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ABSTRACT
An ULK1-Independent Mechanism of ATG9A Regulation in Basal Autophagy
Ashari Rashmi Kannangara
Department of Chemistry and Biochemistry BYU
Doctor of Philosophy
Macroautophagy (hereafter referred to as autophagy) is the bulk degradation and recycling of
cytoplasmic materials by forming a double membrane vesicle called the autophagosome.
Autophagosome formation is regulated by the coordinated action of a set of proteins. ATG9A is
the only multi spanning transmembrane protein that plays an essential role in autophagosome
formation, yet its function is largely elusive. Previous studies have shown that the C-terminus of
ATG9A plays an important role in regulating its trafficking and proper function in autophagy. In
line with that idea, we previously identified an AMPK- and ULK1- mediated phosphorylation on
the C terminus of ATG9A at S761, which is required for proper ATG9A trafficking and autophagic
flux. In our current study, we employed a BioID-based proteomics approach and identified a
network of ATG9A C terminal interactors that include members of the ULK1 complex, ATG13
and ATG101, as well as protein complexes within the ER, Golgi, and endosomal trafficking
pathways, many of which provide new insight into ATG9A trafficking mechanisms. We
discovered that ATG9A exists with ATG13 and ATG101 in a separate subcomplex outside the
canonical ULK1 complex. We show that the ATG13-ATG101 subcomplex regulates ATG9A
trafficking and basal P62 degradation.
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INTRODUCTION

Macroautophagy (hereafter referred to as autophagy) is the bulk degradation and recycling of
cytoplasmic materials. The central event in autophagy is encapsulation of these materials by a
double membrane vesicle called the autophagosome, which carries the materials to the lysosome
for degradation. Autophagy plays an important role in clearance of unwanted cellular materials,
and maintaining cellular homeostasis, amino acid pools and protein synthesis upon nutrient
deprivation. Autophagy plays an essential role in development and defects in autophagy cause
disease pathology in cancer and neurodegeneration. Decades of numerous studies have discovered
the proteins that are involved in the core autophagy machinery. However, the mechanistic details
of how these proteins cooperate to form the autophagosome and regulate its trafficking to the
lysosome are still poorly understood.

1.1

Autophagy-related protein 9 (ATG9)

Autophagy-related protein 9 (ATG9) is the only multi-spanning transmembrane protein among
ATG proteins. ATG9 resides on the surface of intracellular membrane vesicles that traffic to and
from the autophagosome. The genetic loss of ATG9A completely abrogates autophagy in cultured
cells and mice deficient for ATG9A fail to surve the neonatal weening period, for which autophagy
is critical (Young et al., 2006)). The middle region of ATG9, which contains transmembrane
domains, is highly conserved from yeast to mammals (Yamamoto et al., 2012). A recent,
groundbreaking study suggested that ATG9 is the apical regulator of autophagy and forms the
initial platform for autophagosome growth (Sawa-Makarska et al., 2020). However, despite its
importance in autophagy, the molecular mechanism of how ATG9 is regulated in autophagosome
formation is perhaps the least understood aspect of autophagy mechanisms.
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1.1.1

Yeast ATG9

In yeast, ATG9 forms highly mobile structures of 30-60 nm diameter vesicles which are mainly
derived from the Trans-Golgi Network (TGN). In addition to that, ATG9 is present in a peripheral
pool referred to as an ATG9 ‘reservoir’. ATG9 is one of the first proteins recruited to pre
autophagosomal structures (PAS) upon induction of autophgay and it then gets incoperated into
the precursor of the autophagosome, the isolaton membrane (Yamamoto et al., 2012).
Recruitement of ATG9 to PAS is dependent on ATG17, which acts as a membrane tether to
sequester ATG9 to the pentameric ATG1 complex upon starvation (Sekito et al., 2009, Matscheko
et al., 2019). Under basal conditions, ATG11 is activated by cargo that is marked for degradation
through interaction with autophagy receptors. In turn, this initiates a signal for autophagy to
selectively degrade the cargo, as described below.
Activated ATG11 dimerizes and tethers ATG9 vesicles, which leads to the nucleation of
autophagosomal membrane in direct vicinity of cargo (Matscheko et al., 2019). Although, ATG9
gets incorporated into the outer membrane of phagophore, it is not present in the autophagic bodies
in the vacuole (the yeast equivalent of the lysosome), suggesting that ATG9 is recycled from the
autophagosome before it fuses with the vacuole (Reggiori et al., 2004). However, the retrieval
transport of ATG9 from the PAS requires formation of phosphatidylinositol-3-phosphate
(PtdIns(3)P) by the PtdIns 3-kinase complex I (Nickerson et al., 2009)). The presence of this lipid
triggers the sequential recruitment of ATG18 and ATG2 that allows ATG9 to leave the PAS
(Reggiori et al., 2004). These evidences suggest that ATG9 plays an essential role in the early step
of autophagy, perhaps by providing lipid bilayers to the growing autophagosomes or by delivering
unidentified proteins or recruiting downstream ATG proteins to the autophagy initiation sites.
ATG9 may also be involved in sensing or regulating membrane curvature (Reggiori et al., 2004).
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1.1.2

Mammalian ATG9/ ATG9A

The mammalian counterpart of yeast APG9L1 (Yamada et al., 2005) was first discovered in 2006
(Young et al., 2006). The ubiquitously expressed isoform of ATG9, ATG9A, is highly enriched in
skeletal muscle, heart and placenta. ATG9A localizes to the a juxta nuclear region that includes
the trans Golgi network, and a peripheral population which was shown to colocalize with late
endosome markers (Young et al., 2006). Similar to ATG9 ‘reservoirs’ present in yeast, in
mammals, ATG9A is present in a distinct vesicular compartment that doesn’t colocalize with
endosomal markers (Orsi et al., 2012). ATG9A is recruited to the early stages of phagophore
formation independent of other
autophagy proteins, placing it at
the apex of the autophagy
signaling hierarchy (Figure 13).
ATG9A associates very
transiently with the phagophore,
whereas its yeast counterpart

Figure 1-1. The C terminus of ATG9A harbors hallmarks of
into a signaling hub.
Graph showing disorder tendency of ATG9A across its amino
phagophores at their nucleation, acid sequence (predicted by ANCHOR web server at
http://anchor.elte.hu) (top). Schematic of ATG9A domain
and remains inserted in the outer structure (bottom)
gets

incorporated

membrane of the forming autophagosomes until their closure (Ungermann and Reggiori, 2018).
ATG9A is predicted to have 6 transmembrane domains, with both N and C termini facing the
cytoplasm (Young et al., 2006). It has a short N terminus and a long C terminus that accounts for
nearly half of the amino acids in ATG9A. The long C-terminus bears some hallmarks of a signaling
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hub, including a high degree of predicted intrinsic disorder and a concentration of phosphorylation
sites that are repeatedly identified in global PTM mass spectrometry studies (Figure 1-1). These
include several phosphorylations with over 20 independent mass spectrometry identifications
(S735, S738, S741, S828) and an AMPK-mediated phosphorylation at S761 that our group
identified as a 14-3-3ζ docking site essential for proper ATG9A trafficking during stress
(Weerasekara et al., 2014).

1.1.2.1 Human ATG9A cryo-EM structure
Despite the importance of ATG9A in core autophagic machinery, its molecular function has eluded
researchers in part due to the lack of a structure. However, recent reports have shed light on
ATG9A structure. Guardia et al. reports a
cryo-EM structure of human ATG9A at
2.9-A° resolution (Figure 1-2). The
structure revealed that ATG9A is a
domain-swapped
unique

homotrimer

fold—with

each

with

a

protomer

harboring four transmembrane helices as
opposed to six transmembrane domains
predicted by online tools.

Figure 1-2. Cryo-EM structure of ATG9A.
Protomers are labelled as A, B and C. PDB ID 6WR4. Retrieved
from https://www.rcsb.org/structure/6wr4 and edited.

Trimerization of ATG9A occurs
by inserting the C-terminal transmembrane hairpin into a cleft formed by the core four
transmembrane helices of the adjacent protomer. This results a wedge-shaped unit assembled into
a trimeric complex. An important feature of ATG9A structure is the presence of a branched
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network of pores through the protein with openings to the cytosol. Cavities identified in this
structure are plausible pathways for the polar headgroups of phospholipids across the membrane.
The presence of those cavities also may help maintaining osmotic pressure across the membrane
in the relatively small ATG9A vesicles. Also, in line with our recent study (chapter 2), by using
molecular simulation studies, Guardia et al. shows that the C-terminus of ATG9A acts as a
platform domain and it is crucial for ATG9A function and interaction with other proteins.

Figure 1-3. Steps of the autophagy pathway.
ATG9A is proposed to deliver membranes to the growing autophagosomes.
1.1.2.2 Regulation of ATG9A trafficking
Proper ATG9A trafficking throughout the cell is crucial for autophagosome formation. Under
nutrient replete conditions, ATG9A cycles between the ER, Golgi, post Golgi compartment and
endosomal systems. Upon induction of autophagy, ATG9A redistributes to a peripheral pool and
transiently localizes to sites of autophagosome biogenesis

(Young et al., 2006). ATG9A

trafficking is regulated by post translational modifications and by interacting with trafficking
components via sorting motifs. ATG9A is glycosylated at the ER and its trafficking through Golgi
is important for its proper function. Despite the fact that ATG9A trafficking regulation is largely
elusive, several studies have shown that depleting cells of several endosomal trafficking complexes
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leads to defects in ATG9A trafficking and autophagy, suggesting that ATG9A relies on the
endosomal system for trafficking.
In our recent study, we revealed a network of previously unknown ATG9A interactors.
Many of these interactors belong to components of vesicle trafficking pathways, such as AP2,
AP4, EARP, GARP, Retromer, TRAP and SNARE complexes, suggesting that ATG9A trafficking
through vesicle trafficking pathway is regulated by protein-protein interactions between ATG9A
and trafficking complexes. An ATG9A sorting motif (tyrosine-based and di-leucine-based sorting
motif) at its N-terminal cytoplasmic region directly binds to AP-2 which is crucial for its proper
localization and autophagy. Mutation at both tyrosine-based and di-leucine-based sorting motifs
cause decreased ATG9A colocalization with Golgi and increased accumulation at recycling
endosomes.
Recently, an interaction of ATG9A with AP-4 in the TGN was found to facilitate its
transport to peripheral compartments and depletion of AP-4 affects normal autophagosome
formation (Davies et al., 2018; Mattera et al., 2017). Additionally, RABGAP protein TBC1D5
interact with ATG9A and control ATG9A trafficking in AP2 dependent manner (Popovic and
Dikic, 2014). Also, siRNA knockdown of TRAPPC8, which is a component of TRAPIII complex,
causes ATG9A accumulation at recycling endosomes, suggesting export of ATG9A from the
recycling endosome is important for proper autophagosome formation (Imai et al., 2016).
Importantly, TBC1D14 and TRAPPIII regulate ATG9 trafficking independently of ULK1, which
regulates a constitutive trafficking step from peripheral recycling endosomes to the early Golgi,
maintaining the cycling pool of ATG9 required for initiation of autophagy (Lamb et al., 2016).
Binding of SNX18 to Dynamin-2 is important for ATG9A trafficking from recycling endosomes
and for formation of ATG16L1- and WIPI2-positive autophagosome precursor membranes
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(Soreng et al., 2018). p38IP interacts with C terminus of ATG9A and control ATG9A trafficking
during starvation (Webber and Tooze, 2010). Taken together, several studies, including our study,
have revealed that any defects in ATG9A trafficking cause a corresponding defect in autophagy.
Therefore, it is important to further understand the mechanistic details of regulation of ATG9A
trafficking in order to uncover the molecular mechanism of autophagosome formation and
autophagy.
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2

An ULK1-independent ATG13 complex regulates basal ATG9A trafficking and
accumulation of p62/SQSTM1

*This chapter is currently under review with minor variations from this version:
Kannangara AR 1, Poole DM1, Weerasekara VK2,3, McEwan CM1, Thornock AM 1, Lazaro MT1,
Balasooriya ER1, Oh LM1, Youngs JC1, Lee JJ1, Simmons DL1, Andersen JL1#
1

Department of Chemistry and Biochemistry, Fritz B. Burns Cancer Research Laboratory,
Brigham Young University, Provo, Utah, USA
2
Center for Cancer Research, Massachusetts General Hospital, Boston, MA, USA
3
Department of Medicine, Harvard Medical School, Boston, MA, USA
2.1

ABSTRACT

ATG9A, the only multi-pass transmembrane protein among core ATG proteins, is an essential
regulator of autophagy, yet its regulatory mechanisms and network of interactions are poorly
understood. Here, through quantitative BioID proteomics, we identify a network of ATG9A
interactions that includes members of the ULK1 complex and numerous regulators of membrane
fusion and vesicle trafficking, including the TRAPP, EARP, GARP, exocyst, AP-1 and AP-4
complexes. These interactions mark pathways of ATG9A trafficking through ER, Golgi and
endosomal systems. In exploring these data, we unexpectedly find that ATG9A interacts with an
ULK1-independent ATG13-ATG101 complex. CRISPR/Cas9 knockout and reconstitution
experiments indicate that loss of this ATG13-ATG101 complex results in a stark shift in
endogenous ATG9A distribution, resulting in a basal accumulation of ATG9A at p62/SQSTM1
clusters. This aberrant accumulation of ATG9A is rescued by an ULK1 binding-deficient mutant
of ATG13. In contrast, the ATG13-ATG9A interaction is essential for proper basal distribution of
ATG9A. Together, these data reveal a network of ATG9A interactions in vesicle trafficking and
autophagy pathways, including the first role for an ULK1-independent ATG13 complex in
regulating ATG9A
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2.2

INTRODUCTION
The recycling of misfolded proteins, dysfunctional organelles and other molecules through

macroautophagy (referred to here as autophagy) is critical for maintaining cellular homeostasis
and promoting cell survival during stress. Deregulated autophagy underlies the pathophysiology
of many human diseases, including a variety of degenerative disorders, cancer, autoimmunity and
infectious disease. The central event in autophagy is the formation of the autophagosome, which
begins as a double-membrane cisterna that expands and captures portions of the cytosol/cell and
ultimately closes to form a sealed vesicle. The autophagosome then fuses with the lysosome for
degradation and recycling of the autophagosome contents. The flux of autophagy substrates
through this degradative pathway increases in breadth and rate under nutrient deprivation. In
contrast, under nutrient replete conditions, a more selective, lower level of autophagy (referred to
here as ‘basal autophagy’) maintains organelle and protein homeostasis (Antonucci et al., 2015;
Hara et al., 2006; Komatsu et al., 2006; Komatsu et al., 2005). Defects in basal autophagy can lead
to the accumulation of defective mitochondria and toxic protein aggregates that underlie a variety
of degenerative diseases (Dikic and Elazar, 2018; Hara et al., 2006; Komatsu et al., 2006).
Our understanding of the upstream signaling that controls autophagy mainly derives from
studies on nutrient deprivation, in which the inhibition of mTORC1 results in the activation of the
ULK1 kinase complex that includes FIP200, ATG101 and ATG13 (Egan et al., 2011; Hosokawa
et al., 2009a; Kim et al., 2011; Lee et al., 2010; Shang et al., 2011). Active ULK1 complex then
coordinates a variety of autophagy events, such as recruitment of VPS34 lipid kinase complex,
that stimulates formation of the membrane precursor to the autophagosome, referred to as the
isolation membrane (IM) (Zachari and Ganley, 2017). The location of this emergent
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autophagosome is also called the phagophore assembly site (PAS). Additional autophagy
regulatory proteins are recruited to the IM/PAS, including ATG5-12-16 conjugation systems that
attach the ubiquitin-like protein LC3 to autophagosomes.
In contrast to starvation-induced autophagy, basal autophagy is primarily driven by a
variety of autophagy adaptors, including p62/SQSTM1, Optineurin and TAX1BP1, that
selectively deliver cargo to the autophagosome. For example, p62/SQSTM1 interacts with polyubiquitinated cargo via its ubiquitin association domain and then tethers these cargo to the LC3decorated autophagosomes via its LC3-interacting region (Pankiv et al., 2007; Seibenhener et al.,
2004). Transition of these p62/SQSTM1-poly-ubiquitinated protein complexes into phaseseparated droplets appears to be a precursor to cargo degradation (Cloer et al., 2018; Jakobi et al.,
2020; Sun et al., 2018). However, given that basal autophagy occurs under conditions in which
ULK1 is inactive (and mTORC1 is active), the hierarchy of signaling that governs basal
autophagy, including how core autophagy machinery (e.g., ATG9A) is engaged and regulated, is
not yet clear.
ATG9A is essential for the formation of autophagosomes (Kuma et al., 2004; Saitoh et al.,
2009; Yamamoto et al., 2012), but is one of the least understood of the core ATG proteins. Studies
from yeast and mammalian cells suggest that ATG9A (referred to as Atg9 in yeast) traffics on
small membrane vesicles and accumulates at several sites within vesicular trafficking pathways,
including the Golgi, endosomes, and ER where it co-localizes with IM/PAS markers (Imai et al.,
2016; Kakuta et al., 2017; Mari et al., 2010; Nishimura et al., 2017; Orsi et al., 2012; Takahashi et
al., 2016; Young et al., 2006). A few proteins have been identified as regulators of ATG9A
trafficking, including the coat adaptors AP-1, AP-2 and AP-4, components of the ULK1 complex,
BIF-1 and p38IP (Davies et al., 2018; Guo et al., 2012; Ktistakis and Tooze, 2016; Mattera et al.,
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2017; Orsi et al., 2012; Popovic and Dikic, 2014; Takahashi et al., 2011; Tang et al., 2011; Young
et al., 2006). The trafficking/mobilization of ATG9A to the IM/PAS is considered an apical step
in autophagy (Itakura et al., 2012; Karanasios et al., 2016; Kishi-Itakura et al., 2014). While at the
IM/PAS, ATG9A is thought to supply membrane to growing autophagosomes, although the
mechanism by which this may occur is still unclear (Judith et al., 2019; Yamamoto et al., 2012).
Several recent studies indicate that, in addition to the role of ATG9A in starvation-induced
autophagy, ATG9A is essential for basal autophagy—potentially in ways that do not easily fit
within current autophagy paradigms. Although ATG9A KO MEFs still display LC3B puncta
(suggesting that autophagosomes still form in the absence of ATG9A) (Saitoh et al., 2009), studies
focused on the basal lysosomal turnover of autophagy adaptors demonstrate a strong requirement
for ATG9A. For example, degradative flux of the autophagy adaptor NBR1 is largely independent
of ULK1 and ATG factors required for LC3 lipidation, but is entirely dependent on ATG9A
(Shoemaker et al., 2019). Similarly, ATG9A emerged as a top hit in a genome-wide CRISPR/Cas9
screen for proteins required for basal lysosomal degradation of p62/SQSTM1, while a variety of
core ATG proteins were notably not essential (Goodwin et al., 2017). In addition, the tyrosine
kinase Src phosphorylates ATG9A at Tyr8 to maintain active ATG9A trafficking under basal
conditions (Zhou et al., 2017). Furthermore, defective ATG9A trafficking (or genetic loss of
ATG9A) is associated with impaired clearance of protein aggregates (De Pace et al., 2018;
Winslow et al., 2010; Yamaguchi et al., 2018). Together, these data support a central role for
ATG9A in basal autophagy. However, the general mechanisms that control basal autophagy,
including how ATG9A may interact with autophagy machinery to promote constitutive turnover
of autophagy adaptors, are poorly understood.
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Here we take advantage of BioID and quantitative LC-MS/MS to identify a network of
proximity-based ATG9A interactions that include a variety of vesicular trafficking complexes and
autophagy regulators. In exploring these interactions further, we discover that ATG9A interacts
with an ULK1-independent ATG13 ‘subcomplex’ that is essential for proper ATG9A trafficking
and basal turnover of p62/SQSTM1. Together, our data elucidate a diverse array of novel ATG9A
interactions and reveal, to our knowledge, the first ULK1-independent role for ATG13 in
regulating ATG9A function.
2.3
2.3.1

RESULTS
BioID reveals proximity-based interactions between the ATG9A C-terminus and a
network of trafficking proteins and complexes.

With the ultimate goal of elucidating the interactome of ATG9A, we first assessed potential
protein-protein docking regions along the putative ATG9A structure. The long C-terminus of
ATG9A bears some hallmarks of a signaling hub, including a high degree of predicted intrinsic
disorder and a concentration of phosphorylation sites that are repeatedly identified in global PTM
mass spectrometry studies (Supplementary Figure 2-1A). These include several phosphorylations
with over 20 independent mass spectrometry identifications (S735, S738, S741, S828) and an
AMPK-mediated phosphorylation at S761 that we identified as a 14-3-3ζ docking site
(Weerasekara et al., 2014). In addition, there is evidence from structural and molecular studies that
ATG9A self-associates via its C-termini, which might further expand its ability to act as a protein
docking site or signaling hub (He et al., 2008; Lai et al., 2020; Staudt et al., 2016). In support of
this idea, we found that ATG9A fused to split Venus molecules at its C-termini produced robust
BiFC signal in a perinuclear pattern (Supplementary Figure 2-1B), consistent with known
localization patterns of ATG9A (Orsi et al., 2012; Young et al., 2006). In addition, we found that
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a C-terminally truncated ATG9A was unable to fully rescue defective LC3 processing in an
ATG9A KO line (Supplementary Figure 2-1C). These data suggest that the ATG9A C-terminus is
critical for ATG9A function and likely a hub of multiple protein-protein interactions.
Our efforts to probe ATG9A protein-protein interactions by co-IP proteomics had limited
success (unpublished). The multi-pass transmembrane nature of ATG9A presents challenges to
co-IP proteomics, most notably the difficulty of extracting ATG9A from intracellular membranes
while maintaining protein-protein interactions. On the other hand, these same qualities make
ATG9A a good candidate for BioID (Roux et al., 2012), in which promiscuous interactions are
relatively limited by ATG9A being fixed in membrane. Thus, we fused the modified bacterial
biotin ligase BirA (R118G—denoted with an asterisk) to the C-terminus of hemagglutinin (HA)tagged ATG9A (HA-ATG9A-BirA*) (Rees et al., 2015; Roux et al., 2012). We verified that fusion
of BirA* to the ATG9A C-terminus did not impair the function of ATG9A, as the ATG9A-BirA*
construct was able to fully rescue the defect in p62/SQSTM1 degradation in ATG9A KO cells
(Figure 2-1A)
To pursue BioID proteomics, we generated cell lines stably expressing either ATG9A-BirA* or,
as a control, BirA* alone. These cells were supplemented with biotin, followed by detergent lysis
and capture of biotinylated proteins on streptavidin resin. An initial evaluation of captured proteins
by Coomassie staining suggested an overall lower level of biotinylation by ATG9A-BirA*
compared to BirA* alone, as perhaps expected given the anchored, transmembrane nature of
ATG9A (Figure 2-1B). Therefore, we proceeded with BioID proteomics following the
experimental schematic outlined in Figure 2-1C. Quantitative LC-MS/MS of biological triplicates
of the experiment in Figure 2-1C revealed 283 proteins that were significantly enriched (≥2-fold
increase, ≤0.05 p-value) in the ATG9A-BirA* samples versus BirA* alone (see volcano plot,
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Figure 2-1D, Supplementary Figure 2-1A, B). These spanned a striking array of autophagy and
trafficking regulators, including multiple components of EARP/GARP, AP-1, AP-3, AP-4,
Retromer, TRAPP and SNARE complexes and all components of the canonical ULK1 complex
(Figure 2-1D), a subset of which were validated by immunoblot (Figure 2-1E). Several of these
ATG9A-BirA*-biotinylated proteins are already known to interact with ATG9A, including
STX16, Arfaptin-1, TBC1D5, AP-1, AP-2 and AP-4, which increased our confidence in the BioID
data (Aoyagi et al., 2018; Davies et al., 2018; Imai et al., 2016; Judith et al., 2019; Lamb et al.,
2016; Mattera et al., 2017; Orsi et al., 2012; Popovic and Dikic, 2014; Soreng et al., 2018; Zhou
et al., 2017). Furthermore, this proximity-based ATG9A interactome was highly enriched for
proteins associated with the organelles where ATG9A is known to reside, including the ER, TGN,
ERGIC and endosomal systems (Figure 2-1F, G).

2.3.2

ATG9A interacts with ATG13 outside the canonical ULK1 complex.

Among the BioID proteomics data, our attention was drawn to members of the ULK1 complex,
which emerged as top hits (Figure 2-1D). Of the ULK1 complex proteins, ATG13 showed the
highest fold-change increase in signal across all of the ATG9A-BirA* replicates. Thus, we
initially focused on characterizing the ATG9A-ATG13 and ULK1 complex interactions. However,
one challenge to biochemically isolating ATG9A or tracking ATG9A by confocal microscopy is
limitations in the commercially available antibodies, which haven’t proven effective for co-IP or
immunostaining in our hands. Furthermore, most approaches to image ATG9A are based on
ectopic expression, which may yield artifacts. To overcome these challenges, we used
CRISPR/Cas9 to knock-in an HA affinity tag in-frame on the C-terminal end of genomic ATG9A
in HCT-116 cells (Figure 2-2A). Deep sequencing of multiple clones verified that the HA sequence
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Figure 2-1. Bio-ID reveals a network of ATG9A interactors, including multiple trafficking
regulators and members of the ULK1 complex.
(A) HEK-293T ATG9A WT, ATG9A KO or ATG9A KO cells reconstituted with overexpressed
HA-ATG9A and HA-ATG9A BirA* were grown in full DMEM media. Endogenous
p62/SQSTM1 level was measured by immunoblot (top). Graph below shows quantification of p62
infrared signal normalized to Actin. Significance measured using Student’s t test. Mean ± SEM,
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*=p≤0.05, **= p≤0.01, n=3. (B) HEK-293T parental cells or HEK-293T cells stably expressing
HA-BirA* or HA-ATG9A BirA* (stably integrated with lentivirus) were grown in full DMEM
media, treated with 50 µM biotin for 12 hrs, followed by detergent lysis and incubation with
streptavidin resin. Streptavidin pull-down samples were resolved in a 4-15% gradient gel and
coomassie stained. (C) An experimental schematic of Bio-ID workflow. (D) Quantitative
proteomics data from three independent experiments were analyzed by volcano plot. Significant
interactors were selected based on a cut-off of p<0.05 (two-tailed heteroscedastic t-test) and >2fold increase in interaction comparing the AUC signal for each peptide from HA-ATG9A BirA*
vs HA-BirA* samples. A log 2-fold change =1 and -log p value 0.05 = 1.3 were marked by dash
lines on the volcano plot. Significant interactors were colored in salmon and interactors of
particular interest were color coded (See heat map S2B). (E) A subset of interactors were validated
by immunoblotting with indicated antibodies after the streptavidin pulldown step in panel C. (F)
The subcellular localization of significantly scored interactors from three independent proteomics
experiments
was
assigned
by
using
panther
GO
enrichment
analysis
(http://www.geneontology.org/page/go-enrichment-analysis). (G) A schematic representation of
proteins identified by proteomics analysis grouped into protein complexes and associated
trafficking pathways. Protein complexes were assembled from the GO enrichment and analyzed
using STRING (https://string-db.org/).
was inserted correctly. To further validate the knock-in, we detected an HA signal at the predicted
molecular weight of ATG9A. We then verified that this signal was indeed ATG9A-HA by
knocking out the ATG9A locus with CRISPR/Cas9 and measuring the corresponding loss of HA
signal (Figure 2-2B). We were also able detect a strong ATG9A-specific signal by immunostaining
for HA and confocal imaging, which was lost upon CRISPR/Cas9 targeting of ATG9A
(Supplementary Figure 2-3)
An initial analysis of endogenous ATG9A-HA, ATG13, FIP200 and ULK1 by gel filtration
showed that the bulk of ATG9A cofractionates with the canonical ULK1 complex in the high
molecular weight (MW) range at approximately 3 MDa (Figure 2-2C) (Hara et al., 2008). We also
found that ATG9A is distributed down into lower MW ranges and shows a small peak coincident
with a substantial lower molecular weight peak of ATG13 (Figure 2-2D). This lower peak of
ATG13 appears independent of the canonical ULK1 complex and has been noted in previously
published gel filtration results (Hosokawa et al., 2009a). To determine whether ATG9A interacts
with ATG13 in this lower MW peak, we pooled the fractions spanning the ATG13 peak and
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immunoprecipitated endogenous ATG9A using the HA knock-in cells (ATG9A-HA KI). We
found that ATG9A robustly co-IPs with ATG13 in these fractions. Furthermore, the ATG13 coIP signal was lost upon deletion of ATG13 but recovered by stable addback of WT ATG13 (Figure
2-2E).

Figure 2-2. ATG9A interacts with ATG13 outside the canonical ULK1 complex.
(A) A schematic representation of the CRISPR/Cas9-mediated insertion of a 1x HA tag sequence
at the C-terminal end of genomic atg9a (HCT-116 ATG9A-HA KI). Single cell-derived clones
were validated by targeted deep sequencing. (B) The HCT-116 ATG9A-HA KI 2E6 clone was
validated by knocking out the ATG9A locus with CRISPR/ Cas9 (clones 3, 6 and 8 were
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successful). Clones were validated by measuring the loss of HA signal by immunoblotting with
indicated antibodies. (C) HCT-116 ATG9A-HA KI cells were analyzed by size exclusion
chromatography with a Superose 6 column. Eluted fractions were resolved in a 4-15% gradient
gel and immunoblotting was performed with indicated antibodies. (D) The infrared intensity of
indicated protein bands from each fraction was plotted. (E) The cartoon on left shows the
experimental schematic of immunoprecipitation from pooled fractions. HCT-116 ATG9A-HA KI
cells were subject to ATG13 gene deletion by CRISPR/Cas9 (HCT-116 ATG9A-HA KI-ATG13
KO), then stably reconstituted with WT ATG13. Cells were run through size exclusion
chromatography as in panel C. A combined pool of fractions 8-12 was immunoprecipitated for
HA, followed by immunoblotting with indicated antibodies.
2.3.3

ATG9A interacts with an ULK1-independent ATG13 subcomplex that includes
ATG101.

To further evaluate this potential ULK1-independent ATG9A-ATG13 interaction, we generated
ATG13 KO cells then stably reconstituted them with WT ATG13 or one of two mutants of ATG13:
ATG13 D2AA, which lacks a C-terminal 2-amino acid segment required for ULK1 binding (Alers
et al., 2011; Hieke et al., 2015); or ATG13 DHORMA, which lacks the HORMA domain required
for interaction with ATG101 and reported in yeast to be essential for recruiting Atg9 vesicles to
the PAS (Figure 2-3A) (Jao et al., 2013; Qi et al., 2015; Suzuki et al., 2015). We verified that the
ATG13 D2AA indeed fails to interact with ULK1 (Supplementary Figure 2-4A). Likewise, we
found that the ATG13 DHORMA mutant is defective in interacting with ATG9A in mammalian
cells (Supplementary Figure 2-4B).
Importantly, in ATG9A-BirA*-expressing cells, the loss of ATG13 had no effect on
streptavidin capture of ULK1, but completely abrogated the capture of ATG101 (Figure 2-3B),
suggesting that ATG13 is required for the interaction of ATG9A with ATG101, but not ULK1.
Importantly, the streptavidin capture of ATG101 was rescued by reconstituting the ATG13 KO
cells with WT ATG13, while reconstitution with ATG13 DHORMA did not recover ATG101
binding (Figure 2-3B), which is consistent with a model wherein ATG9A interacts with ATG101
via ATG13. In contrast to ATG13 DHORMA, the reconstitution of ATG13 KO cells with the
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ULK1

binding-defective ATG13

D2AA completely restored

ATG9A-BirA*-mediated

biotinylation of ATG101 (Figure 2-3C). Furthermore, in mouse embryonic fibroblasts, ATG9ABirA* biotinylates ATG13 equally regardless of the presence or absence of ULK1/2 (Figure 23D). Reciprocal co-IP experiments demonstrated that ATG9A-ULK1 binding was not affected by
loss of ATG13 (Supplementary Figure 2-4C, D).

Figure 2-3. ATG9A interacts with an ULK1-independent ATG13 complex that includes
ATG101.
(A) A schematic representation of ATG13 mutations used in the study. (B) HA-ATG9A-BirA*
was expressed in HCT-116 ATG13 WT, ATG13 KO or ATG13 KO cells reconstituted with WT
ATG13 or ATG13 ∆HORMA. Cells were grown in full DMEM media, treated with 50 µM biotin
for 12 hrs, followed by detergent lysis and incubation with streptavidin resin. The graph on right
shows quantification of normalized ATG101 infrared signal. Mean ± SEM, n=3. Significance
measured using Student’s t test. *= p≤0.05, ****= p ≤ 0.0001. (C) Cells were treated as in panel
B but included reconstitution with ATG13 2AA mutant. The graph on right shows quantification
of normalized ATG101 infrared signal. Mean ± SEM, n=3. Significance measured using Student’s
t test. *= p≤0.05, ****= p≤0.0001 (right). (D) HA-ATG9A-BirA* was overexpressed in WT and
ULK1/2 Double KO MEFs. Cells were subjected to streptavidin pulldown and immunoblotting
with indicated antibodies. The graph on right shows quantification of normalized ATG13 infrared
signal. Mean ± SEM. n=3. Significance measured using Student’s t test (right).
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To confirm our biochemical observations of the ATG9A-ATG13 interaction, we found that
endogenous ATG13 and ATG9A colocalize in discrete semi-perinuclear puncta. Importantly, the
colocalization of ATG9A and ATG13 is abrogated by loss of ATG101 but only marginally
affected by loss of FIP200 (Supplementary Figure 2-5), which we also confirmed by direct co-IP
of ATG9A-HA and ATG13 (Supplementary Figure 2-4E, F). Conversely, as we suspected, the
interaction between ATG13 and ATG101 did not require ATG9A (Supplementary Figure 2-4G),
suggesting that ATG9A is not an integral part of the ATG13-ATG101 complex and that they may
only transiently interact. Furthermore, in ATG13 KO reconstitution experiments, ATG9A showed
increased colocalization with the ULK1 binding-defective ATG13 D2AA and decreased
colocalization with ATG13 DHORMA compared to WT ATG13 (Supplementary Figure 2-6)
Taken together with the co-IP and BirA* data in Figure 2-3, these data suggest that, aside from the
canonical ULK1 complex, ATG9A interacts with an ULK1-independent ATG13 subcomplex that
includes ATG101.
2.3.4

The loss of ATG13 and ATG101 result in an accumulation of ATG9A at large
clusters of p62/SQSTM1.

To understand what role ATG13 may play in regulating ATG9A under basal conditions, we
analyzed the effect of ATG13 KO on endogenous ATG9A in the ATG9A-HA KI cells. Confocal
imaging of these cells revealed a striking accumulation of ATG9A in large spherical puncta. We
then questioned whether these large accumulations of ATG9A in ATG13 KO cells were a result
of a defective ULK1 complex or could be attributed to an ULK1-independent function of ATG13
and potentially ATG101. Thus, in addition to ATG13 KO lines, we generated ATG101 and FIP200
KO versions of our ATG9A-HA KI cell line as well as additional HEK-293T lines. Of note, our
attempts to disrupt ULK1 by CRISPR/Cas9 were unsuccessful (no viable cells recovered), despite
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using multiple sgRNAs and cell lines, so we relied on FIP200 as a surrogate for ULK1 complex
KO, given that loss of FIP200 has been shown to disrupt the ULK1 complex (Gammoh et al.,
2013; Hara et al., 2008). We found that loss of ATG101, but not FIP200, resulted in the same
distinctly large ATG9A puncta (Supplementary Figure 2-7A). Furthermore, the increase in
ATG9A puncta size in ATG13 KOs was rescued to a normal ATG9A distribution by reconstitution
with WT or ATG13 D2AA, but not ATG13 DHORMA (Supplementary Figure 2-7B).
To identify where in the cell these large ATG9A structures reside, we co-stained the cells
for markers of various organelles or proteins known to colocalize with ATG9A, including the ER,
golgi, endosomes, p62/SQSTM1 and IM/PAS. While the majority of organelle or protein markers
decreased or showed no significant change in colocalization with ATG9A, we found that the large
accumulations of ATG9A in ATG13 KO cells was almost entirely colocalized with p62/SQSTM1
(Figure 2-4A-E, quantification in panel F).
By immunoblot, we found that p62/SQSTM1 levels were significantly elevated in the
ATG13, ATG101 and ATG9A KO lines, while FIP200 KOs showed only marginal to no elevation
of p62/SQSTM1, depending on the cell type (Figure 2-5A, B). In agreement with these data,
confocal imaging revealed a similarly high level of p62/SQSTM1 accumulation in ATG13,
ATG9A, and ATG101 KO cells, but not FIP200 KO cells (Figure 2-5C, D). Similarly, loss of
ATG101 phenocopied the effect of ATG13 KO (Figure 2-5C, D) by inducing an accumulation of
ATG9A at the p62/SQSTM1 puncta (Figure 2-5C, E). In contrast, the loss of FIP200 did not induce
accumulation of ATG9A nor colocalization of ATG9A and p62/SQSTM1 to the level of ATG13
or ATG101 KO (Figure 2-5C, E).
Next, we used our panel of ATG13 mutants to more definitively assess the ULK1indpendence of ATG13 in these experiments. We found that reconstitution of ATG13 KO cells
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with the ULK1 binding-defective ATG13 D2AA mutant completely rescued the accumulation of
p62/SQSTM1 and restored a more normal distribution of ATG9A in the cell, thereby reducing the
colocalization of ATG9A and p62/SQSTM1 (Figure 2-6A-D; figure S7B). The ATG13 DHORMA
mutant failed to rescue the defect in ATG9A accumulation at large p62/SQSTM1 puncta (Figure
2-6A-D; Supplementary Figure 2-7B), further supporting the idea that ATG101, but not ULK1, is
essential to promote the basal autophagy function of ATG13. All together, these data support a
model in which an ULK1-independent ATG13-ATG101 complex regulates basal ATG9A function
and p62/SQSTM1 turnover (see model in Figure 2-7).
2.4

DISCUSSION

Our current understanding of autophagy regulation is based mostly on studies of nutrient stressinduced autophagy, during which inhibition of mTOR and a corresponding activation of the ULK1
complex sit atop the autophagy signaling hierarchy. Thus, it is still not clear how cells regulate
the disposal of protein aggregates and other debris that require a constitutive basal level of
autophagy, which occurs under conditions in which mTOR is fully active and ULK1 is inactive.
Other studies have also demonstrated ULK1-independent autophagy in other contexts (Cheong et
al., 2011; Gammoh et al., 2013). Given the critical role that basal clearance of cellular debris plays
in degenerative disease, this lack of understanding of basal autophagy remains one of the most
pressing mysteries in the autophagy field. Our data support the idea that some components of the
autophagy machinery are tasked with responding to nutrient depletion (e.g., ULK1, AMPK), while
others have a baseline function in driving basal autophagy (e.g., ATG13, ATG101, ATG9A), but,
perhaps not surprisingly, can be called upon for extra duty if declining nutrient levels demand an
increased autophagic response.
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The roles of ATG13 and ATG101 in autophagy, particularly under basal conditions, are
not completely understood. The prevailing model, based primarily on studies done from the
perspective of ULK1 during nutrient stress, attributes the autophagy function of ATG13, ATG101
and FIP200 to their roles in supporting the ULK1 complex. Indeed, ATG13 and FIP200 are

Figure 2-4. The loss of ATG13 causes a shift in colocalization of ATG9A with organelle and
autophagy markers and triggers an accumulation of ATG9A with p62/SQSTM1.
(A)-(E) Representative images of ATG9A colocalization with different organelle and autophagy
markers. HCT-116 ATG9A-HA KI-ATG13 WT or ATG13 KO cells were grown in full DMEM
media, fixed and labeled with antibodies for HA, TUFM, PDIA3, ATG16L1, EEA1 and

25

p62/SQSTM1 and imaged. (Scaler bar=10 µm). (F) Quantification of ATG9A colocalization with
indicated organelle markers of Golgi (GOLGIN97), mitochondria (TUFM), ER (PDIA3),
endosomal system (VPS26A), early endosome (EEA1), autophagy adaptor (p62), autophagosome
markers (ATG16L1, WIPI4, ATG2A, LC3II) and lysosomes (LAMP1) respectively. Mean ±
SEM, n=30. Significance measured using unpaired t test with Welch’s correction. *= p≤0.05,
****= p≤0.0001.

Figure 2-5. The loss of ATG13 and ATG101 result in an accumulation of ATG9A at large
clusters of p62/SQSTM1.
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(A) Endogenous p62/SQSTM1 level in HCT-116 ATG9A-HA KI-ATG13 WT, ATG13 KO,
ATG101 KO, ATG9A KO and FIP200 KO clones was measured by immunoblotting with
indicated antibodies. Cells were grown in full DMEM media, treated with or without 100 nM
Bafilomycin for 24 hrs and whole cell lysates were subjected to immunoblotting (left). The graph
on right shows quantification of normalized p62 infrared signal. Mean ± SEM, n=3. Significance
measured using Student’s t test. *= p≤0.05, ****= p≤0.01 (right). (B) Endogenous p62/SQSTM1
level in HEK-293T ATG13 WT, ATG13 KO, ATG101 KO, ATG9A KO and FIP200 KO clones
was measured by immunoblotting with indicated proteins. Cells were grown in full DMEM media,
treated with or without 100 nM Bafilomycin for 24 hrs and whole cell lysates were subjected to
immunoblotting. (C) Confocal images of ATG9A colocalization with p62/SQSTM1. HCT-116
ATG9-HA KI-ATG13 WT, ATG13 KO, ATG101 KO, ATG9A KO and FIP200 KO cells were
grown in full DMEM media, fixed, labeled with antibodies for HA and p62/SQSTM1 and imaged.
Scale bar 10 µm. (D) Quantification of average surface area of p62/SQSTM1 puncta in C. Mean
± SEM, n=30. Significance measured using unpaired t test with Welch’s correction. ****=
p≤0.0001. (E) Quantification of ATG9A colocalization with p62/SQSTM1. Mean ± SEM, n=30.
Significance measured using unpaired t test with Welch’s correction. ***= p≤0.001. ****=
p≤0.0001.
required for nutrient stress-induced ULK1 kinase activity, which, in turn, is necessary to activate
downstream autophagic machinery and inhibit mTORC1 (Cheong et al., 2008; Ganley et al., 2009;
Hosokawa et al., 2009a; Jung et al., 2009; Kawamata et al., 2008; Yamamoto et al., 2016).
However, some evidence suggests that ATG13 has important functions outside the ULK1
complex. Mice lacking ULK1, and its semi-redundant homologue ULK2, succumb to a neonatal
lethality during the weening period, similar to the loss of other core autophagy genes (Chan et al.,
2007; Cheong et al., 2011; Kundu et al., 2008; Lee and Tournier, 2011). In contrast, mice lacking
ATG13 die in utero, suggesting that ATG13 may have additional functions outside the ULK1
complex (Gan et al., 2006; Kaizuka and Mizushima, 2016). In addition, Hurley and colleagues
demonstrated that in order for Atg1 (yeast homologue of ULK1) to promote phagophore expansion
via its early autophagy targeting and tethering (EAT) domain, it must exist in an Atg13-free state
(Lin et al., 2018). Furthermore, super resolution microscopy in yeast demonstrated markedly
different stoichiometry and localization patterns for Atg1 and Atg13 at the PAS, as well as Atg13independent localization of Atg1 to the PAS (Lin et al., 2018). Moreover, while ATG13 and ULK1
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both associate with membrane via their own lipid binding motifs, they show different biochemical
properties, with ULK1, but not ATG13, showing tight, detergent-resistant association with
membrane fractions (Chan et al., 2009).

Figure 2-6. ATG13-mediated rescue of ATG9A accumulation at p62/SQSTM1 clusters
requires the ATG13 HORMA domain but is independent of ULK1 binding.
(A) Endogenous p62/SQSTM1 level was measured in HCT-116 ATG9A-HA KI-ATG13 WT,
ATG13 KO OR ATG13 KO cells reconstituted with ATG13 WT, ATG13 ΔHORMA and ATG13
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Δ2AA by immunoblotting with indicated proteins (left). Cells were grown in full DMEM media
and whole cell lysates were subjected to immunoblotting (left). Quantification of normalized p62
infrared signal. Mean ± SEM, n=3. Significance measured using Student’s t test. **= p≤0.01.
(right). (B) Confocal images of ATG9A colocalization with p62/SQSTM1 in HCT-116 ATG9AHA KI- ATG13 WT, ATG13 KO or ATG13 KO cells reconstituted with ATG13 WT, ATG13
Δ2AA and ATG13 ΔHORMA. Cells were grown in full DMEM media, fixed, labelled with
antibodies for HA and p62/SQSTM1 and imaged (Scale bar=10 µm). (C) Quantification of
ATG9A colocalization with p62/SQSTM1 in B. Mean ± SEM, n=30. Significance measured using
unpaired t test with Welch’s correction. **= p≤0.01, ****= p≤0.0001. (D) Quantification of
p62/SQSTM1 puncta surface area in C. Mean ± SEM, n=30. Significance measured using unpaired
t test with Welch’s correction. **= p≤0.01, ****= p≤0.0001.

Figure 2-7. An ULK1-independent ATG13-ATG101 complex regulates basal ATG9A
function and p62/SQSTM1 turnover.
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Under normal basal conditions, an ULK1-independent ATG13-ATG101 complex interacts with
ATG9A and promotes the ATG9A-mediated turnover of p62/SQSTM1 clusters. Upon loss of the
ULK1-indpendent ATG13-ATG101 complex, or disruption of the ATG13-ATG101-ATG9A
interaction, the p62/SQSTM1 clusters accumulate, resulting in a concomitant accumulation of
ATG9A at p62/SQSTM1 clusters.
Previous studies on ATG13 mutants that fail to bind ULK1 also suggest a ULK1independent function for ATG13 in autophagy. Stork and colleagues demonstrated, via a
knockout-reconstitution approach in MEFs, that cells expressing ULK1-binding deficient ATG13
mutants (including the ATG13 ∆2AA mutant used here) have near-WT levels of autophagy. In
contrast, cells expressing HORMA domain mutants of ATG13, which are incapable of binding
ATG101, are severely autophagy impaired (Alers et al., 2011; Hieke et al., 2015; Wallot-Hieke et
al., 2018), suggesting that ATG13 and ATG101 cooperate to promote autophagy independently of
ULK1. In addition, recent work suggests that ATG13 functions independently of ULK1 in
mitophagy (Zachari et al., 2019). Our results build on these data by linking ATG13-ATG101 to
ATG9A in basal autophagy.
Work by Ohsumi and colleagues demonstrated that the HORMA domain of yeast Atg13
interacts with Atg9 (Suzuki et al., 2015). We were able to support this observation by showing that
deletion of the HORMA domain from ATG13 impairs its interaction with ATG9A by co-IP in
mammalian cells (Supplementary Figure 2-4B), and also results in the same defects in basal
autophagy that we observed with ATG101 KO or ATG9A KO (p62/SQSTM1 accumulation)
(Figures 2-5 and 2-6). We also found that ATG13 was required for the interaction between ATG9A
and ATG101; while vice versa, ATG101 was required for the interaction between ATG9A and
ATG13 (Figures 2-3B-C, Supplementary Figure 2-4E). These data support the model that an intact
ATG13-ATG101 subcomplex interacts with ATG9A to promote basal ATG9A function in
autophagy.
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Our data raise additional questions for future study. First, from a mechanistic standpoint,
how does the ULK1-independent ATG13-ATG101 complex regulate ATG9A movement and
p62/SQSTM1 accumulation? Ktistakis and colleagues recently found that ATG13 translocates,
independently of ULK1/2, to mitophagy structures that sit within an ER cradle (Zachari et al.,
2019). Based on these data, we suspect that the ATG13-ATG101 complex interacts with ATG9A
at the p62/SQSTM1 clusters, which may promote ATG9A retrograde trafficking. Or perhaps in
the absence of ATG13 or ATG101, the accumulation of p62/SQSTM1 (caused by defective
degradation) sends a persistent, interminable signal to recruit ATG9A (see model in Figure 2-7).
Either possibility could explain why ATG9A appears to get ‘stuck’ at the p62/SQSTM1 clusters
in ATG13 KO cells—a phenotype that is rescued by the ULK1 binding-deficient ATG13 D2AA
(Figure 2-6). Live cell imaging will be critical to sorting out the effect of ATG13 on ATG9A
dynamics at the p62/SQSTM1 clusters.
Second, related to the question above, what is the signaling mechanism to recruit ATG9A
to sites of basal p62/SQSTM1 accumulation? The identity of such signaling molecules (e.g.,
kinases, E3 ligases, etc,) is an intriguing question given that ULK1 is dispensable. In terms of how
this signaling mechanism could be activated, one possibility is that the p62/SQSTM1 structure
itself may serve as a scaffold for signaling machinery, which in turn could signal to recruit ATG9A.
This concept of p62/SQSTM1 recruiting active signaling molecules to autophagy structures has
been demonstrated previously (Duran et al., 2011; Goodall et al., 2016; Komatsu et al., 2010) and
would help explain why the accumulation of p62/SQSTM1, caused by loss of ATG13, resulted in
an apparent ‘dead-end’ recruitment of ATG9A to these structures (Figures 2-5 and 6). This
mechanism would also be an elegant way for a cell to calibrate its autophagic response to whatever
level of cellular debris needs recycling (Yamasaki et al., 2020).
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Lastly, what additional proteins associate with the ATG13-ATG101 subcomplex in basal
autophagy? Gel filtration studies show co-elution of ATG13 and ATG101 far below the 3-4 MDa
ULK1 complex, but within a range that suggests other components of the complex and/or higher
order oligomerization of ATG13/ATG101 (Hosokawa et al., 2009a; Hosokawa et al., 2009b).
ULK1-binding deficient mutants of ATG13 and co-IP mass spectrometry will be useful to answer
this question.
In conclusion, our study uncovers the first BioID-based interactome for ATG9A, which
includes a wide array of vesicle-trafficking complexes along the ER-Golgi-endosomal axis, and
autophagy regulatory proteins that include ATG13 and ATG101. From these data, we discovered
an ULK1-independent role for ATG13 in regulating ATG9A trafficking and accumulation at
clusters of p62/SQSTM1. These data expand our limited understanding of basal autophagy and
have implications for the development of therapeutic strategies aimed at degenerative diseases in
which defective basal autophagy plays a critical role.
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2.6

SUPPLEMENTAL FIGURES

Supplementary Figure 2-1. The C terminus of ATG9A harbors hallmarks of a signaling hub
and is involved in self association, and ATG9A trafficking.
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(A) Graph showing disorder tendency of ATG9A across its amino acid sequence (predicted by
ANCHOR web server at http://anchor.elte.hu/) and PTM distribution across the protein quantified
by High Throughput Paper (HTP) observations (generated by PhosphoSitePlus at
https://www.phosphosite.org/psrSearchAction) (top). Schematic of ATG9A domain structure
(bottom) B. Schematic representation showing N or C terminal halves of Venus fused to C
terminus of ATG9A (top left). HCT-116 cells expressing ATG9A C-terminally labeled N Venus
or N+C Venus constructs were grown in full DMEM media, fixed and imaged (Scale bar=10 µm)
(right). Fluorescence intensity of cells expressing ATG9A C-terminally labelled Venus constructs
was measured via flow cytometry. Significance determined by Student’s t test. ****= p≤0.0001
(bottom left). (C) Hela ATG9A WT, ATG9A KO or ATG9A KO cells reconstituted with ATG9A
WT and ATG9A ΔC mutant stably expressing GFP LC3 were grown in full media and whole cell
lysates followed by immunoblotting with indicated antibodies (left). Quantification of normalized
GFP and normalized LCII/LC3I ratio. Mean ± SEM, n=3. Significance determined by Student’s t
test. *= p≤0.05, **= p≤0.01, ***= p≤0.001 (right).

Supplementary Figure 2-2. BioID identifies a network of proximity-based ATG9A
interactions.
(A) A heat map generated for all putative interactors from the BioID proteomics data for HABirA* vs HA-ATG9A BirA* streptavidin pull-downs. (B) A heat map of the top 50 putative
interactors from the HA-ATG9A-BirA* BioID proteomics data with the highest p-value and
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fold-change. Normalized protein levels of HA-BirA* and HA-ATG9A-BirA* were utilized to
calculate z-score.

Supplementary Figure 2-3. Validation of the HCT-116 ATG9A-HA KI cell line.
HCT-116 ATG9A-HA KI parental cell line or ATG9A KO cells generated in HCT-116 ATG9AHI KI cell line by CRISPR/Cas9 were grown in full DMEM media, fixed, labelled with HA and
imaged (Scale bar, 10 µm).
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Supplementary Figure 2-4. ATG9A interacts with an ULK1-independent ATG13
subcomplex.
(A) The ULK1 binding deficient mutant of ATG13 (ATG13 ∆2AA) was validated by
immunoprecipitating HA-ATG13 or HA-ATG13 ∆2AA and immunoblotting for Myc-ULK1 in
HCT-116 ATG13 KO cells. (B) HCT-116 parental or HCT-116 ATG9A-HA KI ATG13 KO cells
reconstituted with 3X FLAG-ATG13 WT or 3X FLAG-ATG13 ΔHORMA were grown in full
DMEM media and subjected to size exclusion chromatography. Fractions with high levels of
ATG9A-HA were pooled to facilitate immunoprecipitation. ATG9A-HA was immunoprecipitated
from pooled fractions followed by immunoblotting with indicated antibodies. (C) Co-IP of
overexpressed HA-ATG9A from HCT-116 ATG13 KO cells followed by immunoblotting with
indicated antibodies. (D) Co-IP of HA-ULK1 from HCT-116 ATG13 WT and KO cells followed
by immunoblotting with indicated antibodies. (E) Co-IP of endogenous ATG9A from HCT-116
ATG9A-HA KI ATG101 KO cells followed by immunoblotting with indicated antibodies. (F) CoIP of endogenous ATG9A from HCT-116 ATG9A-HA KI FIP200 KO cells followed by
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immunoblotting with indicated antibodies. (G) Co-IP of overexpressed HA-ATG13 from HEK293T ATG9A KO cells followed by immunoblotting with indicated antibodies.

Supplementary Figure 2-5. Loss of ATG13 and ATG101, but not FIP200, lead to the
accumulation of ATG9A in large puncta.
(A) Confocal images of ATG9A puncta in HCT-116 ATG9A-HA KI-ATG13 WT, ATG101 KO,
FIP200 KO and ATG13 KO cells. Cells were grown in full DMEM media, fixed, labelled with
HA and imaged (Scale bar=10 µm) (left). Quantification of average ATG9A puncta surface area.
Mean ± SEM, n=30. Significance determined by unpaired t test with Welch’s correction. **=
p≤0.01, ****= p≤0.0001 (right). (B) Confocal images of ATG9A puncta in HCT-116 ATG9AHA KI-ATG13 WT, ATG13 KO or ATG13 KO cells reconstitutes with ATG13 Δ2AA and ATG13
ΔHORMA. Cells were grown in full DMEM media, fixed, labelled with HA and imaged (Scale
bar=10 µm) (left). Quantification of average ATG9A puncta surface area. Mean ± SEM, n=30.
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Significance determined by unpaired t test with Welch’s correction. **= p≤0.01, ****= p≤0.0001
(right).

Supplementary Figure 2-6. ATG9A and ATG13 colocalize independently of the ULK1
complex.
HCT-116 ATG9A-HA KI ATG13 WT, ATG13 KO, ATG101 KO, ATG9A KO and FIP200 KO
cells were grown in full DMEM media, fixed, labeled with antibodies for HA and ATG13 and
imaged (Scale bar=10 µm) (left). Quantification of ATG9A colocalization with ATG13. Mean ±
SEM, n=30. Significance determined with unpaired t test with Welch’s correction. *= p≤0.05,
****= p≤0.0001 (right).
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Supplementary Figure 2-7. ATG13 colocalization with ATG9A requires the HORMA
domain but not the ULK1 binding domain.
HCT-116 ATG9A-HA KI ATG13 WT, ATG13 KO or ATG13 KO cells reconstituted with ATG13
WT, ATG13 Δ2AA, and ATG13 ΔHORMA. Cells were grown in full DMEM media, fixed,
labelled with antibodies for HA and ATG13 and imaged. (Scale bar=10 µm). (C) Quantification
of ATG9A colocalization with ATG13. Mean ± SEM, n=30. Significance determined by unpaired
t test with Welch’s correction. *= p≤0.05, ****= p≤0.000
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2.7
2.7.1

MATERIAL AND METHODS
Cell culture, transfection and viral transduction.

HEK-293T cells, HCT 116 cells and their derivatives were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, 11965-092) supplemented with 10% fetal bovine serum (FBS;
Genesee Scientific, 25-514) at 37°C in a 5% CO2 incubator. ULK1/2 knock-out Mouse Embryonic
Fibroblasts (MEFs), kindly provided by Sharon Tooze, London Research Institute, United
Kingdom were cultured in DMEM supplemented with 10% FBS at 37°C in a 5% CO2 incubator.
HEK-293T and HCT 116 cells were transiently transfected using polyethylenimine (PEI)
(Polyscience, Inc.) or transporter 5 (Polysciences, 2600-8-5) according to the manufacturer’s
protocols. MEF cells were transiently transfected using Lonza AmaxaTM NucleofectorTM kit
(VPD1004) with Nucleofector II device (Amaxa biosystems) Original and manipulated plasmids
used for transient transfection listed in plasmids section.
To stably express 3X FLAG-ATG13 WT, 3X FLAG-ATG13 Δ2AA and 3X FLAGATG13 ΔHORMA in ATG13 KO HCT 116 cell line (HCT 116 ATG9A-HA KI ATG13 KO),
cDNA constructs were cloned into pLenti puro (addgene, 39481) vector backbone (primer
sequences are mentioned below in plasmids section). For virus generation, LentiX-293T cells were
plated to 20% confluency the day before transfection in 15cm tissue culture dishes. The next day,
cells were transfected with pLenti puro vector containing ATG13 constructs, viral packaging
(psPAX2), viral envelope (pMD2.G) at 4:2:1 DNA ratio with 14 ug total DNA, 600 µL of serum
free media and 42 µL PEI. Supernatant was removed from LentiX-293T cells after 72 hrs.,
centrifuged at 2000 rpm for 5 min and then syringe filtered using a 0.45 um filter (Millipore).
Polybrene was then added to a final concentration of 8 ug/ml and HCT 116 ATG9A-HA KI ATG13
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KO cells were infected overnight. Cells were then allowed to recover for 24 hr in DMEM/10%
FBS before being selected with 2 ug/ml puromycin for 72 hr. HA-BirA* stably expressing HEK293T cell line was generated by using pLEX-uORF-HA-birA*-STOP-IRES-Puro plasmid
according to the above protocol. To generate HA-ATG9A-BirA* stably expressing HEK293T cell
line, HA-ATG9A-BirA* was cloned to pLenti puro plasmid and introduced with viral transduction
according to above protocol. ATG9A WT and ΔC were also cloned onto pLenti plasmid for
generation of stable expression in ATG9A KO HeLa cells according to the above protocol.
2.7.2

Antibodies and chemicals.

The following antibodies and chemicals were used. HA-Tag Mouse monoclonal (Cell Signaling
Technology, 2367S), ATG101 Rabbit monoclonal (Cell Signaling Technology, 13492S), FIP200
Rabbit monoclonal (Cell Signaling Technology, 12436S), ATG13 Rabbit monoclonal (Abcam,
ab201467), ULK1 Rabbit monoclonal (Abcam, ab128859), ATG9A Rabbit monoclonal (Cell
Signaling Technology, 13509S), AP4M1 (Abcam, ab96306), AP3B1 (Proteintech, 13384-1-AP),
TBC1D5 (Proteintech, 17078-1-AP), FLAG monoclonal M2 (Sigma Aldrich, F1804-200 UG),
ATG16L1 Rabbit monoclonal (microscopy dilution-1:500, Cell Signaling Technology, 8089S),
VSP26A Mouse monoclonal (microscopy dilution-1:500, Millipore Sigma, AMAB90967), TUFM
Mouse monoclonal (microscopy dilution-1:500, Millipore Sigma, AMAB90964), PDIA3 Mouse
monoclonal (microscopy dilution-1:500, Millipore Sigma, AMAB90988), Golgin97 Mouse
monoclonal (microscopy dilution-1:500, Cell Signaling Technology, 97537S), SQSTM1/p62
Mouse monoclonal (Abcam, ab56416), SQSTM1/p62 Rabbit monoclonal (Abcam, ab109012),
LAMP1 Mouse monoclonal (microscopy dilution-1:50, Developmental Studies Hybridoma Bank,
H4A3), WDR45/WIPI4 Rabbit polyclonal (microscopy dilution-1:250, Abcam, ab240905), LC3B
Rabbit monoclonal (microscopy dilution-1:500, Abcam, ab192890), EEA1 Chicken polyclonal
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(microscopy dilution-1:250, Millipore Sigma, GW21443A), Actin (Cell Signaling Technology,
4970S), Biotin (Sigma, B4639-1G), Pierce™ High Capacity Streptavidin Agarose (Thermo Fisher
Scientific, 20357), Pierce™ Anti-HA Agarose (Thermo Fisher Scientific, 26182), Bafilomycin A1
(Caymon Chemical Company, 11038)
2.7.3

Plasmids.

HA-ATG9A and mRFP-ATG9A plasmids were kindly provided by Sharon Tooze, London
Research Institute, United Kingdom. HA-ATG9A-BirA* plasmid was kindly provided by Dr.
Daniel Simmons, Brigham Young University. pLEX-uORF-HA-birA*-STOP-IRES-Puro plasmid
was a gift from Paul Khavari (Addgene Plasmid #120558). HA-hATG13 plasmid was a gift from
Do-Hyung Kim (Addgene Plasmid #31967). pCE-BiFC-VN173 and pCE-BiFC-VC155 plasmids
were a gift from Chang-Deng Hu (Addgene Plasmids # 22019 and 22020 respectively).
Mutant ATG9A and ATG13 DNA constructs were created using Q5 reagents and protocol
from New England Biolabs (NEB, E0554S). Primer sets used for mutagenesis are: ATG9A ΔC
Forward—TACGTCTATCTAGTCCTTACAATC Reverse—AAGAGGGCATTTTC AGGG,
ATG13 ΔHORMA Forward—ATTAACTTGGCATTCATGTC

Reverse— CTTTCTGTCC

TGGGAATTG, and ATG13 Δ2AA Forward—TAAGCGGCCGCTAAGTAAG Reverse—GGTT
TCCACAAAGGCATCAAAC. HA-ATG9-Venus constructs were created by insertion of EcoRV
and KpnI restriction enzyme cut-sites onto the HA-ATG9A plasmid using Q5 mutagenesis and
primer set: Forward—AAGATATCAGACAAGGCTGAGCAGG (EcoRV) and Reverse—
GGTACCATACCTTGTGCACCTGAG (Kpn1). Both HA-ATG9A and BiFC-Venus plasmids
were then digested and ligated using T4 ligase (NEB, M0202) to create HA-ATG9A-Venus155
and HA-ATG9A-Venus173.
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For generation of ATG9A and ATG13 stable addback plasmids, we used Twist Bioscience
to clone into the pLenti-puro plasmid. pLenti-puro was a gift from Ie-Ming Shih (Addgene Plasmid
#39481). We inserted WT and C-terminus truncated ATG9A into the plasmid between MluI and
AgeI restriction sites. ATG13 WT was also inserted between MluI and AgeI. ATG13 WT was then
further processed into ATG13 Δ2AA using primers TAAGCGGCCGCTAAGTAAG (forward)
and GGTTTCCACAAAGGCATCAAAC (reverse) and into ATG13 ΔHORMA using primers
ATTAACTTGGCATTCATGTC (forward) and CTTTCTGTCCTGGGAATTG (reverse). Viras
assembly plasmids were psPAX2 and pMD2.G, a gift from Didier Trono (Addgene Plasmids #
12260 and 12259 respectively)
2.7.4

CRISPR-Cas9.

To generate ATG13 knock-out cells, two independent single-guide RNAs (#1: 5’GGACAGCTGCCTGCAGTCGGG-3’, #2: 5’-GACACGGTGTACAACAGACTG-3’, were
designed against human ATG13 (ENSG00000175224). CRISPR design tools available at
www.atum.bio and crispr.mit.edu were used. The gRNAs were cloned into the pSpCas9(BB)-2APuro (PX459) plasmid. PX459 was a gift from Feng Zhang (Addgene, 48139). Cells expressing
the gRNA constructs were separated by serial dilution and monoclonal lines were isolated
manually under puromycin selection. Knockout efficiency was measured by western blotting.
ATG9A knock-out cells were generated using single-guide RNA #4.1 (5'CACCGCTGTTGGTGCACGTCGCCGAGTTT-3' designed at crispr.mit.edu against the human
ATG9A (ENSG00000198925) according to the above protocol.
ATG9A C-terminal 1xHA-tagged HCT 116 cells were generated at the Genome
Engineering and iPSC Center at Washington University School of Medicine (St. Louis, MO). The
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1xHA tag was introduced using CRISPR-Cas9 ribonucleoproteins (RNPs) using following guide
RNA and a single-stranded oligonucleotide with 60 bp homology arms.
5’-TCTCCCCACAGGTATAGACA-3’
5’gcaggtatcaaccagaagctgaagactatctccattaccaaccctttctccccacaggtaTACCCATACGACGTACCAG
ATTACGCTtagacaaggctgagcagggttcctgtggcccaggatggaggccaccgctgccctgccatc-3’.
Targeted deep-sequencing was used to validate reagents and genotype single cell derived clones
as previously described (Sentmanat et al., 2018) with following tailed PCR primers
Fwd 5’-TCAGGTGCACAAGGTAAGGGCCCCG-3’
Rev 5’-GCCAGGGAACACTCAGAGGAGCCGT-3’.
Cells were maintained according to ATCC guidelines with McCoy's 5a Modified Medium (Cat.
No. 16600108) and 10% fetal bovine serum supplemented with GlutaMax (Gibco, Cat. No.
35050061) and penicillin-streptomycin (Gibco, Cat. No.15070063).
The following knock-out cell lines were made in HCT-116 ATG9A-HA KI cell line by using one
or two sgRNAs for each knockout cell line.
ATG13 KO: (5’-GGACAGCTGCCTGCAGTCGGG-3’,
5’-GACACGGTGTACAACAGACTG-3’)
ATG101 KO: (5’- CACCGTCGCCGCCGATGACTCCGCT-3’,
5’-CACCGACCTACTCCATTGGCACCGT-3’)
FIP200 KO: (5’-CACCGCAGGTGCATCTAGAAGACCC)
ATG9 KO: (5’-CACCGGCGCGAGGTTGTCCGCTGTT-3’)
2.7.5

Immunoprecipitation and immunoblotting.

To prepare whole-cell extracts, cells were washed twice and harvested with ice-cold phosphate –
buffered saline (PBS). Cell pellets were resuspended in Atg9A lysis buffer (20 mM Tris-HCl [pH
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7.5], 150 mM NaCl, 0.3% [wt/vol] Triton X-100, and 5 mM EDTA) supplemented with protease
and phosphatase inhibitors and incubated for 15 min on ice or at 4°C with gentle rotation. Lysates
were syringed through a 25-gauge needle 10 times and centrifuged at 21,000 rpm for 10 min at
4°C.
For co-immunoprecipitation, cells were transfected with HA-ATG9A or HA ATG13 for
48 hours or HCT 116 ATG9A-HA KI cells expressing endogenous ATG9A-HA were used. Cells
were lysed and lysates were incubated with anti-HA–agarose beads for 1h at 4°C with gentle
rotation. The beads were then washed once with lysis buffer and three times with cold PBS. The
co-immunoprecipitated proteins were eluted with modified Laemmli sample buffer by boiling at
100°C for 5 min. The proteins were analyzed, followed by immunoblotting using infrared
fluorescent secondary antibodies and a Li-Cor Odyssey imaging system.
For proximity-dependent biotin ligase assay-based protein co-precipitation; cells that were
transiently transfected with biotin ligase constructs for 48 hours or stably expressing biotin ligase
constructs, treated with 5 μM Biotin for 12 hours and lysed in ATG9A lysis buffer as mentioned
above. Cleared lysates were incubated with streptavidin agarose resin for 1 hour at 4°C with gentle
rotation. The resin was then washed twice with lysis buffer and three times with cold PBS. The
precipitated proteins were eluted with modified Laemmli sample buffer by boiling at 100°C for 5
min. The proteins were analyzed, followed by immunoblotting using infrared fluorescent
secondary antibodies and a LI-COR Odyssey imaging system.
For the quantification of immunoblots, normalized protein signal intensity acquired by LICOR Odyssey imaging system from three independent experiments were analyzed by using
GraphPad PRISM 8. Significance determined by Student’s t test.
2.7.6

Gel filtration assay.
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Cells were lysed in ATG9A lysis buffer as mentioned above. Lysates were centrifuged three times
at 4°C for 15 min at 13,200 rpm, and the protein concentration of the supernatant was determined
by using the Bio-Rad DC protein assay kit (Bio Rad, 5000116). Five hundred microliters of 8
mg/ml of lysates was loaded onto a Superose6 10/300GL column at a flow rate of 0.25 ml/min to
collect fractions.
2.7.7

Bio-ID coupled Mass spectrometry to identify interacting partners.

HEK-293T cells stably expressing HA-BirA* or HA-ATG9A-BirA* cells were lysed in ATG9A
lysis buffer and proteins were co-precipitated as mentioned above. Precipitated proteins by
Streptavidin resin were eluted with modified Laemmli sample buffer by boiling at 100°C for 5
min. The following steps were performed at Duke Proteomics Core Facility. Samples in loading
buffer were supplemented with SDS for a final concentration of 5% for digestion and spiked with
undigested casein at a total of either 200 and 400 fmol. Samples were then reduced with 10 mM
dithiolthreitol for 30 min at 80C and alkylated with 25 mM iodoacetamide for 30 min at room
temperature. Next, they were supplemented with a final concentration of 1.2% phosphoric acid
and 765μL of S-Trap (Protifi) binding buffer (90% MeOH/100mM TEAB). Proteins were trapped
on the S-Trap, digested using 20 ng/ul sequencing grade trypsin (Promega) for 1 hr at 47C, and
eluted using 50 mM TEAB, followed by 0.2% FA, and lastly using 50% ACN/0.2% FA. All
samples were then lyophilized to dryness and resuspended in 240 μL 1%TFA/2% acetonitrile
containing 12.5 fmol/μL yeast alcohol dehydrogenase (ADH_YEAST). A QC Pool was created
by taking 3 μL from each sample, which was run periodically throughout the acquisition period.

2.7.8

Quantitative LC-MS/MS data analysis.
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The MS/MS data was searched against the SwissProt homo sapiens database (downloaded in Nov
2019) appended with a contaminant database, and an equal number of reversed-sequence “decoys”
for false discovery rate determination. Mascot Distiller and Mascot Server (v 2.5, Matrix Sciences)
were utilized to produce fragment ion spectra and to perform the database searches. Database
search parameters included fixed modification on Cys (carbamidomethyl) and variable
modifications on Meth (oxidation) and Asn and Gln (deamidation). Peptide Validator and Protein
FDR Validator nodes in Proteome Discoverer were used to annotate the data at a maximum 1%
protein false discovery rate.
Additional data filtering was accomplished using the following strategy: missing values were
imputed after sample loading and total intensity normalization in the following manner. If a peptide
had less than two quantitated values across all of the samples, the entire peptide entry was removed.
If less than half of the values are missing in a treatment group, values are imputed with an intensity
derived from a normal distribution defined by measured values within the same intensity range (20
bins). If greater than half values are missing for a peptide in a group and a peptide intensity is >
5e6, then it was concluded that peptide was misaligned and its measured intensity is set to 0. All
remaining missing values are imputed with the lowest 5% of all detected values. Please note that
all subsequent analyses were from these normalized protein levels.
The overall dataset had 38,797 peptide matches. Additionally, 740,677 MS/MS spectra were
acquired for peptide sequencing by database searching. Following database searching and peptide
scoring using Proteome Discoverer validation, the data was annotated at a 1% protein false
discovery rate, resulting in identification of 38,797 peptides and 4014 proteins. After data filtering
and normalization, 38,472 peptides and 3994 proteins were quantitated.
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2.7.9

Statistical analysis of LC-MS/MS data.

As a statistical analysis, the following comparisons were taken: BirA* vs HA-ATG9A-BirA*.
Fold-changes and a two-tailed heteroscedastic t-test on log2-transformed data for each of these
comparisons were calculated. Briefly, proteins were filtered to include those with a greater than 2fold expression and a p-value of <0.05. A total of 283 proteins passed this filter, including ATG9A.
For each of these proteins, the log2 values of the normalized proteins were plotted against the log10 of the p value. Relevant GO categories were projected onto the significant 283 proteins for
illustration purposes.
2.7.10 Confocal Microscopy.
HCT 116 and derivative cell lines were used for confocal microscopy colocalization experiments.
Cells were seeded onto acid-etched coverslips and incubated for 36 hours before fixation. Cells
were fixed for 20 minutes with 2% paraformaldehyde (PFA) and permeabilized with 0.1% Triton
X-100/PBS for 5 minutes (HEK 293 cells were permeabilized for 15 minutes to increase
immunostaining). Samples were then blocked with 10% FBS/SEA BLOCK Blocking Buffer
(Thermo Scientific) and incubated with HA-Tag mouse (1:500) and ATG13 rabbit (1:500) or
p62/SQSTM1 mouse (1:10,000) at 4˚C overnight. Other antibodies used in global analysis were
added in conjunction with HA-Tag mouse at concentrations listed under Antibodies and chemicals
section. Cells were washed with 0.1% Tween/PBS (PBS-T) and incubated with Alexa fluor 488conjugated donkey-anti-rabbit IgG (1:500) and Alexa flour 568 donkey-anti-mouse (1:500)
(Thermo Scientific A21206 and A10037 respectively) in SEA BLOCK blocking buffer. Cells were
washed with PBS-T and counter-stained with 1.43 µM DAPI for 5 minutes. Coverslips were then
mounted with Prolong Diamond Antifade Mountant (Thermo Scientific). Images were acquired
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on a LEICA TCS SP8 confocal microscope fitted with a HC PL APO 63X/1.40 Oil CS2 objective
and a HyD detection system (Leica Microsystems).
2.7.11 Confocal microscopy data analysis.
For data integrity, samples for each set were seeded, fixed, and stained on the same day with
identical antibody concentrations, laser power, magnification, and image resolution by set. Global
analysis sets were prepared and analyzed individually, but all parameters were maintained for each
WT/KO pair and laser power adjustments were only made to maintain equal fluorescence between
pairs.
All images were processed using Huygens Essential express deconvolution tool and Pearson’s
coefficient was calculated using the colocalization analyzer tool in the same software. Threshold
intensity values for all sets were determined by multiplying the average intensity for each channel
by the same factor to maintain consistency within each set. Pearson’s coefficient averages and
significance was calculated in GraphPad Prism 8 with the Welch’s t test for possible variability in
standard deviation.
ATG101 KO set in p62 analysis was prepared and analyzed separately from other conditions in
the same set and was therefore analyzed against a replicate wild-type rather than being integrated
into the same data set. Antibody concentrations, magnification, and image resolution were
maintained between ATG101 KO and the remaining p62 analysis, but laser power was adjusted to
maintain equal ATG9A/p62 staining between preparations. All other preparation and analysis
protocols remained the same.
2.7.12 Flow cytometry.
HCT 116 cells were transfected with HA-Atg9-Venus155 and HA-Atg9-Venus173 or HA-Atg9
as a control and allowed to incubate 48 hours. Cells were harvested with trypsin and fixed with
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2% PFA for 20 minutes. Samples were then washed three times with PBS-T and resuspended in
PBS. Cytometry data was attained on a Beckman Coulter Cytoflex Cytometer using 488 nm laser
excitation and detection on 525/40 BP fluorescence channel. Positive and negative fluorescent
cells were gated based on negative control fluorescence peak using Flowjo analysis software.
Mean intensity of positive and negative populations was determined using all cells within
respective gate.
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