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ABSTRACT

Molecular function of ATG101 in autophagy

Autophagy initiation is tightly regulated by ULK1 kinase complex, which
is negatively regulated by mTOR signaling. ULK1 kinase phosphorylate on
the downstream molecules such as VPS34 complex, regulates early stage of
autophagy. One component of ULK1 complex, ATG101 was known as an
accessary protein of ATG13 for stability. But it was revealed that ATG101
plays an important role in autophagy. Previous structural studies suggested
that the WF finger region of ATG101 is important for autophagy initiation.
To investigate further molecular roles of ATG101, I generated the
ATG101 knockout cell lines using CRISPR/cas9 system. ATG101 KO cells
showed significant defect of autophagy activity including mitophagy which
also closely linked to cancer cell growth and survival.
Another important part was discovered, is the C-terminal region of
ATG101 which is structurally distinct from the domain involved in
interaction with ATG13 and WF finger region. In this study we showed that
ATG101 mutant deleted C-terminal region (ATG101 ᇞC) significantly
decreases interacting ability to ATG14, a component of VPS34 complex, but
still maintains the interaction with ATG13. ATG101 ᇞC mutant could not
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fully rescue the defect of autophagosome formation shown in ATG101
deficiency.
In addition, we found that the C-terminal region is important for
ubiquitination of ATG101, although the exact functions and molecular
mechanism for ATG101 ubiquitination are not fully investigated yet.
Taken together, ATG101 is plays crucial role in autophagy initiation
through which bridges ULK1 initiation complex and VPS34 complex. Our
findings in molecular regulation of ATG101 further suggest that ATG101 is
an effective molecular target to regulate autophagy activity, particularly in
cancer development.
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1. Introduction

1.1 Autophagy
1.1.1 Autophagy
Autophagy is an intracellular catabolic pathway which is mediated by
lysosome degradation. In nutrient deficiency or stressful condition, unnecessary
organelles or long-lived proteins are enwrapped by vesicular membrane and
degraded by lysosome (Figure 1). Autophagy plays an important part in
maintaining cellular homeostasis [1].
Autophagy was first discovered by Belgian scientist, Christian de Duve in
1960s and turned out to be an evolutionary conserved ‘self-digestion program’
(Autophagy is literally ‘self-eating’) [2]. In the late 1980s, autophagy-related
genes (Atg) were screened and characterized in the yeast as a model system [3].
Since Yoshinori Ohsumi was awarded the Nobel Prize for Physiology or
Medicine in 2016, the importance of autophagy in health and disease was more
spotlighted [4].
Autophagy is promoted by AMP activated protein kinase (AMPK), which is a
key energy sensor and regulates cellular metabolism to maintain energy
homeostasis. Conversely, autophagy is inhibited by the mammalian target of
rapamycin (mTOR), a central cell-growth regulator that integrates growth factor
and nutrient signals [5].
When autophagy is activated, a precursor of autophagosome with double
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membranes called phagophore is formed in the inside of a cell. The autophagic
cargoes to be degraded are gathered toward phagophore and form a vesicle called
autophagosome. The autophagosome is fused with lysosome, become
autolysosome. Finally the cargo molecules inside of autolysosomes are degraded
by lysosomal hydrolases [6].
Up to now, about 40 autophagy machinery proteins have been found which are
involved in distinct steps of autophagy processes [7] (Figure 2). Although
autophagy related genes (Atg) were discovered first in yeast, autophagy process
and many of the Atg proteins are well conserved in higher eukaryotes [8]. In
mammalian cells, Unc-51-like kinase family (e.g.ULK1 and ULK2) complex is a
protein kinase important for induction of autophagy, which is directly regulated
by mTOR. ULK1 interacts with ATG13L and FIP200 through the C-terminal
domain and both interactions can stabilize and enhance the kinase activity of
ULK1. ATG14-containing class III phosphatidylinositol 3-kinase (PtdIns3K)
complex is involved in the nucleation of the phagophore. The ability of Beclin-1
and ULK1 to bind was promoted by ATG14 which was proposed to act as an
adaptor in Beclin-1 binding to ULK [9]. ULK1 also directly phosphorylate
ATG14 and Beclin1 for activating autophagy process [10]. In addition,
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 the
combined action of Atg7 and Atg10 (E1 and E2-like enzymes, respectively). The
Atg5-12 conjugate, the formation of which is essentially constitutive, associates
with Atg16L [11]. The second system leads to the conjugation of
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microtubule-associated protein 1 light chain, LC3 (the homologue of Atg8 in
yeast) to the lipid called phosphatidylethanolamine (PE) by Atg7 and Atg3, the
latter of which acts as an E2-like enzyme in this conjugation reaction. The
lipidated form of LC3 is referred to as LC3-II and localizes to autophagosomal
membranes, whereas the unlipidated, cytosolic form is called LC3-I [12].
Previously, it has been thought that most proteins involved in autophagosome and
lysosome fusion process are shared with endo-lysosome fusion during
endocytosis. However, autophagy specific Syntaxin 17 (Stx17) as the
autophagosomal SNARE was identified that is required for fusion with the
endosome/lysosome through which Stx17 interacts with SNAP-29 and the
endosomal/lysosomal SNARE VAMP8 [13]. As final step of autophagy, the cargo
molecules targeted to lysosomes were degraded by various lysosomal enzymes
and then effluxed from lysosomes to the cytoplasm [14]
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Figure 1. Autophagy process
Autophagy is an intracellular catabolic pathway which is mediated by lysosome
degradation. When autophagy is activated, double membrane called phagophore
is formed in the inside of a cell. The targets to be degraded are gathered toward
phagophore and form a vesicle called autophagosome. This autophagosome is
fused with lysosome, become autolysosome. Finally the cargo molecules inside
of autolysosomes are degraded by lysosomal hydrolases.
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Figure 2. The steps of autophagy
Unc-51-like kinase family (either ULK1 or ULK2) complex is protein kinase
important for induction of autophagy, which is directly regulated by mTOR.
ATG14-containing class III phosphatidylinositol 3-kinase (PtdIns3K) complex is
involved in the nucleation of the phagophore.
Ubiquitin-like (UBL) proteins contribute to the expansion of the phagophore.
Atg12 is conjugated to Atg5 by the combined action of Atg7 and Atg10. The
conjugation of microtubule-associated protein 1 light chain, LC3 to the lipid
called phosphatidylethanolamine (PE) by Atg7 and Atg3.
Autophagy specific Syntaxin 17 (Stx17) as the autophagosomal SNARE was
identified and required for fusion with the endosome / lysosome through which
Stx17 interacts with SNAP-29 and the endosomal / lysosomal SNARE VAMP8.
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1.1.2 Autophagy assay
To assess autophagy activity, two well-known marker proteins have been used.
LC3 is a component of autophagosome, which is usually cytosolic diffused form
in

basal condition, but it

changes the subcellular localization

into

autophagosome-attached LC3-II forms when autophagy is activated. In Western
blot, we can detect the autophagy with the conversion of LC3 I to II form. When
green fluorescent protein (GFP)-fused LC3 plasmid is constructed and introduced
to the cells, fluorescence microscopy analysis could be used to determine
autophagy activity by change of its subcellular localization to the LC3 puncta
form which represents autophagosome [15][16].
Another marker is p62 / A170 / SQSTM1 (p62), it is known as a cargo receptor
protein. Thereby it brings degradation cargo molecules to the autophagosomes,
and then degraded with them together. Accordingly we can detect autophagy
activity by the levels of degradation of p62 [17] (Figure 3).
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Figure 3. Autophagy assay with LC3 and p62
LC3 is a component of autophagosome, which has cytosolic I form and
autophagosome-attached II forms. In Western blot, we can detect the autophagy
with the conversion of LC3 I to II form. When green fluorescent protein (GFP) is
fused to LC3 protein, fluorescence microscopy analysis could be used to
determine autophagy activity by change of its subcellular localization to the LC3
puncta form which represents autophagosome.
Another marker, p62 is known as a cargo receptor protein. It brings degradation
cargo molecules to the autophagosomes, then degraded with them together.
Accordingly we can detect autophagy activity by the levels of degradation of
p62.
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1.1.3 Autophagy in cancer
Autophagy is expected to have two opposite functions in cancer [18]. One is a
tumor suppressive role through the elimination of oncogenic protein substrates,
unfolded proteins and damaged organelles. The autophagy activity promoted by
Beclin 1 in MCF7 cells is associated with inhibition of MCF7 cellular
proliferation, in vitro clonogenicity and tumorigenesis in nude mice [19]. Beclin
1-haploinsufficient mutant mice suffer from a high incidence of spontaneous
tumors, such as B cell lymphomas or hepatocellular carcinomas [20].
Alternatively, autophagy plays a tumor-promoting role in established cancers
through intracellular recycling that provides substrates for metabolic needs and
further maintains the functional pools of mitochondria. For example, Atg7
deletion in K-rasG12D-driven lung tumor mouse model blocks autophagy and also
reduces lung tumor size [21]. Inhibition of autophagy by FIP200 ablation
suppresses mammary tumor initiation and progression in a mouse model of
breast cancer driven by the PyMT oncogene [22].
In general, autophagy activity is upregulated in most cancers. The expression
of H-rasV12 or K-rasV12 oncogene upregulates basal autophagy which is
required for tumor cell survival in starvation and in tumorigenesis [23]. Even
though autophagy has tumor suppression role, many researchers believe that
autophagy plays a supporting role for tumor growth and survival especially in
established tumors. Therefore, targeting autophagy pathway can be considered as
an option of treatment of cancer.
Currently, many studies are underway to treat cancer by blocking autophagy.
8
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Increasing evidence suggests that autophagy inhibition augments cytotoxicity in
combination with several anticancer drugs in preclinical models [24].
Chloroquine (CQ) and hydroxychloroquine (HCQ), lysomotrophic agents, are
clinically available drugs to inhibit autophagy and actively used for currently
ongoing clinical trials in cancer treatment [4].
Thus, understanding regulatory mechanisms among autophagy proteins
involving distinct steps can provide molecular base for precise targeting cancer
progression by controlling autophagy activity.
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1.2 ATG101
1.2.1 ATG101, a novel protein in ULK1 complex
Overall nutrient or growth factor depletion induces autophagy through mTOR
inhibition. When mTOR is blocked, ULK1 complex is activated, which is known
for initiating autophagy [6]. ULK1 is a serine/threonine protein kinase that
phosphorylates other autophagy related proteins for autophagy initiation. Under
fed conditions mTORC1 phosphorylates ULK1 and ATG13, thereby inhibiting
the activity of ULK complex. In response to starvation, the mTORC1 dependent
phosphorylation sites in ULK1 are rapidly dephosphorylated, and ULK1
auto-phosphorylates and phosphorylates ATG13 and FIP200 [25].
The components of ULK1 complex are RB1CC1/FIP200, ATG13 and
C12orf44/ATG101. At first, ATG101 was found as an interacting partner of
ATG13

by

mass

spectrometry

assay.

ATG101

interacts

with

the

ULK1-ATG13-FIP200 complex through ATG13 [26]. In the presence of ATG13,
ATG101 is localized together with ULK1 [27].
In the beginning, ATG101 was only known as an accessory protein of ATG13
for stabilizing that ATG13. Overexpression of ATG101 prevents proteasomal
degradation of overexpressed ATG13 [27]. But recent studies showed that
ATG101 has another role in autophagy. Knockdown ATG101 with siRNA
treatment have defect in GFP-LC3 dot formation and accumulation of LC3-I [26].
This result suggests that ATG101 is a novel autophagy machinery protein, which
has unfound role in autophagy.
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1.2.2 Structure of ATG101
Recently multiple studies have actively investigated the structural features of
ATG101 for understanding precise role of ATG101. When residues present on the
ATG13 binding surface (L30 and H31) are mutated, ATG101 can no longer
interact with ATG13 and ULK1 complex. ATG101 has another function on the
other surface called the WF finger (W110, P111 and F112). Expression of either
the L30R H31R or W110A P111A F112A mutant did not rescue the defect in
formation of GFP-LC3 puncta [28] (Figure 4).
Thereafter, our collaborator identified the structure of ATG101 and ATG13 in
human. Particularly, ATG101 has protruding C-terminal structure, which is
distinguished from ATG13 binding site or WF finger (Figure 5). However, the
exact function of this novel region of ATG101 is not clear. Thus, we decided to
examine whether the C-terminal region of ATG101 is important in autophagy and
contributes to unique function.
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Figure 4. Structural study of ATG101
ATG101 makes heterodimer with ATG13 for stabilizing ATG13. ATG101 has
ATG13 binding surface (L30 and H31) and the other unique surface called the
WF finger (W110, P111 and F112). Expression of either the L30R H31R or
W110A P111A F112A mutant did not rescue the defect in formation of GFP-LC3
puncta.
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Figure 5. The C-terminal region of ATG101
ATG101 has protruding C-terminal structure, which is distinguished from ATG13
binding site or WF finger. I generated the ATG101 ᇞC mutant which is deleted
20 amino acids in the ATG101 C-terminal region. The ATG101 ᇞC mutant
remained HORMA domain which is the ATG13-binding region of ATG101.
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2. Materials and Methods
2.1 Chemicals and reagents
Primary antibodies against ATG101 and LC3B were purchased from Cell
Signaling Technology (Beverly, MA, USA), p62 from BD Biosciences (San Jose,
CA, USA), β-actin from Bethyl Laboratories (Montgomery, TX, USA). The
secondary antibodies, horseradish peroxidase (HRP) - linked anti-rabbit and
anti-mouse antibodies were from Bethyl Laboratories. Non-essential amino acids
(11140076), essential amino acids (11130051), glutamine (25030081), HEPES
(15630080), vitamin solution (11120052), sodium bicarbonate (A19875),
Hoechst 33258 (H3569) were from Thermo Fisher Scientific (Waltham, MA,
USA). Phosphatase inhibitor cocktail 2 and 3 were from Sigma-Aldrich (St.
Louis, MO, USA). Protease inhibitor cocktail tablet was from Roche Applied
Bioscience (Basel, Switzerland).

2.2 Cell lines and culture conditions
Miapaca-2 human pancreatic cancer cells, HeLa cells, and 293FT cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, logan, UT,
USA) containing 10% fetal bovine serum (FBS; Hyclone) and 50 mg/ml
penicillin/streptomycin (Gibco, Waltham, MA, USA). HAP1 cells were
maintained in Iscove's Modified Dulbecco's Medium (IMDM; Hyclone). All cells
were maintained in a humidified atmosphere of 5% (v/v) CO2 at 37°C.
Cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA,

14
X[G
G

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 Miapaca-2 stably expressing GFP-LC3 were
generated following standard protocols for retrovirus transduction.

2.3 Stable cell lines
To

generate

ATG101

KO

cells,

pLentiCRISPRv2-based

ATG101

CRISPR-Cas9 guide RNA expression plasmid (Gene Script, Piscataway, NJ) was
transfected into 293FT cells in combination with the lentiviral packaging
plasmids, pMDLG/pRRE, pRSV-Rev and envelope plasmid, pMD2.G (Addgene,
Cambridge, MA) using Lipofectamine 2000. The lentivirus particles-containing
culture medium was harvested at 24, 48, and 72 hrs after plasmid-transfection.
Miapaca-2 cells or HeLa cells were incubated with lentivirus-containing medium
together with polybrene (Sigma-Aldrich) for transduction of the indicated
constructs. After 48 hrs incubation, the culture medium then was removed and
replaced with complete DMEM media. Viral constructs infected cells were
selected with puromycin (1 μg/ml for HeLa cells, 2 μg/ml for Miapaca-2 cells;
Gibco) for a week. For isolation of single clone from ATG101 KO cell pools,
individual cells were sorted into 96-well plates using flow cytometer and further
incubated

in

culture media

with puromycin

until

reach

Immunoblotting was performed to test the knock-out of ATG101.
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confluence.

2.4 Cell growth and viability
The number of viable cells was assessed using automated cell proliferation
detector using IncuCyte™ (Essen Instruments, Ann Arbor, MI, USA).
Proliferation was measured through quantitative kinetic processing metrics
derived from time-lapse image acquisition and presented as percentage of culture
confluence over time.
Cell viability was determined by Annexin V and propidium iodide (PI) staining
following standard protocols at indicated periods of time (BD Biosciences). Cells
negative for both Annexin V and PI staining are considered live cells.

2.5 Western blotting
For western blotting, cells were rinsed with ice-cold PBS and harvested using
ice-cold lysis buffer (RIPA buffer). Samples were then incubated in RIPA buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate,
0.1% SDS, 1 mM EDTA) with protease inhibitor cocktail (Roche Applied
Bioscience) and phosphatase inhibitor (Sigma-Aldrich, St. Louis, MO, USA) for
overnight in -80℃ and thawed on ice, and soluble lysate fractions were isolated
by centrifugation at 14000 rpm for 20 min. Protein concentrations were
determined with the Pierce BCA Protein Assay (Thermo Scientific), and equal
amounts of protein were analyzed by SDS gel electrophoresis and Western
blotting following standard protocols.
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2.6 Immunoprecipitation
To perform immunoprecipitation assay for FLAG-ATG101, 293FT cells
expressing the following plasmids were prepared. The ΔC, APA mutants of
ATG101 were given by Dr. B. Kim and Prof. HK Song (Korea University, Seoul,
Korea.).
After 48 hrs transfection, cells were lysed with immunoprecipitation buffer
containing 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 % (v/v) NP-40, 2 mM
EDTA, 1 mM PMSF, 10 mM NaF, 1 mM Na3VO4 (Sigma-Aldrich, St. Louis,
MO, USA), 1 tablet protease inhibitor cocktail (Roche Applied Bioscience) / 50
ml lysis buffer, and phosphatase inhibitor cocktail 2, 3 (Sigma-Aldrich). The
lysates were mixed with antibodies for 90 min, and the immune complexes were
then incubated with protein A agarose beads (GenDEPOT, Barker, TX, USA) for
overnight. After washing, the immunoprecipitates were eluted from the agarose
by boiling in 1X SDS sample buffer (diluted from 5X buffer. 5X buffer
containing 312.5 mM Tris-HCl (pH 6.8), 50% Glycerol, 5% SDS, 5%
β-mercaptoethanol and 0.05% Bromophenol blue) for 5 min.
For analyzing ubiquitination, protease inhibitor MG-132 (Enzo Life Sciences,
Farmingdale, NY, USA) 10 μM was treated for 1 hr before lysing the cells for
immunoprecipitation assay.
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2.7 Fluorescence microscopy
Subcellular localization of GFP-LC3 was monitored by LSM780 confocal
fluorescent microscope (Carl Zeiss, Oberkochen, Germany). The levels of
GFP-LC3 puncta were quantified as total puncta area per cell which was
normalized by the area of the DAPI-stained nucleus of that cell using the image
analysis software provided by microscope (Carl Zeiss).
For detection of intact mitochondria with fluorescent microscope, cells were
stained by MitoTracker Red (Thermo Scientific) at 200 nM final concentration
for 15 min. Then stained mitochondria were monitored by LSM780 confocal
fluorescent microscope (Carl Zeiss).
Microscopic images were generated through capturing at least five different
areas per culture condition from the cells with either 400× magnification. The
levels of co-localization of GFP-LC3 and stained mitochondria were quantified
by the image analysis software provided by microscope (Carl Zeiss). Pearson’s
correlation coefficient was used for calculating co-localization.

ܴ ൌ 

σሺଵ ିଵೌೡೝ ሻൈሺଶ ିଶೌೡೝ ሻ
ඥσሺଵ ିଵೌೡೝ ሻమ ൈሺଶ ିଶೌೡೝ ሻమ

Pearson’s correlation coefficient provides information on the intensity
distribution within the colocalizing region. Actual value ranges from −1 to +1. 0
mean pixels in the scattergram distribute in a cloud with no preferential direction.
−1 and +1 mean all pixels are found on straight line in the scattergram.
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3. Results

3.1 Knock-out effects of ATG101
3.1.1 Autophagy is impaired in ATG101 KO cells
To examine whether ATG101 is required for autophagy, I generated the
ATG101 knockout cell. CRISPR guided RNA and Cas9 system was used to
knockout ATG101 gene [29]. The completely knockout (KO) cell was selected
through single cell selection, and then verified by eliminated ATG101 band in
Western blot (Figure 6).
When autophagy was assessed by an autophagy marker protein LC3, the
conversion occurs from cytoplasmic LC3-I form to lipid-conjugate LC3-II form.
ATG101 KO cells showed more accumulated LC3-I form and less LC3-II form
compared to wild type cells in Western blot analysis. Furthermore, another
autophagy marker protein p62 which is degraded by autophagy was accumulated
in both nutrient-complete and starvation conditions in the ATG101 KO cells
(Figure 6).
I also examined the GFP-LC3 puncta formation in ATG101 KO cell with
confocal fluorescence microscope. In wild type cells, puncta formation was
increased in amino acid starvation. But LC3 puncta were not formed in ATG101
KO cell, even under starvation condition (Figure 7). These results show that
ATG101 has a crucial role in autophagosome formation.
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Figure 6. Autophagy is impaired in ATG101 KO cells.
Miapaca-2 wild type (WT) and ATG101 knockout (KO) cells were incubated in
complete (com) or amino acid free (-AA) media for 2 hrs. Cells were harvested
and immunoblotted with the antibodies against ATG101, p62, LC3B, and β-actin,
respectively.
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Figure 7. ATG101 KO cells showed significantly low levels of autophagosome
formation.
(A) GFP-LC3 stably expressed Miapaca-2 cells were generated and used to
measure autophagy activity by GFP-LC3 puncta formation. GFP-LC3 puncta in
wild type (WT) and ATG101 knockout (KO) cells were analyzed by live imaging
using confocal fluorescence microscopy after 2 hrs incubation of either complete
(com) or amino acid free (-AA) media. Scale bar : 20μm
(B) Quantification data for GFP-LC3 puncta formation were analyzed from 5
21
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separate images in same condition with (A). GFP-LC3 puncta area was
normalized by DAPI area and expressed as a percentage. Mean r S.D,
comparisons by unpaired two-sided t-test. *** means P ≤ 0.001.
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3.1.2 Mitophagy is significantly blocked in ATG101 KO cell
A previous study revealed that ULK1 plays a critical role in the autophagic
clearance of mitochondria during reticulocyte maturation [30]. Accordingly, I
surmised that a component of ULK complex, ATG101 is also required for
mitophagy. Mitophagy is one of selective autophagy processes for degradation of
impaired mitochondria through autophagy process [31].
Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) is a potent mitochondrial
oxidative phosphorylation uncoupler. Mitochondria are usually compromised by
CCCP treatment, which causes mitophagy induction.
After

CCCP treatment

on

the

cells,

GFP-LC3

puncta

presenting

autophagosomes in wild type cells were co-localized with mitochondria stained
by MitoTracker Red. But the levels of colocalization with LC3 were significantly
decreased in ATG101 KO HeLa (Figure 8) and HAP1 cell (Figure 9). These
results suggest that ATG101 is critical for not only macroautophagy, but also
mitophagy, particularly formation of mitochondria -enwrapped autophagosomes.
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Figure 8. Mitophagy is defective in ATG101 KO HeLa cell.
(A) Miapaca-2 GFP-LC3 stably expressed cells were used to determine the
colocalization

of

autophagosome,

GFP-LC3

puncta

with

MitoTracker

Red-stained mitochondria. Subcellular localization of GFP-LC3 puncta and
mitochondria which were dyed by MitoTracker Red were analyzed by confocal
fluorescence microscopy in wild type (WT) and ATG101 knockout (KO) cells
when CCCP (30 μM) was treated for 7 hrs. Scale bar : 20μm
(B) Colocalization coefficient of GFP-LC3 and mitochondria stained with
24
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Mitotracker was calculated by Pearson’s correlation coefficient formula which
was quantified by colocalization function of image-based software (ZEN). Mean
r s.e.m., comparisons by unpaired two-sided T-test. *** means P ≤ 0.001.
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Figure 9. Mitophagy is defective in ATG101 KO HAP1 cell.
(A) HAP1 GFP-LC3 stably expressed cells were used to determine the
colocalization

of

autophagosome,

GFP-LC3

puncta

with

MitoTracker

Red-stained mitochondria. Subcellular localization of GFP-LC3 puncta and
mitochondria which were dyed by MitoTracker Red were analyzed by confocal
fluorescence microscopy in wild type (WT) and ATG101 knockout (KO) cells
when CCCP (50 μM) was treated for 3 hrs. Scale bar : 20μm
(B) Colocalization coefficient of GFP-LC3 and mitochondria stained with
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Mitotracker was calculated by Pearson’s correlation coefficient formula which
was quantified by colocalization function of image-based software (ZEN). Mean
r s.e.m.
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3.1.3 ATG101 is important for cancer cell growth and survival
Autophagy is known as a process engaging in cell survival. For example, mice
lacking the autophagy gene Atg5 cannot survive even in short periods of
starvation and display severe neurodegenerative diseases [32]. Since autophagy is
blocked in ATG101 KO, I hypothesized that ATG101 deficiency might provide a
defect on cancer cell growth and/or survival in response to nutrient stress. Thus, I
examined whether ATG101 influences growth of Miapaca-2 pancreatic cancer
cell using IncuCyte™ analyzing system. As expected, ATG101 KO Miapaca-2
cells have defect on cell growth compared with wild type cells under the
nutrient-complete conditions (Figure 10).
The effect of ATG101 in cancer cell survival was also investigated by FACS
analysis using Annexin V / propidium iodide (PI) staining. ATG101 KO
Miapaca-2 cells died significantly more than wild type cell in response to nutrient
or amino acid starvation (Figure 11). The portions of Annexin V / propidium
iodide (PI) positively-stained cells are significantly higher in ATG101 KO
conditions than ATG101 intact, under starvation conditions. These data suggest
that ATG101 plays a critical role for growth and survival of cancer cells through
activating autophagy.

28
Y_G
G

Figure 10. ATG101 is important for cancer cell growth.
Miapaca-2 WT and ATG101 KO cells were incubated in the IncuCyte™ for
monitoring cell proliferation. Cells were incubated in complete (com) media for 0
to 96 hrs at 37°C, 5% CO2. Cell confluences were examined every 2 hrs by
image of each well. Confluences of both conditions were presented as a
percentage calculated by the IncuCyte™ analyzer software.
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Figure 11. ATG101 is crucial for cancer cell survival.
Miapaca-2 WT and ATG101 KO cells were seeded and cultured in DMEM media
for 24 hrs and then further incubated in either complete (com) media, HBSS or
amino acid free (-AA) media for 48 hrs. The levels of cell death were assessed by
using the Annexin V / propidium iodide (PI) assay with flow cytometer. The
percentage of cell death presents the portions of either Annexin V-positive or PIpositive and both.
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3.2 The C-terminal region of ATG101
3.2.1 The C-terminal region of ATG101 is important for
interacting with ATG14, but not with ATG13
Because of structural unique feature of ATG101 C-terminal region, we decided
to examine the molecular functions of this domain in ATG101. First, I generated
the ATG101 ଠC mutant which is deleted 20 amino acids in the ATG101
C-terminal region. The ATG101 ଠC mutant remained HORMA domain which
is the ATG13-binding region of ATG101 [33] (Figure 5).
The ATG101 ଠC mutant was used for investigating the effects of C-terminal
region of ATG101. I examined the interaction of ATG101 and other autophagic
proteins by immunoprecipitation. After co-expressing FLAG-tagging ATG101
full length (FL) or C-terminal region deletion mutant (ATG101 ଠC) and
HA-tagging autophagic protein such as ATG13 or ATG14, FLAG-ATG101 from
protein lysates were pulled down with FLAG antibody. Interacting protein pools
were pulled down together with ATG101 which were detected by Western blot.
HA-ATG13 band was still detected in the immune-complex with wild type
ATG101 and mutant ATG101 ଠC proteins (Figure 12A). This indicates that
C-terminal region of ATG101 does not influence on the interaction with ATG101
and ATG13. However, interestingly the binding ability of ATG101ଠC to ATG14,
a key component of the VPS34 complex was decreased (Figure 12B). VPS34
kinase complex comprised of VPS34 (also known as PIK3C3, a class III
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phosphatidylinositol (PtdIns) 3-kinase), VPS15, Beclin-1, and ATG14, which
complex is recruited to the autophagosome precursor, phagophore to
phosphorylate PtdIns, producing PtdIns(3)P. PtdIns(3)P is essential for
recruitment of a class of phospholipid-binding proteins, which has function in
autophagy initiation [9]. This result suggests that the C-terminal region of
ATG101 is a critical factor for interacting with the VPS34 complex.
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Figure 12. The C-terminal region of ATG101 is important for interacting with
ATG14, but not with ATG13.
To examine the role of the C-terminal region of ATG101 on the interaction with
ATG13 or ATG14, full length FLAG-ATG101 or C-terminal deletion mutant
(FLAG-ATG101ᇞC) plasmids were transfected with (A) HA-ATG13 or (B)
HA-ATG14 together into 293FT cells. FLAG-ATG101 full length and mutant
were immunoprecipitated with anti-FLAG antibody coupled with protein A
agarose beads and the immunoprecipitates were examined by Western blot using
either ATG13, ATG14 or ATG101 antibodies.
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3.2.2 The C-terminal region of ATG101 is important for
autophagosome formation
To determine the importance of C-terminal region of ATG101 for autophagy
activity, GFP-LC3 puncta formation assay was performed with C-terminal
deletion mutant. Either full length ATG101 or mutants were transfected in stably
expressing ATG101 KO Miapaca-2 cells, respectively. When full length ATG101
was expressed in ATG101 KO cells, GFP-LC3 puncta formation was rescued
from the defective autophagosome formation shown in ATG101 KO cells
especially under amino acid starvation conditions. In contrast, the levels of
GFP-LC3 puncta were markedly decreased with C-terminal deletion mutant
(ATG101 ଠC) expressing in ATG101 KO cells. APA mutant, mutated on WF
finger (W110A, F112A) of ATG101, was used as a control, what is expected to
do not rescue autophagosome formation. (Figure 13A, B).
Next, the cell lysates prepared from same condition with GFP-LC3 assay were
used for Western blot to confirm restoration of autophagy activity. With
expression of full length ATG101 in ATG101 KO condition, the levels of p62
were decreased and LC3-I form also decreased, indicating that autophagy was
restored. But p62 degradation and LC3 conversion were not fully rescued with
expressing of C-terminal deletion mutant (ATG101 ଠC) in ATG101 KO cells
(Figure 13C). Taken together, these results suggest that the C-terminal region of
ATG101 plays an important role in autophagy activity.
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Figure 13. The C-terminal region is important for autophagosome formation.
(A) Miapaca-2 ATG101 KO cells harboring GFP-LC3 were transfected by full
length ATG101 (FL), C-terminal deletion mutant of ATG101 (ଠC), and ATG101
WF finger region mutant (APA), and were incubated for 48 hrs. Then media were
replaced with complete media (com) or amino acids free (-AA) media and further
incubated for 2 hrs. Then GFP-LC3 puncta were detected by live imaging using
confocal fluorescence microscopy. Scale bar : 20μm
(B) Quantification data of GFP-LC3 puncta area normalized by DAPI area. Mean
r s.e.m., n = 5, comparisons by unpaired two-sided T-test. ** means P ≤ 0.01
(C) Cells were harvested from the same condition of (A), and lysed samples were
examined by Western blot using ATG101, p62, LC3B and β-actin antibodies.
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3.2.3 The C-terminal region of ATG101 affects ubiquitination of
ATG101
During experiments with ATG101 C-terminal deletion mutant (ATG101 ଠC),
it was discovered every time that ATG101 ଠC seemed to be accumulated
compared to the full length and other mutants of ATG101 in Western blot.
Because protein stability is related to protein ubiquitination, I hypothesized that
C-terminal region is necessary for ubiquitination of ATG101. As one of the
post-translational modification (PTM), protein ubiquitination is known to be
related

with

lysosomal

and

proteasomal

degradation

[34].

Thus,

immunoprecipitation assay was performed in co-expressing conditions of either
FLAG-ATG101 FL or FLAG-ATG101 ଠC with HA-tagging Ubiquitin to
compare the levels of ubiquitination for ATG101 FL or ATG101 ଠC. As a result
of Western blot from the immunoprecipitates using anti-FLAG, the levels of
ubiquitination were clearly reduced in ATG101 ଠC mutant compared to that in
full length ATG101 (Figure 14).
Ubiquitin is known as covalently attached to a lysine residue of protein, that is
the target of trypsin proteolysis [35]. Accordingly, I generated point mutants of
ATG101 Lys151 or/and Lys213 to Arginine form (K151R, K213R,
K151R+K213R). Since Lys213 is sole lysine residue within C-terminal region of
ATG101, it was expected that Lys213 mutant has defect on ubiquitination of
ATG101. But ATG101 mutated of Lys213, even Lys151 were ubiquitinated with
similar levels as wild type (Figure 15A). These results suggest that Lys213 in
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C-terminal region of ATG101 may not be directly involved in ubiquitination of
ATG101, in spite of low levels of ubiquitination in ATG101 ଠC.
Other kind of PTM, phosphorylation is known as promote or inhibit
ubiquitination, which can lead to proteasomal degradation, processing or regulate
intracellular trafficking of membrane proteins [36]. Recent study suggested that
two specific serine sites (Ser11, Ser203) within human ATG101 can be
stoichiometrically phosphorylated in cells by ULK1 based on domain prediction
[37]. Accordingly I constructed a point mutant of ATG101 Ser11 and Ser203 to
Alanine form (S11A+S203A : SA), for checking the effect of specific
phosphosite-mutations on ubiquitination of ATG101. This SA mutant was tested
with ଠC and KR mutant together. But unfortunately ATG101 SA mutant was
also ubiquitinated as similar levels as either KR mutant or WT ATG101 (Figure
15B). These data show that mutation of specific phosphosites of ATG101 which
is predicted to done by ULK1 has no relationship with ubiquitination of ATG101.
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Figure 14. The C-terminal region is important for ubiquitination of ATG101.
FLAG-ATG101 wild type (WT) or C-terminal deletion mutant of ATG101 (ᇞC)
were co-transfected with HA-Ubiquitin into 293FT cells and incubated for 48 hrs.
Before harvest for immunoprecipitation, 10 μM MG132 was treated or not
treated for 1 hr.
FLAG-ATG101 full length and mutant were immunoprecipitated with anti-FLAG
antibody coupled with protein A agarose beads and the immunoprecipitates were
examined by Western blot using either HA or ATG101 antibody.
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Figure 15. ATG101 point mutants not affect ubiquitination of themselves.
(A) FLAG-ATG101 wild type (WT), C-terminal deletion mutant of ATG101
(ᇞC), or point mutant of ATG101 (K151R, K213R and K151R+K213R) were
co-transfected with HA-Ubiquitin. Before harvest for immunoprecipitation, 10
μM MG132 was treated or not treated for 1 hr. FLAG-ATG101 wild type and
mutants were immunoprecipitated with anti-FLAG antibody coupled with protein
A agarose beads and the immunoprecipitates were examined by Western blot
using HA and FLAG antibodies.
(B) FLAG-ATG101 wild type (WT), C-terminal deletion mutant of ATG101
(ᇞC), or point mutant of ATG101 (KR : K151R+K213R / SA : S11A+S203A)
were co-transfected with HA-Ubiquitin. Immunoprecipitation and Western blot
were performed the same manner with (A).
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4. Discussion
Autophagy is catabolic mechanism that has important role in cellular
homeostasis [1]. When autophagy is activated by molecular signal from AMPK
or mTOR, double membrane called phagophore is formed inside of the cell.
Degradation target proteins or organelles are come together toward phagophore,
and then make a vesicle called autophagosome. Autophagosome is fused with
lysosome, and then degraded for recycling in intracellular equilibrium [6].
Currently, plenty of studies on autophagy have been conducted, because
autophagy has a critical role in human health and disease. Since autophagy plays
an important role in the survival and death of cells, when autophagy is destroyed,
abnormal cells are formed and consequently diseases, like cancer, can be induced.
It has been suggested that autophagy is up-regulated during anticancer drug
treatment could also be a survival response of the dying cells rather than a cause
of cell death. Some inhibitors of

lysosome are clinically approved drugs to

inhibit autophagy and used for ongoing clinical trials [4]. For finding other
specific target of autophagy, molecular mechanisms of certain autophagic
proteins have been actively investigated particularly.
Although there are few studies about function and molecular mechanism of
ATG101, ATG101 is one of the significant candidates that is expected to have an
importance of autophagy. ATG101, which is a component of ULK1 complex, is
known as an accessory protein of ATG13 for stabilizing that ATG13.
Overexpressed ATG101 blocks a proteasomal degradation of ATG13 [27].
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Knockdown ATG101 with siRNA treatment have defect in GFP-LC3 dot
formation, as well as causing an accumulation of LC3-I [26].
In addition to the existing research results, ATG101 has been influenced by
many parts of autophagy. When ATG101 is absent, degradation of marker protein
p62 was blocked (Figure 6). Autophagosome formation is also obstructed that is
investigated by GFP-LC3 puncta formation assay (Figure 7). Comparing with the
ULK1-knockout mouse that has a very mild phenotype [30], ATG101 knockout
causes an defect of autophagy more significantly than ULK1 deletion.
Based on the previous observation that ATG101 interacts with ATG13,
molecular functional studies have proceeded to determine the binding site of
ATG101 to ATG13 (L30 and H31) and WF finger domain of ATG101 (W110,
P111 and F112) which regions have influential role in autophagy [28]. Now
further region of ATG101 is revealed as a protruding C-terminal structure based
on current structural study. This region does not influence on interaction to the
ATG13, but it significantly has an effect on interacting with ATG14, which is a
component of VPS34 complex (Figure 12). In addition, deletion mutant of
C-terminal region of ATG101 is defective on formation of autophagosomes,
detected by GFP-LC3 puncta formation. (Figure 13A, B). Autophagic marker
protein p62 was not fully degraded with C-terminal region deletion mutant on
ATG101 KO cell, compare with ATG101 wild-type rescue (Figure 13C).
Interestingly, it is clear that C-terminal region deletion mutant has much higher
protein expression level than other ATG101 wild type or mutants (Figure 13C). I
decided to determine whether the accumulation of ଠC mutant is caused by
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ubiquitination defect. Based on significantly decreased ubiquitination of ATG101
ଠC mutant, C-terminal region of ATG101 is considered that it has clear role in
the ubiquitination of ATG101 (Figure 14). However, when lysine residue within
C-terminal region of ATG101 was mutated to the arginine, ATG101 (K213R)
mutant did not show any defect of ubiquitination. Because other PTM like
protein phosphorylation influences on ubiquitination of certain protein,
phosphorylation of specific site of ATG101 is also tested for investigating the
effect of ubiquitination with serine residue point mutant. This phospho-mutant
(S11A+S203A) of ATG101 also did not show any defect of ubiquitination of
ATG101 (Figure 15). These results imply that there might be other possibility
that the ubiquitination of the interacting partner of ATG101 was detected in
immunoprecipitation assay.
If ATG101 could be ubiquitinated, ubiquitin ligase(s) can be identified as
interacting partners of ATG101. Thus, based on these results it is possible that
study about ubiquitination of ATG101 would be expanded further. In addition to
ubiquitin ligases, other interacting partners of ATG101 might provide a clue
about unknown functions of ATG101.
Currently many researchers focus on the molecular mechanism of autophagic
proteins, studying constantly about the detail principles of autophagy. This paper
is the little accomplishment following this stream. However, since ATG101 is the
autophagic protein with significant potential in autophagy initiation, further
studies and advances are needed to understand fine regulation for autophagy
pathway. Accordingly ATG101 could be a small-sized but meaningful target for
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diverse clinical studies including anti-cancer, which is regulating the autophagy
activity currently undergoing.
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