells stably expressing GFP-tagged LC3 showed 

significantly fewer GFP-LC3 puncta (measured as the ratio of the green fluorescent 

puncta area of GFP to total DAPI stained area) compared to sgControl cells under 

both nutrient complete and amino acid-deprived conditions (Figure 7D). These results 

indicate that ATG101 has a critical role on autophagy induced by nutrient starvation. 
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Figure 7. Autophagy-related protein 101 (ATG101) is required for 

autophagy to promote cell growth and survival. (A) Knockout of ATG101 

(sgATG101) in MIA PaCa-2 cells using the Lenti-CRISPR system reduced 

proliferation rate compared to Control (sgCTL) MIA PaCa-2 cells as 

measured by the IncuCyteTM analyzer. MIA PaCa-2 cells stably expressing 

GFP-LC3 were used. Cell confluence levels were measured in real-time and 

expressed as a proportion (%) of complete cell coverage. Error bars indicate 

the mean ± SEM of three independent experiments. (B) Knockout of 

ATG101 in MIA PaCa-2 cells also enhanced apoptotic death rate under 

nutrient deprivation as measured by Annexin V/propidium iodide (PI) 

staining and flow cytometry. WT or ATG101 KO MIA PaCa-2 cells were 

plated overnight and then incubated in HBSS or the medium without amino 

acids (amino acid deprivation, –AA) for 48 h. Error bars indicate the mean 

± SEM of three independent experiments. * p < 0.05; *** p < 0.001. (C) 

ATG101 knockout (KO) altered the levels of autophagy markers as 

measured by western blotting. Cell lysates prepared from Control (sgCTL) 

or ATG101 KO (sgATG101) stably expressing GFP-LC3 MIA PaCa-2 cells 

cultured in complete medium(COM) and in amino acid-deprived medium (–

AA) for 4 h, were immunoblotted for ATG101, p62, LC3B, and β-actin (gel 

loading control). (D) ATG101 KO reduced the formation of autophagosomes 

as measured by GFP-LC3 puncta. Control (sgCTL) or ATG101 KO 

(sgATG101) MIA PaCa-2 cells stably expressing GFP-LC3 were seeded 
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overnight and subsequently starved in amino acid-deprived medium (–AA) 

for 4 h. Cell nuclei were stained with Hoechst 33342, and images were 

acquired using a confocal fluorescence microscope. At least five distinct 

regions were imaged per condition and quantified. Scale bar: 20 μm. GFP-

LC3 puncta area was normalized to the Hoechst 33342 stained area and is 

presented as a percentage on the quantification graph. Error bars indicate the 

mean ± SEM of three independent experiments. * p < 0.05; *** p < 0.001. 
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3.2 The ubiquitination of ATG101 

3.2.1 ATG101 is regulated by ubiquitination 

Previously, our lab (and others) has reported that ULK1 is degraded through 

polyubiquitination [43, 48], suggesting that the UPS is an important regulator of 

autophagy under certain conditions. Further, our lab found that regulation of ULK1 

by ubiquitination in multiple cancer cell lines and an in vivo model of pancreatic 

cancer altered cancer proliferation and survival [43]. Here, I examined whether the 

ULK1 complex component ATG101 is also regulated by ubiquitination, and 

conducted additional experiments to identify the types of ubiquitin-conjugation and 

enzymes involved, as such information could help define therapeutic targets for 

autophagy modulation in cancer.  

Similar to ULK1, ATG101 in the same complex for autophagy initiation, the 

protein levels were gradually reduced in MIA PaCa-2 and HeLa cancer cell lines by 

treatment with the protein synthesis inhibitor cycloheximide (CHX). To examine 

whether this reduced expression was mediated by proteasomal or lysosomal 

degradation, I monitored protein levels during treatment with the proteasome 

inhibitor MG132 or the lysosomal inhibitor chloroquine (CQ). Only MG132 

treatment substantially preserved ATG101 levels, suggesting that ATG101 is 

degraded primarily via the proteasomal pathway (Figure 8A). To investigate the 

contribution of ubiquitination to proteasomal degradation, I performed co-

immunoprecipitation (co-IP) analysis using HA-ubiquitin and FLAG-ATG101. 

Subsequent western blotting revealed that immunoprecipitated ATG101 included a 

larger ubiquitinated form (Figure 8B).   
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Figure 8. ATG101 is regulated by ubiquitination. (A) Cellular ATG101 is 

degraded primarily via the proteasomal pathway. MIA PaCa-2 cells were 

plated overnight and incubated with the protein synthesis inhibitor 

cycloheximide (CHX, 10 μg/mL) alone or with the proteasome inhibitor 

MG132 (5 μM) or lysosome inhibitor CQ (10 μM) at the time indicated. For 

western blot analysis, ATG101 levels were normalized to β-actin as the gel 

loading control. Western blot band intensities were quantified by Image J. 

Quantification is presented on the graph. Error bars indicate the mean ± 

SEM of three independent experiments. * p < 0.05. (B) Degradation of 

ATG101 is associated with ubiquitination. ATG101 KO HEK293T cells 

were transfected with HA-Ubiquitin (Ub) and/or FLAG-ATG101, and 

FLAG-ATG101 was immunoprecipitated using anti-FLAG. 

Immunoprecipitates were analyzed by western blot using anti-HA. 
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3.2.2 ATG101 is ubiquitinated through C-terminus region 

Previously, our lab and collaborator have suggested that the C-terminal region of 

ATG101 is required for autophagy activity by functional and structural studies. It has 

also been reported that the ATG101 C-terminal region is necessary for interactions 

with Class III PI3K complexes and maintenance of autophagy activity [40]. Also, our 

lab has revealed that ubiquitination of ATG101 ΔC mutant is significantly reduced 

compared to Full length ATG101 [58]. To determine and confirm again that the C-

terminal region as a ubiquitination target, I transfected ATG101 KO cells with an 

ATG101 construct deleting the 20-amino acid C-terminal region (ATG101 ΔC) 

(Figure 9A). On western blot analysis, transfected ATG101ΔC was accumulated 

more in CHX-treated ATG101 KO cells than exogenous full length ATG101 (FL) 

(Figure 9B).  

To provide further support for C-terminal regulation of ATG101 ubiquitination, 

I performed additional co-IP experiments on ATG101 KO cells co-expressing 

exogenous ATG101ΔC or ATG101 FL with HA-Ubiquitin. Co-immunoprecipitation 

revealed substantial ubiquitination of ATG101 FL, but little ATG101ΔC 

ubiquitination (Figure 9C). Moreover, exogenous ATG101ΔC protein levels 

decreased more slowly under CHX treatment than exogenous ATG101 FL levels in 

ATG101 KO cells (Figure 9D).  

Given that the types of conjugated ubiquitin are major determinants of target 

protein function and fate, I next examined the structures of ubiquitin chains 

conjugated to ATG101 by co-IP of ATG101 with distinct WT ubiquitin, Lys-27-only, 
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Lys-48-only, and Lys-63-only ubiquitin constructs in which all other lysine residues 

were replaced by arginine. The levels of ubiquitin-conjugated ATG101 were 

monitored by pull-down analysis of FLAG-ATG101 with these specific lysine-only 

ubiquitin mutants and subsequent western blotting. The immunoprecipitated protein 

complexes of HA-Ub showed overall similar ubiquitin levels among various ubiquitin 

mutants. However, co-immunoprecipitation of the Lys-48-linked ubiquitin revealed 

lower ATG101 levels rather than immunoprecipitated complex with WT ubiquitin-, 

Lys-27- or Lys-63-linked ubiquitin mutant, implying that Lys-48 ubiquitin may be 

the ubiquitin type of link to ATG101 (Figure 9E).   
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Figure 9. Ubiquitination of ATG101 is regulated through the C-terminal 

domain. (A) Schematics for generating an ATG101 C-terminal domain 

deletion mutant (ATG101ΔC). (B) Removal of the ATG101 C-terminus (ΔC) 

reduced the rate of degradation. ATG101 KO MIA PaCa-2 cell were plated 

overnight and transfected with FLAG vector (Vec), ATG101 full length (FL) 

or ATG101ΔC (ΔC) for 24–48 h, then incubated in nutrient complete 

medium or amino acid deprivation medium (–AA) for 4 h prior to western 

blot analysis. (C) Removal of the ATG101 C-terminus (ΔC) reduced 

ubiquitination. ATG101 KO HEK293T cells were co-transfected with HA-
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Ub and FLAG-ATG101 FL or ΔC mutant. FLAG-ATG101 was 

immunoprecipitated with anti-FLAG, then the immunoprecipitated 

complexes were analyzed for ATG101 ubiquitination by western blotting 

using anti-HA. (D) Deletion of the C-terminus stabilized ATG101 protein 

during CHX treatment. MIA PaCa-2 cells were plated overnight, transfected 

with FLAG Vector (Vec), ATG101 (FL), or ATG101ΔC (ΔC) for 24 h, and 

then treated with CHX (10 μg/mL). Cell lysates were collected at the 

indicated time and immunoblotted for ATG101 and β-actin. ATG101 levels 

were normalized to β-actin (gel loading control). Quantification is presented 

on the graph. Error bars indicate the mean ± SEM of three independent 

experiments. ** p < 0.01. (E) The specific type of ubiquitin tends to 

conjugate to ATG101. Cells were transfected with ATG101 (FL) and a 

mutant ubiquitin with only a single lysine (K). The ATG101 promoted 

conjugation of K48-only ubiquitin. HEK293T cells were transfected with 

HA-Ub-wild type (WT), K27-only, -K48-only, or -K63-only ubiquitin 

mutants plus FLAG-ATG101, HA-Ubiquitin was immunoprecipitated using 

anti-HA, then the immunoprecipitated complexes of HA-Ub were analyzed 

for ATG101 ubiquitination by western blotting using anti-FLAG or anti-

ATG101. Western blot band quantification, ATG101 levels/HA-Ub levels 

from the immuno-complex subsequent to immunoprecipitation, is presented 

on the graph. Error bars indicate the mean ± SEM of three independent 

experiments. * p < 0.05.   



45 

 

3.2.3 ATG101 single lysine mutant in C-terminal region is not 

sufficient for altering autophagy activity 

To identify the specific residues ubiquitinated in ATG101, we first generated an 

ATG101 mutant in which K213, the sole lysine residue within the 20-amino acid C-

terminal region (amino acids 199–218), was replaced by arginine (K213R) (Figure 

10A). Then, the stability and ubiquitination status of ATG101 K213R was compared 

to ATG101 FL by co-IP analysis and western blotting. Protein levels of the ATG101 

K213R mutant remained relatively stable under CHX treatment compared to WT 

ATG101 (Figure 10A), indicating that ATG101 K213R may be a potential 

ubiquitination site triggering ATG101 degradation. However, western blotting 

subsequent to co-IP assays with FLAG-ATG101 K213R or WT FLAG-ATG101 and 

HA-Ubiquitin revealed similar levels of ubiquitin (Figure 10B), implying that K213 

is not the only site for ATG101 ubiquitination. As part of the ULK1 complex, 

ATG101 is required for autophagy initiation. To examine regulation of autophagy by 

K213 ubiquitination, we first investigated if the ATG101 K213R mutant could rescue 

autophagy in ATG101 KO cells under nutrient starvation. Unexpectedly, however, 

GFP-LC3 puncta assays revealed that ATG101 K213R could not restore autophagy 

as effectively as WT ATG101 (Figure 10C). These results indicate that the single 

lysine mutation in the C-terminus is not sufficient to alter total ubiquitination, 

although the stability of ATG101 is influenced by this mutation. 
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Figure 10. ATG101 Single lysine mutant in C-terminal region is not 

sufficient for altering autophagy activity. (A) Western blot analysis of 

ATG101 lysine mutants. ATG101 KO MIA PaCa-2 cells were plated 

overnight and transfected with FLAG-Vector (Vec), ATG101 WT(WT), 

ATG101ΔC (ΔC), ATG101 K105R(K105R), and ATG101 K213R (K213R). 

Cells were then treated with CHX (10 μg/ml) and lysed at the time indicated. 

Cell lysates were immunoblotted against ATG101. ATG101 levels were 

normalized to β-actin, which served as the gel loading control. Western blot 

band intensities were quantified by Image J. Quantification data is presented 

on the graph. Error bars indicate as mean ± SEM of three independent 

experiments. * P < 0.05. (B) Comparison of ubiquitination levels among 

ATG101 lysine mutants. HA-ubiquitin (HA-Ub) and FLAG-ATG101 WT, 

ΔC, K105R (105), or K213R (213) plasmids were co-transfected into 

ATG101 KO HEK293T cells. Cell lysates were immunoprecipitated with 

✱
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anti-FLAG antibody and ATG101 ubiquitination determined by 

immunoblotting against HA and FLAG. (C) Autophagosome formation in 

cells expressing an ATG101 lysine mutant. ATG101 KO MIA PaCa-2 cells 

stably expressing GFP-LC3 were plated overnight and transfected with 

FLAG vector (Vec) and ATG101 WT or K213R for 48 h. Images were 

acquired using a confocal fluorescence microscope. Imaging methods, 

quantification, and statistical analysis are as described in Figure 11C.  
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3.3 E3 ligase of ATG101 ubiquitnation  

3.3.1 HUWE1 mediates ATG101 ubiquitination and degradation 

To identify upstream E3 ubiquitin ligases targeting ATG101, I first screened for 

ATG101-interacting proteins in MIA PaCa-2 pancreatic cancer cells using 

immunoprecipitation and mass spectrometry. The E3 ubiquitin ligases 

immunoprecipitated with ATG101 are listed in Table 1. Among these E3 candidates, 

I examined whether HUWE1 regulates ATG101 stability, because HUWE1 has been 

reported to ubiquitinate and trigger the degradation of the autophagy protein WIPI2, 

thereby impacting autophagy activity [57]. Consistent with a similar function, MIA 

PaCa-2 cells transfected with a HUWE1-targeted siRNA exhibited relatively higher 

ATG101 protein levels than cells transfected with siControl (siCTL) under CHX 

treatment (Figure 11A). I next investigated whether HUWE1 can influence ATG101 

stability by regulating its ubiquitination. Cells were transfected with FLAG-ATG101 

and HA-Ubiquitin after transfection with several siRNAs targeting E3 ligases, and 

ubiquitin measured by western blotting. Cells transfected with siHUWE1 yielded 

significantly lower ubiquitin levels compared to cells transfected with siCTL or 

siRNAs targeting other E3 ligases, including TRAF6 (Figure 11B). I also performed 

a reverse immunoprecipitation analysis with HA-Ub in shCTL and shHUWE1 cells 

after co-transfection with FLAG-ATG101. Then ATG101 levels from the 

immunoprecipitated complexes of HA-Ub were analyzed by western blotting. 

ATG101 levels pulled down with ubiquitin in shHUWE1 cells revealed significantly 
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lower levels compared to that in shCTL cells (Figure 11C), suggesting that HUWE1 

is the predominant E3 ligase catalyzing ubiquitination of ATG101. Moreover, I also 

investigated the physical interaction between ATG101 and HUWE1 using co-IP and 

found that endogenous HUWE1 co-immunoprecipitated with endogenous ATG101 

in MIA PaCa-2 pancreatic cancer cells as well as with ectopically expressed FLAG-

ATG101 in HEK293T cells using a primary antibody against HUWE1, confirming a 

physical association between ATG101 and HUWE1 in basal conditions (Figure 11D, 

F). The interaction of ATG101 and HUWE1 under the nutrient starvation conditions 

was similar to that observed in the basal conditions (Figure 11E, F). Collectively, 

these results suggest that HUWE1 is the primary E3 ligase targeting ATG101 and 

that HUWE1-mediated ubiquitination negatively regulates ATG101 protein stability. 
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Figure 11. HUWE1 mediates ATG101 ubiquitination and degradation. (A) 

HUWE1 knockdown (KD) in MIA PaCa-2 cells increased ATG101 protein 

levels as measured by western blotting. MIA PaCa-2 cells were incubated 

with HUWE1 siRNA. for 24 h and then incubated with CHX (10 μg/mL) at 

the time indicated. Cell lysates were analyzed by western blotting using the 

indicated antibodies. Quantification and statistical analysis were as in Figure 

10A. (B) HUWE1 KD reduced ATG101 ubiquitination. HEK293T cells 

were transfected with siRNAs targeting ATG101 E3 ligase candidates 

(siCTL, siCHIP, siHUWE1, siTRAF6) for 24 h, then co-transfected with 
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HA-Ub and FLAG-ATG101 for 24 h. FLAG-ATG101 was 

immunoprecipitated with anti-FLAG. Immunoprecipitates were analyzed by 

western blot using anti-HA for determining ATG101. * non-specific bands. 

(C) HUWE1 KD reduced ATG101 ubiquitination. shCTL or shHUWE1 

HEK293T cells were co-transfected with HA-Ub and FLAG-ATG101. HA-

ubiquitin was immunoprecipitated with anti-HA, then the 

immunoprecipitated complexes were analyzed for ATG101 ubiquitination 

by western blotting using anti-FLAG. * non-specific bands. (D,E) Co-

immunoprecipitation demonstrates a possible physical interaction between 

HUWE1 and ATG101 in MIA PaCa-2 cells. Endogenous HUWE1 was 

immunoprecipitated using anti-HUWE1 and the immunoprecipitates were 

analyzed by western blot using anti-ATG101. Cells were cultured in (D) 

basal condition and (E) starvation condition for incubating cells with amino-

acid medium –AA) for 2 h. * non-specific bands. (F) A physical interaction 

between HUWE1 and ectopic expressed ATG101 in both basal and nutrient 

deprivation. MIA PaCa-2 cells were transfected with FLAG-ATG101 for 48 

h. Cellular starvation, immunoprecipitation, and subsequent western blot 

analysis were as described in Figure 10 D, E. * non-specific bands. 
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Table 1. E3 ligase candidates among ATG101-interacting proteins. E3 

ligases potentially ubiquitinating ATG101 in MIA PaCa-2 cells were 

identified by LC/MS after immunoprecipitation of ATG101 FL or ΔC 

ATG101.  

  

Accession Description Sum PEP score # peptides Gene symbol 

Q7Z6Z7 
E3 ubiquitin-protein ligase HUWE1 

[OS=Homo sapiens] 103.354 
26 HUWE1 

Q9UNE7-1 
E3 ubiquitin-protein ligase CHIP 

[OS=Homo sapiens] 
28.945 

7 STUB1 

O75150 E3 ubiquitin-protein ligase BRE1B 
[OS=Homo sapiens] 

15.948 7 RNF40 

O15344-1 
E3 ubiquitin-protein ligase Midline-1 

[OS=Homo sapiens] 4.944 
2 MID1 

1 
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3.3.2 HUWE1 suppresses autophagy activity through regulating 

ATG101 levels 

Next, I examined whether HUWE1-mediated ATG101 degradation regulates 

autophagy activity. In cells expressing GFP-LC3, stable HUWE1 knockdown using 

a short hairpin RNA (shRNA) substantially enhanced GFP-LC3 puncta formation (a 

marker for autophagosomes) compared to GFP-LC3-expressing cells transfected with 

a shCTL, even under nutrient complete conditions (Figure 12A). The GFP component 

of the GFP-LC3 fusion protein can be released during lysosomal degradation, and the 

rate of free GFP accumulation is usually enhanced under autophagy-activating 

conditions, such as nutrient deprivation or treatment with the mTOR inhibitor 

rapamycin [61]. Free GFP levels from GFP-LC3 and p62 degradation rate were 

higher following shHUWE1 transfection compared to shCTL transfection (Figure 

12B), indicating that HUWE1 depletion substantially increased basal autophagy 

activity. However, when ATG101 was also knocked down, the enhancement of GFP-

LC3 puncta formation in shHUWE1 cells was reduced to a level similar to that 

observed in shCTL-transfected cells, particularly under treatment with rapamycin 

(Figure 12C), suggesting that ATG101 protein levels and autophagy are negatively 

regulated by HUWE1.   



56 

 

 

  

 

 

 

 

 

  

  

✱



57 

 

 

 

 

 

 

✱✱ ✱✱✱



58 

 

Figure 12. HUWE1 suppresses autophagy by regulating ATG101 levels (A) 

HUWE1 KD enhanced GFP-LC3 puncta formation in MIA PaCa-2 cells. 

shCTL or shHUWE1 MIA PaCa-2 cells stably expressing GFP-LC3 were 

plated overnight, and subsequently incubated with rapamycin (0.5 μM) for 

4 h prior to imaging. Cell imaging, quantification and statistical analysis 

were as described in Figure 7D. * p < 0.05. (B) HUWE1 KD showed 

enhancement of autophagy activity as indicated by western blotting for 

autophagy marker proteins. Cell lysates from (A) were analyzed by western 

blot using the indicated antibodies for autophagy marker proteins. 

Quantification and statistical analysis were as in Figure 7C. (C) ATG101 KD 

reversed the increase in GFP-LC3 puncta formation induced by shHUWE1 

cells. shCTL or shHUWE1 MIA PaCa-2 cells stably expressing GFP-LC3 

were transfected with ATG101 siRNA for 48 h then incubated with 

rapamycin (0.5 μM) for 4 h. Cell imaging, quantification and statistical 

analysis were as in Figure 7D. Scale bar: 20 μm. Error bars indicate the mean 

± SEM of three independent experiments. ** p < 0.01; *** p < 0.001.  
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3.3.3 HUWE1 suppresses autophagy by regulating ATG101 and 

WIPI2 levels 

Next, I examined whether HUWE1-mediated ATG101 degradation regulates 

autophagy activity. In cells expressing GFP, HUWE1 was also reported to control 

WIPI2 protein levels by regulating ubiquitination [57]; I then examined possible 

molecular associations between WIPI2 and ATG101 under HUWE1 regulation. 

When mCherry-GFP-LC3 expressing cells was utilized for monitoring autophagy 

flux, WIPI2 knockdown by siRNA in shHUWE1 cells also reduce mCherry-LC3 

puncta formation occurred in lysosome to the same extent as in cells transfected with 

siATG101 in shHUWE1 cells (Figure 13A). However, when WIPI2, a known 

substrate of HUWE1, was knocked down by siRNA upon shHUWE1 cells, mCherry-

GFP-LC3 puncta formation in siWIPI2 was similar defect as that of siATG101 cells 

by showing a significant reduction of mCherry puncta formation (Figure 13A). 

Moreover, mCherry-LC3 puncta formation in both WIPI2/ATG101 double 

knockdown cells was comparable to that in either ATG101 or WIPI2 single 

knockdown cells (Figure 13A), implying that autophagic flux shown by mCherry-

LC3 puncta formation requires either ATG101 or WIPI2.  

Given that WIPI2 and ATG101 share a common upstream ligase despite acting in 

different phases of autophagy, I tested for potential physical interaction between 

WIPI2 and ATG101. Immunoprecipitation with anti-GFP after co-transfection of 

FLAG-ATG101 with GFP-WIPI2 showed a band corresponding to the FLAG-

ATG101, which co-immunoprecipitated with the GFP-WIPI2 (Figure 13B), 
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indicating that ATG101 binds to WIPI2 in the presence or absence of rapamycin 

treatment. Moreover, when I performed immunoprecipitation analysis of either 

FLAG-ATG101 (FL) or C-terminus deleted mutant (ΔC) with GFP-WIPI2, the bands 

corresponding to the GFP-WIPI2 that co-immunoprecipitated with the FLAG-

ATG101, were significantly weaker levels with ATG101ΔC rather than those with 

ATG101 FL. These results suggest that the ubiquitination of ATG101 might impact 

on the interaction of ATG101 and other downstream targets, WIPI2 (Figure 13C).  
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Figure 13. HUWE1 suppresses autophagy by regulating ATG101 and WIPI2 

levels (A) Both ATG101 and WIPI2 double KD reversed the increase in 

autophagy flux induced by shHUWE1. shHUWE1 HeLa cells stably 

expressing mCherry-GFP-LC3 were transfected WIPI2 and/or ATG101 

siRNA for 48 h, followed by incubation in amino acid-deprived medium (–

AA) for 4 h. Cells were imaged under starvation conditions as in (Figure 

12C). Scale bar: 20 μm. mCherry puncta area (%) was normalized to 

Hoechst-stained area and is presented as a percentage on the quantification 

graph. Error bars indicate the mean ± SEM of three independent experiments. 

** p < 0.01 (B) A physical interaction between WIPI2 and ATG101. 



63 

 

HEK293T cells were co-transfected with GFP-WIPI2 and FLAG-ATG101 

and incubated for 24–48 h in the treatment with vehicle or rapamycin (0.5 

μM) for 4 h prior to harvesting. GFP-WIPI2 was immunoprecipitated with 

anti-GFP, then the immunoprecipitated complexes were analyzed for 

interaction between ATG101 and WIPI2 by western blotting using anti-

FLAG. (C) Removal of the ATG101 C-terminus domain (ΔC) reduced the 

interaction between ATG101 and WIPI2. HEK293T cells were co-

transfected with GFP-WIPI2 and FLAG-ATG101 FL or ΔC for 24–48 h and 

incubated for 4 h in complete medium (COM) or amino-acid deprived 

medium (–AA) for starvation. FLAG-ATG101 was immunoprecipitated 

with anti-FLAG, then immunoprecipitated, analyzed by western blotting 

using anti-WIPI2.   
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3.3.4 ATG101 ubiquitination is critical for supporting cancer cell 

survival under metabolic stress conditions 

Knockout of ATG101 markedly reduced the proliferation rate and survival of cancer 

cells, especially under nutrient deprivation (Figure 7A, B), strongly suggesting that 

autophagy is a critical survival mechanism for these cells under metabolic stress. 

These findings also suggest that HUWE1-mediated ATG101 degradation may reduce 

cancer cell survival. To investigate this possibility, I compared survival rates between 

cells stably transfected with shCTL or shHUWE1, a treatment already demonstrated 

to enhance autophagy under both nutrient complete and deprivation conditions 

(Figure 13A, B), by Annexin V/PI staining and FACS analysis. Consistent with a 

protective function for autophagy, the rate of apoptotic cell death was substantially 

lower in cells transfected with shHUWE1 compared to cells transfected with shCTL, 

potentially due to stabilization of ATG101 (Figure 14A). Consistent with this notion, 

additional deletion of ATG101 in shHUWE1-transfected cells increased apoptotic 

death rate compared to shHUWE1 single knockdown. Moreover, overall apoptotic 

death rate was higher in shHUWE1 knockdown cells with siRNA-mediated depletion 

of both WIPI2 and ATG101 compared to shHUWE1 knockdown cells suggesting that 

these molecules more likely are stabilized in HUWE1 depleted conditions and act 

cooperatively to sustain autophagy (Figure 14B). Overall, my data indicates that 

modulation of ATG101 protein levels by HUWE1-mediated ubiquitination and 

ensuing changes in autophagy activity influence the survival of cancer cells under 

metabolic stress (Figure 14C). These findings may have important implications for 
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cancer treatment as they suggest that concomitant suppression of autophagy will 

enhance the therapeutic efficacy of anticancer agents.   
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Figure 14. ATG101-mediated autophagy supported while HUWE1-

catalyzed ubiquitination of ATG101 reduced cancer cell survival. (A) 

Knockdown of HUWE1 reduced the apoptotic death of cancer cells under 

nutrient starvation as assessed by Annexin V/propidium iodide (PI) staining 

and flow cytometry. shCTL or shHUWE1 MIA PaCa-2 cells were plated 

overnight and incubated in amino acid deprivation (–AA) medium for 48 h. 

Error bars indicate the mean ± SEM of three independent experiments. *** 

p < 0.001. (B) Additional knockdown of ATG101 and/or WIPI2 further 

enhanced cell death in HUWE1 knockdown cells. shCTL or shHUWE1 MIA 

PaCa-2 cells were transfected with WIPI2 and/or ATG101 siRNA for 24 h 

and subsequently incubated in HBSS for 24 h. Cell death was analyzed as 

in (A). Error bars indicate the mean ± SEM of three independent 

experiments. * p < 0.05; *** p < 0.001. (C) Schematic diagram of HUWE1 

targeting ATG101 for ubiquitination and degradation, promoting cancer cell 

death via blocking autophagy activation under metabolic stress. 
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4. Discussion 

Molecular mechanisms of regulating one of the major autophagy proteins ULK1 

has been studied extensively. ULK1 stability is regulated by either E3 ligases such as 

NEDD4L and TRAF6. or an deubiquitin enzyme USP20 through adding or removing 

polyubiqutin, as a type of post-translational modifications [43, 48, 60]. However, 

regulation mechanisms of other ULK1 components ATG13 and ATG101 were 

largely unknown. 

 Here, I describe a series of gene-knockout/knockdown, subcellular localization of 

autophagy markers, and co-IP experiments demonstrating that ATG101 levels are 

regulated by HUWE1-mediated ubiquitination and subsequent proteasomal 

degradation in cancer cells and this degradation pathway can markedly suppress 

autophagy, leading to reduced cell viability under metabolic stress. Thus, activation 

of this HUWE1/ATG101 pathway may be a feasible clinical strategy to impair cancer 

cell survival or enhance the efficacy of anti-tumor therapies. 

One of the ULK1 complex components, ATG101/C12orf44 was originally 

identified as a scaffold protein that stabilize ATG13 [38, 40]. ATG101 interacts with 

ATG13 by N-terminal HORMA domain for activating autophagy [39]. Also, WF 

finger domain of ATG101 plays an important role in the recruitment of downstream 

factors for autophagy initiation [36]. Currently, our lab and collaborators have 

identified the role of ATG101 C-terminal region of which function is relatively 

unknown domain. Flexible C-terminal domain in ATG101 bridges ULK1 and Class 

III PI3K (PtdIns3K) complex to mediates autophagy initiation [40]. In contrast to 
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positive function on autophagy, A well-known tumor suppressor Hedgehog (Hh) 

receptor Patched1 (PTCH1) is essential for mammalian autophagy and physically 

interacts with ATG101 through C-terminus of PTCH1. This interaction blocks basal 

autophagic flux and accumulation of autophagosome [62]. 

Ubiquitination is one of post-translational modifications that regulates the stability 

and functions of target proteins. I found that the stability of ATG101 was regulated 

by E3 ligase-mediated polyubiquitination. Also, C-terminus of ATG101 is crucial 

since ATG101 ubiquitination is significantly reduced when the C-terminus of 

ATG101 is deleted (Figure 9C). The protein levels of ATG101 are remarkably 

preserved compared to full length ATG101 (Figure 9B). Thus, ATG101 

ubiquitination reduces autophagy activity and cell viability in cancer cells by 

regulating ATG101 stability. 

 The types of conjugating ubiquitin branches determines functions and fates of the 

target proteins. Numerous studies have reported that Lys(K)-63-linked ubiquitin 

chains target proteins for autophagic degradation [63], whereas proteins conjugated 

to Lys(K)-48- or Lys(K)-27-linked chains are likely to undergo proteasomal 

degradation [64]. In this study, I revealed that the ubiquitin mutant left only K48 

residues, can conjugate to the ATG101 by immunoprecipitation analysis (Figure 9F). 

These results may suggest that the ubiquitination process leads to ATG101 

elimination via a proteasomal pathway. 

Using immunoprecipitation of ATG101 and subsequent mass spectrometry analysis, 

I found several candidates for upstream E3 ligase of ATG101 ubiquitination. Among 
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them, HUWE1 was identified as an upstream E3 ligase catalyzing ATG101 

ubiquitination in cancer cell lines based on the substantial reduction in ubiquitinated 

ATG101 upon HUWE1 KD (Figure 11B). HUWE1 is HECT, UBA and WWE 

domain containing E3 ubiquitin protein ligase which is an important factor in 

tumorigenesis by regulating cell proliferation and cell death [51–55]. However, 

previous functional studies showed conflicting dual roles of HUWE1 which might be 

due to its functional diversity of target substrates including both oncogenic molecules, 

such as c-Myc and MIZ-1 [52, 65] and tumor-suppressing molecules such as BRCA1 

[66] and P53 [67]. In this study, reduced ubiquitination by HUWE1 KD led to 

accumulate ATG101 protein levels (Figure 11A). Moreover, the physical interaction 

between HUWE1 and ATG101 was revealed through immunoprecipiation analysis 

(Figure 11C). Since the target protein, ATG101 is required for autophagy activity, I 

knocked-down HUWE1 or/and ATG101 and measured the autophagy activities using 

GFP-LC3 puncta assay. Knockdown of HUWE1 enhanced the rate of LC3 puncta 

formation in cancer cells under metabolic stress (Figure 14A), which autophagic 

enhancement HUWE1 KD was reversed when ATG101 was knocked-down. These 

results indicate that this regulatory mechanism for maintaining ATG101 levels 

directly modulates autophagy. 

 Recently, autophagic protein, WIPI2 was reported as another potential substrate 

for ubiquitination by HUWE1. This regulation was negatively regulated by 

mTORC1-mediated phosphorylation [57]. In autophagy process, WIPI2 links LC3 

conjugation with PI3P for autophagosome formation by recruiting Atg12-5-16L1 
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[48]. Accordingly, I examined whether increased autophagy in HUWE1-depleted 

cancer cells could be suppressed by knockdown of WIPI2 as well as by ATG101 

knockdown. Indeed, GFP-LC3 puncta formation, a marker for autophagosomes, was 

enhanced by shHUWE1 cells and suppressed significantly by a siRNA against 

ATG101 (Figure 12A). However, both ATG101 and WIPI2 KD showed similar 

suppression compared to that of single knockdown (Figure 13A), implying that 

though being involving in distinct stages, they act as a critical role on the same 

pathway for regulating autophagy activity. Interestingly, the physical association 

between ATG101 and WIPI2 is mediated through the C-terminal domain of ATG101 

(Figure 13B, C).  

Finally, I demonstrated that HUWE1-mediated ATG101 ubiquitination impaired 

cancer cell survival (Figure 14A, B). Further, double knockdown of both ATG101 

and WIPI2 in shHUWE1 cancer cells significantly increased the apoptotic death rate 

compared to that in shCTL cells (Figure 14B). Thus, either the HUWE1/ATG101 or 

HUWE1/WIPI2 pathway could be potential targets for suppressing tumor cell 

survival. 

This study demonstrates that HUWE1 destabilizes ATG101 by polyubiquitination 

at the C-terminus, thereby suppressing ATG101-mediated autophagy activity and 

further inhibiting cancer cell survival under nutrient deprivation conditions (Figure 

14C). Though suppression of autophagy may be a feasible strategy to limit tumor 

growth or enhance anticancer treatment efficacy, functions of HUWE1 in 

tumorigenesis are still controversial. Also, all of my results had been done cancer cell 



72 

 

experiments. Therefore, in vivo experiments using spontaneous cancer mouse models, 

are needed to better understand the tumor suppressing functions of HUWE1-mediated 

ATG101 degradation. Moreover, based on these findings, further studies will be 

valuable to understand the contributions of the HUWE1-mediated autophagic protein 

ubiquitinations to cancer progression and cancer treatment.  
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