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ABSTRACT
The Discovery of Novel 14-3-3 Binding Proteins
ATG9A and PTOV1 and Their Role in
Regulating Cancer Mechanisms
Colten Mitchell McEwan
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
14-3-3 proteins are among a family of phospho-binding proteins that are known to regulate
many essential cellular mechanisms. 14-3-3s are integrated into multiple signaling pathways that
govern critical processes, such as apoptosis, cell cycle progression, autophagy, glucose
metabolism, and cell motility. These processes are crucial for tumorigenesis and 14-3-3 proteins
are known to play a central role in facilitating cancer progression. In this study, my colleagues and
I discover two novel 14-3-3 interacting proteins, ATG9A and PTOV1, that are both vital to
essential cellular functions and describe various mechanisms that these two proteins regulate.
ATG9A is a multi-pass transmembrane lipid scramblase that is found primarily as a
homotrimer in the ER or small ATG9A vesicles. It is essential in the cellular recycling process
called autophagy and is believed to act at the earliest stages of autophagy by providing the seed
for the growth of the double membrane vesicle called an autophagosome. Previous work in our lab
demonstrated that upon hypoxic stress, AMPK, the master nutrient-sensing kinase, phosphorylates
S761 on the C-terminus of ATG9A. This triggers the binding of 14-3-3ζ to contribute to ATG9A
function in hypoxia induced autophagy. Despite this revelation, the exact function of ATG9A is
still poorly understood, especially in unstimulated conditions where autophagy functions at a basal
level and AMPK is inactive. In this study, we sought to understand ATG9A function more broadly
by identifying novel interactors of ATG9A and the role ATG9A plays in basal autophagy. To do
this, we employed BioID mass spectrometry and various biochemical approaches to identify
LRBA as a bona fide ATG9A interactor and autophagy regulator. Furthermore, using deuterium
labeling and quantitative whole proteome mass spectrometry, and various other biochemical
techniques, we show that ATG9A regulates the basal degradation of p62 and is recruited to sites
of basal autophagy by active poly-ubiquitination to initiate basal autophagy.
PTOV1 is an oncogenic protein that is poorly understood. Our current understanding of
PTOV1 is limited to a few studies, which demonstrate that PTOV1 is highly expressed in primary
prostate tumor samples and is correlated with metastasis, drug resistance, and poor clinical
outcomes. In this study, we identify a mechanism by which SGK2, a poorly understood kinase,
phosphorylates PTOV1 at S36 to trigger 14-3-3 binding at that site to increase PTOV1 stability in
the cytosol and increase c-Jun expression. Upon SGK2 inhibition, 14-3-3 releases PTOV1 and
PTOV1 is shuttled into the nucleus where HUWE1, an E3 ubiquitin ligase, ubiquitinates PTOV1
and initiates PTOV1 degradation by the proteasome. This is the first detailed mechanism of
regulation identified for the poorly understood oncogene, PTOV1, and sheds light on potential
therapeutic targets for cancer treatments.
Keywords: 14-3-3, ATG9A, LRBA, PTOV1, autophagy, ubiquitin, p62, SQSTM1, BioID,
autophagy adaptor
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1. Introduction
The family of 14-3-3 proteins, which is comprised of seven isoforms (β, γ, ε, η, σ, τ, and
ζ), are integral in a vast array of cellular signaling pathways. They are known to regulate apoptosis,
cell cycle progression, autophagy, glucose metabolism, and cell motility (1). Furthermore, 14-33s are central to disease progression, including tumorigenesis and chemoresistance (2,3). Despite
what we already know about 14-3-3 function, the exact mechanisms by which 14-3-3s facilitate
disease progression are still unclear.
The function of 14-3-3s consists of docking to phosphorylated serines or threonines at the
general consensus sequence RXXpS/TXP to modulate the target proteins stability, conformational
activity, or localization (4). In the context of cancer, 14-3-3ζ is considered an oncogene, is
commonly duplicated, and promotes the PI3K/AKT, IGF-IR, ERK/MAPK, TFG-β, β-catenin, and
hTERT pathways (1). Other studies show that 14-3-3ζ, as well as other isoforms, promotes
chemoresistance in melanoma, breast, diffuse large B-cell lymphoma, and prostate cancer cells
(5). This has led to an interest in targeting 14-3-3 binding sites or the kinases involved in regulating
14-3-3 binding. However, this has proven difficult because designing therapeutics to disrupt
protein-protein interactions is challenging and the exact mechanisms that regulate 14-3-3s and
their various isoforms are still unclear.
To begin to understand the role of 14-3-3s in cancer, we focused our attention on 14-3-3ζ,
which is generally considered to play a more important role in cancer and promoting
chemoresistance than some of the other isoforms. Since 14-3-3ζ is involved in many cancer
pathways, we used it as a biological probe to identify proteins involved in cancer growth and
survival. Through this approach, we identified several 14-3-3ζ interactors, including two
interesting proteins involved in key cancer processes. The first is ATG9A, an essential protein in
1

a cellular recycling process called macroautophagy. The second is PTOV1, a known oncogenic
protein. I will discuss the impact of these two proteins and the processes they are involved in within
the next sections.

1.1

Macroautophagy
ATG9A is a multi-pass transmembrane lipid scramblase that is hypothesized to be one of

the most upstream regulators of the cellular recycling lysosomal process called macroautophagy.
Macroautophagy, herein referred to as autophagy, is an evolutionarily conserved process that sits
at the center of cellular homeostasis (6). When autophagy is defective, many different human
disorders may arise, including neurodegenerative, cardiovascular, pulmonary, hepatic, renal,
reproductive, ocular, and musculoskeletal disorders (7). Furthermore, metabolic syndromes and
immune disorders are thought to have underlying pathologies caused by dysfunctional autophagy
(8,9). Lastly, autophagy plays a critical role in numerous types of cancers, including breast,
melanoma, pancreatic, and lung cancer (10,11). However, exactly how autophagy mechanisms
contribute to disease is still unknown. Therefore, it is essential to understand the mechanisms that
regulate autophagy and how defective autophagy causes human disease.
Autophagy is an immensely complicated process where a double membrane vesicle, called
an autophagosome, forms in response to various stimuli. This includes, but is not limited to,
organelle damage, protein aggregation, pathogen invasion, inflammation, amino acid or glucose
starvation, hypoxia, and oxidative stress (12). In the process of forming, the autophagosome
engulfs cellular material and fuses with a lysosome to degrade the encapsulated contents for
recycling. In humans, there are more than 30 autophagy proteins, 17 of which are considered
essential, which work in concert to form and deliver the autophagosome to the lysosome (13).

2

Figure 1
Figure 1-1. A simplified model of autophagosome formation and key mammalian ATG proteins involved.

The traditional model for autophagy activation has centered on the mTORC1-AMPK axis
in the context of nutrient deprivation (Figure 1-1) (14). In this context, mTORC1 deactivation
leads to increased AMPK activity and subsequent phosphorylation of the autophagy kinase
complex called the ULK1 complex. This complex then activates other core autophagy proteins,
like ATG9A, ATG2, the VPS34 complex, and the ubiquitin-like LC3-family conjugation proteins,
to seed, grow, and mature the autophagosome—all while enabling the autophagosome to engulf
cellular material and traffic to and fuse with a lysosome. Even though this traditional model may
be true in the context of glucose or amino acid starvation, it is becoming increasingly clear that
starvation is only one of the stimuli that upregulates autophagy through unique mechanisms (12).
There are now many types of selective autophagy discovered, such as aggrephagy, mitophagy,
lipophagy,

pexophagy,

xenophagy,

reticulophagy

(ER-phagy),

lysophagy,

ribophagy,

ferritinophagy, and many other types of “-phagys”, that are turned on by unique stimuli.
3

Furthermore, these types of autophagy require the functions of a unique set of autophagy proteins,
including various autophagy adaptors like p62/SQSTM1, TAX1BP1, OPTN, NBR1, NDP52,
NCOA4, and others (15). However, core autophagy proteins, like ATG9A, the VPS34 complex,
and LC3-conjugation machinery, are still considered essential for these processes. But there is
little known about how these processes differ from the more well studied starvation-induced type
of autophagy, including what role an essential autophagy protein like ATG9A plays in these
processes.

1.1.1

ATG9A function in autophagy

ATG9A is considered one of the earliest acting proteins in autophagy (16). Furthermore,
ATG9A function is vital for survival, as evidenced by a failure for systemic ATG9A knock-out
(KO) mice to survive in utero or survive past the weaning period (17,18,19). ATG9A was initially
characterized in yeast and was found to reside in small vesicles that appeared to be unique to
ATG9A (20). Studies in humans, however, showed that ATG9A resides primarily in the ER and
TGN, and traffics throughout the endo- and plasma membrane vesicle trafficking systems (21).
The leading hypothesis for ATG9A was a bit ambiguous and stated that ATG9A delivered
membrane to the autophagosome as it formed and matured (22,23). But this had yet to be proven.
Furthermore, ATG9A KO cells showed such a striking defect to autophagy that it demonstrated
an essential function at the earliest stages of autophagy, which suggests that ATG9A plays more
than just a membrane delivery role in autophagosome formation (16). Therefore, ATG9A was
placed among the likes of ULK1, FIP200, ATG13, ATG101, and VPS34, Beclin-1, and ATG14,
all of which are shown to play an essential role at autophagy initiation.

4

Because of the importance of ATG9A, many researchers studied ATG9A in hopes to
uncover its vital function in autophagy. But because ATG9A is a multi-pass transmembrane
protein, traditional biochemical approaches to study ATG9A don’t work very well. However, the
structures of both the yeast and human forms of ATG9A have now been solved (24,25,26). The
structures revealed that ATG9A is a lipid scramblase that helps facilitate phospholipid orientation
between the inner and outer leaflets of phospholipid membranes. This, combined with everything
else that has been shown about ATG9A, has led to the hypothesis that ATG9A helps facilitate
autophagosomal growth during the initiation phase of autophagy.
The current working ATG9A model suggests that ATG9A vesicles are recruited to sites of
autophagy initiation to act as the seed for the autophagosome (20,26). With the help of two known
phospholipid transfer proteins, ATG2A and ATG2B (27), lipids are transferred from a rich
membrane source, like the ER, directly to ATG9A vesicles. ATG9A then orients the phospholipids
in an ATP-independent manner within the bilayer, which naturally causes the ATG9A vesicle to
elongate. During this stage, other autophagy proteins, like the VPS34 complex, WIPI proteins, and
the ATG16L1-ATG5-ATG12 E3 ubiquitin-conjugation-like proteins, are recruited to the initiation
membrane to facilitate its elongation. Material is targeted to the autophagosome through a class of
ubiquitin-like proteins called the LC3/GABARAP family (28). LC3/GABARAP proteins (LC3A,
LC3B, LC3C, GABARAP, GABARAPL1, and GABARAPL2) are ubiquitin-like autophagy
proteins that are processed by an E3 ubiquitin-like LC3-lipidation conjugation complex (ATG16ATG5-ATG12) (29,30). These proteins process the LC3/GABARAPs by covalently linking a
phosphatidylethanolamine to them and subsequently anchoring them to the autophagosomal
membrane. This uniquely marks the autophagosome so that the autophagy adaptors that contain
LC3-interaction region (LIR) motifs, like p62, NBR1, and TAX1BP1, can traffic their cargo to an

5

autophagosome for degradation (31,32). Taken altogether, ATG9A plays a vital role in this entire
process by acting as the seed to initiate autophagy.

1.1.2

14-3-3ζ regulates ATG9A in hypoxia-induced autophagy

Members of the 14-3-3 family, especially14-3-3ζ, are important in cellular responses to
hypoxic conditions (34). 14-3-3ζ helps promote survival during hypoxia, but the exact mechanisms
regulating this process was unknown. Furthermore, 14-3-3 proteins have been implicated in
autophagy mechanisms (34), but the details are unclear. Using proteomics, and other various
biochemical approaches, our lab identified the key autophagy protein, ATG9A, as an interactor of
14-3-3ζ that increased their affinity for one another in hypoxic conditions. We identified a putative
14-3-3 interaction site on ATG9A in its C-terminus, Ser-761 (S761), that is regulated by the master
nutrient sensor kinase of the cell AMPK (Figure 1-2). Upon hypoxia induction, APMK
phosphorylates ATG9A at S761 which triggers 14-3-3ζ docking onto ATG9A. This promotes
ATG9A trafficking away from the Endoplasmic Reticulum (ER) and Trans-Golgi Network (TGN)
towards LC3-positive structures to help facilitate autophagic growth. Thus, our work outlined a
novel hypoxia-induced autophagic mechanism that is centered on the 14-3-3ζ-ATG9A axis to
regulate cellular homeostasis during hypoxic induced stress. This previously unknown mechanism
offers important insights into how solid tumors could potentially utilize the oncogene 14-3-3ζ and
autophagy to promote its survival during times of hypoxic stress.

6

Figure 1-2. A model of 14-3-3ζ binding to ATG9A in nutrient replete or deprived conditions (33).

1.1.3

ATG9A function in basal autophagy

Autophagy is most understood in the context of upregulated AMPK and downregulated
mTORC1, like during starvation (35). However, it is becoming increasingly clear that autophagy
proteins play important roles in unstimulated autophagy, or basal autophagy (36,37,38,39,40). This
type of autophagy takes place in a fed state, or non-stressed state, where APMK activity is low and
mTORC1 activity is high. Along with low AMPK activity, ULK1 activity is also low, which
presumably means that other upstream autophagy proteins, like ATG9A and the VPS34 complex,
have lower autophagic activity. In this context, we have very little understanding of the functions
of core autophagy proteins and how basal autophagy contributes to sustaining cellular homeostasis
in a fed state and the mechanisms that regulate it.

7

One of the known ways that basal autophagy contributes to sustaining cellular homeostasis
is through regulating protein homeostasis, or proteostasis (41). Misfolded, damaged, or unwanted
proteins are targeted for degradation by a class of ubiquitin ligase proteins (E3 ubiquitin ligases)
that covalently link several ubiquitin proteins to a target protein (42). These polyubiquitinated
proteins are then degraded by either the ubiquitin-protease system (UPS) or the lysosome via
autophagy. Whether the protein is degraded by the UPS or autophagy is determined by the type of
polyubiquitin chain linked to the protein. Ubiquitinated proteins that have Lys-48 (K48) linked
polyubiquitin chains are targeted for the UPS, but K63 linked polyubiquitinated proteins are
targeted for autophagic degradation (43). When proteins are K63 polyubiquitin linked, autophagy
adaptor proteins, such as p62, NBR1, and TAX1BP1, recognize and bind to the polyubiquitin
chains via their ubiquitin-association (UBA) domains (44). This triggers p62 and NBR1
oligomerization, which clusters the polyubiquitinated proteins together and forms p62-ubiquitin
protein condensates that are now primed for autophagic degradation. The first step, of which, is
presumed to be recruitment of core autophagy proteins like ATG9A, the ULK1 complex, and
VPS34 complex. Of these proteins, ATG9A is thought to be the seed for the initiation membrane
(20,26). However, the mechanisms that regulate ATG9A function in degrading p62-ubiquitin
protein condensates are unclear. Furthermore, we don’t know what triggers ATG9A recruitment
to sites of autophagy initiation at p62-ubiquitin condensates.

1.2

PTOV1 function in cancer
The Prostate Tumor Overexpressed gene 1 (PTOV1) protein is an oncogenic protein that

was originally found to be overexpressed in prostate tumor samples but has since been found to be
associated with other cancer types, including breast, pancreas, colon, kidney, ovarian,
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nasopharyngeal, squamous laryngeal, hepatocellular and urothelial carcinomas (5). Furthermore,
PTOV1 overexpression is correlated with metastasis, drug resistance, and poor clinical outcomes
(45). Because of this, PTOV1 is an interesting therapeutic target. However, the mechanisms
surrounding PTOV1 function are poorly understood, which makes designing therapies for high
expressing PTOV1 cancers difficult.
The current model for PTOV1 function states that PTOV1 acts as a transcriptional and
translational promoter for c-Jun (5). To do this, it is proposed that PTOV1 shuttles between the
cytosol and the nucleus in a cell cycle dependent manner. In the cytosol, PTOV1 promotes c-Jun
translation by binding to RNA using its eAT-hook domain, a RNA binding motif, and the ribosome
by binding to a ribosome component called receptor of activated protein kinase C (RACK1). At
the beginning of the S-phase of the cell cycle, PTOV1 shuttles into the nucleus to activate c-Jun
transcriptional pathways, which is proposed to facilitate epithelial to mesenchymal transition
(EMT). Furthermore, PTOV1 represses Notch transcriptional regulation of HEY1 and HES1 (46),
and activates the Wnt/β-catenin pathway to suppress the dickkopf-1 (DKK1) promoter (47).
PTOV1 is also proposed to contribute to retinoic acid (RA) resistance by competing with the
subunit 25 of the mediator complex (MED25; also known as PTOV2, Arc92, or ACID1) to bind
to the retinoic acid receptor (RAR) transcriptional activator CREB-binding protein (CBP) (48).
However, the exact mechanisms that regulate PTOV1 in the above cellular pathways are not
known, which limits our ability to target PTOV1-dependent cancers.

1.2.1

PTOV1 structure and binding to 14-3-3ζ

The PTOV1 gene is found in Chromosome 19q13.33, which is a region that contains
frequent mutations in prostate cancer (49). At 416 amino acids long, PTOV1 contains two major
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domains, the A and B domains. The A and B domains have a resemblance to MED25, which is
proposed to compete with POTV1 for binding partners (48). Furthermore, the A and B domains
both contain a nuclear localization sequence (NLS), which potentially plays a role in targeting
PTOV1 to the nucleus. PTOV1 also contains on its N-terminus a nucleic acid-binding eAT hook
motif, which is known to bind to RNA.
Our preliminary data suggests that PTOV1 is an interactor with a member of the 14-3-3
protein family, 14-3-3ζ. Given that 14-3-3ζ is considered an oncogene, we wanted to explore the
relationship between 14-3-3ζ and PTOV1 to uncover potentially novel mechanisms of PTOV1
regulation in cancer. By doing so, we could discover therapeutic targets that may provide relevant
treatments for those diagnosed with metastatic prostate cancer or other types of highly expressing
PTOV1 cancers.
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2. The immunodeficiency-linked protein LRBA is required for ATG9A trafficking from
the Golgi.

2.1

Abstract
ATG9A is a core regulator of autophagy, but its mechanisms of regulation are still poorly

understood. Here we use the APEX2 biotin ligase to probe the ATG9A proximity interactome. By
combining our previous ATG9A-BirA* efforts with ATG9A-APEX2 data, we identify a variety
of high confidence proximity-based ATG9A interactors with potential roles in regulating ATG9A
trafficking, including the immunodeficiency-associated protein LRBA. We find that endogenous
ATG9A and LRBA physically interact and colocalize at the Golgi. Deletion of LRBA results in
impaired autophagy flux and accumulation of p62/SQSTM1. Finally, we show that loss of LRBA
results in the failure of ATG9A to disperse away from the Golgi during starvation-induced
autophagy, suggesting that LRBA promotes the redistribution of ATG9A to sites of
autophagosome formation. Together, these data suggest a role for LRBA in promoting an apical
step in autophagy induction, which may explain the defective autophagy observed in cells derived
from patients with LRBA mutations.

2.2 Introduction
The recycling of cellular material through macroautophagy (herein referred to as
autophagy) maintains cellular homeostasis and promotes cell survival during transient stresses,
such as nutrient deprivation. Defects in autophagy are thought to underlie a variety of human
diseases, including degenerative diseases of protein aggregation, cancer, infectious disease and
autoimmunity. A major event in autophagy is generation of the autophagosome, which begins as
15

a cup-shaped double-membrane protrusion, or isolation membrane (IM), at the ER. With the help
of various ATG-designated proteins (e.g., ATG3, ATG5, ATG7, ATG16, etc.), the IM expands
and ultimately captures portions of the cell before closing to form a sealed vesicle. The sealed
autophagosome then fuses with the lysosome for degradation and recycling of autophagosomal
contents.
ATG9A is an intracellular multi-pass transmembrane protein that is essential for autophagy
but is still not completely understood in terms of function and regulation. A key step in ATG9Amediated autophagosome growth is its trafficking in small vesicles to the IM, which is considered
an early step in autophagy (1-3). Under nutrient-replete conditions, ATG9A is primarily
distributed in a perinuclear pattern that colocalizes with markers of the trans-Golgi network (TGN)
(4). Upon starvation, ATG9A partially redistributes from the TGN to a more peripheral pattern,
colocalizing with autophagosome markers (4-10). This redistribution of ATG9A from the Golgi
has been used as a marker of starvation-induced ‘activation’ of ATG9A in autophagy (4, 5, 11). A
variety of proteins have been identified as mediators of ATG9A trafficking, including ULK1/2
and Myosin-II, BIF-1 and the adaptor proteins AP-1 and AP-4, all of which promote the trafficking
of ATG9A away from the Golgi (4, 5, 11-17). In addition, sphingomyelin phosphodiesterase 1
(SMPD1), the p38 MAPK-interacting protein p38IP, and Sorting nexin-18 (SNX18) help ATG9A
traffic out of recycling endosomes (18-20). Recent structural studies suggest that once at the IM,
ATG9A acts as a lipid scramblase, in cooperation with ATG2, to funnel lipids from ER exit sites
to the growing autophagosome (21-24). Thus, the mechanisms that govern recruitment of ATG9A
to the IM control an essential and early step in autophagosome growth.
The BEACH (‘beige and Chediak Higashi)-domain protein LRBA (lipopolysaccharideresponsive beige-like anchor protein) is a member of the BEACH domain protein family, which
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includes several proteins associated with disease—most notably the protein LYST, mutations in
which cause a lysosomal disorder called Chediak Higashi Syndrome (25, 26). LRBA is one of the
largest proteins in the cell (~320 kDa) with domain homology to A-kinase anchor proteins and
vesicle trafficking regulators (27). LRBA was found to associate with intracellular vesicles, and
the C. elegans homologue of LRBA, SEL-2, is required for endosomal trafficking of Notch and
EGF receptors (27, 28). LRBA is also required for the maintenance of intracellular pools of the
immune checkpoint receptor CLTA4 (29).
Over the last decade, mutations that truncate the C-terminus or the entire coding region of
LRBA have emerged as a cause of early onset (most manifesting before 5 years of age)
immunodeficiency in humans associated with a wide range of symptoms, including autoimmunity,
chronic diarrhea, defective T- and B-cell function, and even lymphoma (26, 30, 31). The
immunodeficiency caused by loss of LRBA may be explained in part by defects in CTLA4 cell
surface expression, which impairs CD4+ regulatory T cell response and leads to immune
dysregulation (29, 30). Accordingly, treatment of patients with abatacept, a recombinant CTLA4immunoglobulin fusion drug, improves symptoms of LRBA deficiency (29) .
One common disease phenotype caused by LRBA mutation is hypogammaglobulinemia
due to defective B cell/plasma cell antibody secretion (26, 30). When studied in vitro, LRBA
mutant B cells derived from these patients show defects in autophagy (26, 32), which is required
for B cell/plasma cell survival and immunoglobulin production (33). In addition, a recent study
demonstrated a requirement for core autophagy regulators in B cell function at the germinal center
(34). Thus, defective autophagy may contribute to B-cell dysfunction and perhaps other general
immune problems associated with LRBA mutant disease (26, 35).
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The mechanistic connection between LRBA and autophagy has been elusive. A recent
report by Lazarou and colleagues identified LRBA as biotinylated by an ATG4A-BirA* construct
during mitophagy, suggesting that LRBA may localize to sites of mitophagy where ATG4A is also
found (36). Interestingly, the authors also observed a lack of ATG9A localization to mitochondria
in LRBA deficient cells (36), suggesting a direct role for LRBA in mitophagy, perhaps via an
interaction with ATG4A.
In this study, we identify LRBA as part of the ATG9A proximity-based interactome. We
find that ATG9A interacts physically with LRBA and immunostaining of endogenous LRBA and
ATG9A shows colocalization at the Golgi. Loss of LRBA leads to a decrease in LC3-positive
autophagosomes and an accumulation of p62/SQSTM1. Furthermore, LRBA is required for
ATG9A trafficking away from the Golgi during nutrient stress, suggesting a role for LRBA in an
apical step in autophagy initiation. Together, these data identify LRBA as a regulator of ATG9A
trafficking and provide insight into how nutrient stress-induced autophagy could be impaired in
diseases caused by LRBA mutation.

2.3

Materials and Methods
2.3.1

Antibodies and reagents

The following antibodies and reagents were used. HA-tag Mouse monoclonal (microscopy
dilution 1:500, Cell Signaling Technology, 2367S), FLAG monoclonal M2 (Sigma Aldrich,
F1804-200 UG), LRBA rabbit polyclonal (Bethyl, A304-478A), ATG9A rabbit monoclonal
(Abcam, ab108338), ATG101 rabbit monoclonal (Cell Signaling Technology, 134922S), VCP
rabbit polyclonal (Cell Signaling Technology, 2648S), Actin mouse monoclonal IgG1 (Santa Cruz
Biotechnology, (C-2): sc-8432), LC3B rabbit (Cell Signaling Technology, (D11) XP #3868S),
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SQSTM1/p62 mouse monoclonal (Abcam, ab56416), Lamp-2 mouse monoclonal IgG1
(Developmental Studies Hybridoma Bank, H4B4), Golgin-97 rabbit monoclonal (Cell Signaling
Technology, 13192S), Goat anti-Rabbit IgG (H+L) highly cross-adsorbed secondary antibody
Alexa Fluor 488 (Thermo Fisher Scientific, A-11034), IgG (H+L) highly cross-adsorbed goat antirabbit Alexa FluorTM 633 (Thermo Fisher Scientific, A21071), Goat anti-mouse IgG (H+L) crossadsorbed secondary antibody Alexa Fluor 568 (Thermo Fisher Scientific, A-11004), Goat antimouse IgG1 cross-adsorbed secondary antibody Alexa Fluor 633 (Thermo Fisher Scientific, A21126), CellLightTM Early Endosomes-GFP Bacmam 2.0 (Thermo Fisher Scientific, C10586),
InvitrogenTM CellLightTM Golgi-GFP Bacmam 2.0 (InvitrogenTM, C10592), Transferrin
(human) CF®594 (Biotium, 00084), Bafilomycin A1 (Cayman Chemical Company, 11038),
GibcoTM Earle’s Balanced Salt Solution (Thermo Fisher Scientific, 24010043), Biotin-tyramide
(APExBIO, A8011), Hydrogen Peroxide (Fisher Scientific, H325-500), PierceTM High Capacity
Streptavidin Agarose (Thermo Fisher Scientific, 20357), Guanidine hydrochloride (Millipore
Sigma, G3272-1KG), Dithiothreitol (Gold Biotechnology, 27565-41-9), Iodoacetamide (Millipore
Sigma, I6125-5G), Trypsin protease-MS grade (Thermo Fisher Scientific, 90057), HPLC Grade
Submicron Filtered Water (Fisher Scientific, 7732-18-5), SEA BLOCK blocking buffer (Thermo
Fisher Scientific, 375274), Molecular Probes™ ProLong™Diamond Antifade Mountant (Fisher
Scientific, P36961), Polyethylenimine (Polyscience, Inc., 23966).

2.3.2

Plasmids

HA-ATG9A plasmid was kindly provided by Sharon Tooze, London Research Institute,
United Kingdom. Flag-LRBA (pcDNA3.1+-LRBA-C-(K)DYK) was purchased from GenScript
(CloneID 0Hu20821). APEX2 (Source: (46)) was cloned onto the C-terminus of ATG9A found in
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pLenti-puro (catalog # 39481) using traditional restriction endonuclease cloning techniques. Viral
packaging and viral envelope plasmids used in conjunction with pLenti-puro were psPAX2
(Addgene, 12260) and pMD2.G (Addgene, 12259), respectively.

2.3.3

Cell culture, transfection, and viral transduction

HEK293T, HCT116, and HeLa cells 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. HeLa cells stably expressing GFP-LC3, kindly
provided by Sharon Tooze, London Research Institute, United Kingdom, were cultured with the
same 10% FBS/DMEM media and in the same incubator conditions. ATG9A C-terminal 1xHAtagged HCT116 cells were generated at the Genome Engineering and iPSC Center at Washington
University School of Medicine (St. Louis, MO). HEK293T and HCT116 cells were transiently
transfected using polyethylenimine (PEI) according to the manufacturer’s protocols. A HEK293T
ATG9A KO clone was transduced via lentivirus generated in LentiX-293T cells using pLenti-puro
containing the ATG9A-APEX2 gene, psPAX2, and pMD2.G in a 4:3:1 ratio (ug), respectively.

2.3.4

CRISPR-Cas9

LRBA KO cell lines were generated using the following guide RNA cloned into pSpCas9
(BB)2A-Puro (PX459): 5’-ATTTGCCGTGTTGACCGGTT-3’. Cells were transfected with the
LRBA sgRNA containing PX459 vector and subsequently selected with puromycin (3 ug/mL)
after two days. The KO efficiency was measured via western blot compared to a wild-type control.
The ATG9A KO clone was generated previously (37).
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2.3.5

Immunoblotting, immunoprecipitation, and +/- SDS streptavidin pull-down

For immunoblotting, whole-cell lysates were prepared using the following protocol. Cells
were washed with ice-cold PBS and removed from tissue culture plates by a cell scraper. After
400xg centrifugation for 5 minutes, the supernatant was aspirated and the cell pellet was
resuspended in RIPA lysis buffer (25 mM Tris-HCl [pH 7.5], 75 mM NaCl, 0.5% [wt/vol] Triton
X-100, 2.5 mM EDTA, 0.05% [wt/vol] SDS, and 0.25% [wt/vol] Deoxycholate) in a 1:10 ratio
(mg pellet:uL lysis buffer), supplemented with protease inhibitor (Thermo Fischer Scientific,
A32965) and phosphatase inhibitor (Thermo Fischer Scientific, A32957) cocktails. The cell/RIPA
mixture was incubated on a rotator in 4°C for 15 minutes and subsequently centrifuged at 21,100xg
for 10 minutes. The supernatant was isolated and a protein assay measured. 50ug of protein was
then prepped for SDS-PAGE on a 4-15% gradient gel (BIO-RAD, CriterionTM TGXTM precast
gels, 5671084), which was run at 300V for 30 minutes in an ice bath using running buffer described
by BIO-RAD. The gel was washed and transferred (BIO-RAD, CriterionTM Cell #1656001) at
300mA for 30 minutes in an ice bath to a nitrocellulose membrane (LI-COR Biosciences,
Odyssey® Nitrocellulose Membrane, P/N 926-31092) using transfer buffer described by BIORAD. The membrane was blocked (LI-COR Biosciences, Odyssey® blocking buffer [TBS], 92750000, no longer produced) and incubated with primary antibodies (diluted according to
manufacturer specifications) overnight at 4°C on a rocker. Secondary antibodies (diluted according
to manufacturer specifications) were incubated for 1 hour at room temperature on a rocker after 3
washes (5 minutes each) with 0.1% Tween-20/TBS (1x) and TBS (2x). The membrane was washed
again and imaged using a LI-COR Odyssey® CLx. Quantification of immunoblots was performed
using LI-COR Image Studio software.
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For immunoprecipitation, the target proteins (LRBA or ATG9A) were overexpressed in
cells via PEI transfection using the plasmids described in the plasmid section (section 3.) of the
materials and methods above. The proteins were allowed to express for 2 days and the cells were
harvested according to the immunoblotting protocol above, except that ATG9A lysis buffer (20
mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.3% [wt/vol] Triton X-100, and 5 mM EDTA) was used
in place of RIPA lysis buffer. After performing a protein assay of the isolated lysate, antiDYKDDDDK G1 affinity resin (GenScript, L00432) was prepared, incubated with cell lysate, and
washed according to the manufacturer protocol. The bound proteins were eluted with 1x
SDS/PAGE loading buffer at 95°C for 5 minutes and subsequently loaded onto a gradient gel, after
which a western blot was generated, imaged, and analyzed as described above.
For the +/- SDS streptavidin pull-down, we treated HEK293T cells stably expressing ATG9AAPEX2 with biotin-phenol and H2O2 according to the protocol designed by the Ting lab (46) and
biotinylated proteins were isolated according to the protocol performed by Roux et. al (47) but
with some adaptations. In summary, HEK293T ATG9A KO cells containing stably reconstituted
ATG9A-APEX2 were treated with biotin-phenol for 30 minutes (500uM) in 37°C (5% CO2).
Afterward, H2O2 was diluted 1:100 to initiate biotinylation for 1 minute. The control cells were
not treated with H2O2. The cells were immediately washed with ice cold PBS three times and
harvested via cell scraper and centrifuged at 400xg. The pellets were weighed and resuspended in
a 1:10 ratio (mg pellet:uL lysis buffer) in either ATG9A lysis buffer or SDS lysis buffer (50mM
Tris-HCl [pH 7.4], 250 mM NaCl, 0.2% SDS, 2.5mM EDTA, 0.5mM DTT, 1% Triton X-100).
The pellets were vortexed briefly and placed in a MP-Biomedicals FastPrep® homogenizer at 3
m/s for 60 seconds, with subsequent centrifugation (21,100xg 5 min., 4°C) and supernatant
collection. Streptavidin agarose beads were prepared according to the manufacturer protocol and
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incubated with the protein lysates for 1 hour at 4°C. The beads were washed two times with ice
cold lysis buffer and three times with ice cold TBS. The biotin captured proteins were eluted using
Laemmli sample buffer while boiling at 95°C for 5 minutes. The samples were cooled to room
temperature and loaded onto a 4-15% gradient gel and prepared for a western blot as previously
stated in this materials and methods section. After blocking, an IRdye® 800CW Streptavidin
antibody (LI-COR, 826-32230) was diluted 1:10,000 in blocking buffer and incubated with the
nitrocellulose membrane on a rocker for 1 hour at room temperature. The blot was washed and
imaged as previously described.

2.3.6

BioID coupled mass spectrometry of ATG9A-APEX2

Biotinylated proteins were generated and isolated in the same cell line and using the same
protocol as in the +/- SDS streptavidin pulldown experiment described in the materials and
methods section above. However, RIPA buffer was used to lyse the cells. After the final washes
of the streptavidin beads, the biotin captured proteins were eluted using 6M guanidine HCl (diluted
in 100mM Tris-HCl pH 8.5) by boiling at 100°C for 5 min. The guanidine containing proteins
were then placed in a VWR Centrifugal filter with a 30kD cutoff (VWR, 82031-354) and
centrifuged at 14,000xg for 15 minutes. The flow through was discarded and the filters washed
once more with 100µL of 6M guanidine at the same centrifugation speed and time. The protein
samples were resuspended in 100uL of 6M guanidine and 4.6µL of 200 mM DTT (final
concentration 5mM) was added, vortexed briefly, and incubated at 60°C for 1 hour. The filters
were allowed to cool to room temp and 10µL of 200mM Iodoacetamide (final concentration
15mM) was added, vortexed briefly, and incubated in the dark at room temp for 1 hour. The filters
were then washed twice with 200µL of ammonium bicarbonate (ABC) and centrifuged at 14,000xg
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for 15 minutes between each wash. After the final wash, the collection tube was washed three
times with HPLC grade water. 100µL of ABC containing 1µg of MS-grade trypsin was then added
to each sample, vortexed briefly, and incubated for 18 hours at 37°C at approximately 200 rpm/s.
After protein digestion, the filters were centrifuged at 14,000xg for 30 minutes, and washed once
with 100µL ABC at the same spin speed. The flow through was collected and placed in mass spec
vials and subsequently dried in a speed-vac. The dried proteins were resuspended in 10µL of 1%
formic acid/H2O (Buffer A). The samples were analyzed with a Fusion Lumos Tribrid (Orbitrap)
mass spectrometer from ThermoFisher Scientific. Tryptic peptides were separated using a reverse
phase C18 column (Acclaim PepMap™ 100) and a Thermo Easy-Spray source. Mobile phase for
the liquid chromatography was 0.1% formic acid in H2O (Buffer A) and 0.1% Formic Acid in
80% Acetonitrile (Optima grade Thermo Fischer) with 20% H2O (Buffer B) on an Easy-nLC 1200
HPLC system. Samples were eluted using a gradient of 5% B to 22% B over 85 minutes, 22% to
32% B over 15 minutes, with a wash of 32% to 95% B over 10 minutes, which was held at 95% B
for 10 minutes. Sample loading and equilibration were performed using the HPLC’s built in
methods. MS only runs were performed using 2400 V in the ion source 60000 Resolution with a
scan range of 375- 1700 m/z, 30% RF Lens, Quadrupole Isolation, 8 *105 AGC Target and a
maximum injection time of 50 ms. MS/MS scans were performed using same settings as MS only
scans with 3 seconds allowed per MS/MS after each MS scan using the following filters: peptide
monoisotopic peak determination, an intensity threshold of 5*10^3, only fragmenting charge states
+2 to +6, a dynamic exclusion that excluded a peak after being chosen once within 60 seconds,
with an error tolerance of 10 ppm high and low, and isotopes excluded. The fragmentation scan
used an isolation window of 1.6 m/z, CID fragmentation with an energy of 30%, detection in the
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linear ion trap in Rapid scan mode with an AGC target of 1*10^4, a maximum injection time of
35 milliseconds and used the “Inject Ions for All Available Parallelizable Time” option.

2.3.7

Quantitative LC-MS/MS of ATG9A-APEX2

Identification of proteins was performed using PEAKS XPro (Bioinformatics Solutions
Inc.). PEAKS settings were as follows: sequence database search, mass only correct precursor
refinement, 20 ppm precursor monoisotopic error allowed, .5 Dalton fragment ion error allowed,
trypsin as the digestion enzyme, 3 missed cleavages allowed. Carbamidomethylation was set as a
fixed modification and pyro-glutamic acid from Q, Oxidation of M, and biotinylation were allowed
variable modifications with 3 variable modifications allowed per peptide. Identification database
was SwissProt validated database downloaded October 2020, restricted to Homo sapiens protein
entries. PEAKS PTM, which searches for PTMs not specified in the search, and SPIDER, which
searches for point mutations, were also examined. Those protein identifications under a 1% False
Discovery Rate cutoff were exported from SPIDER and the total peptide counts or Area Intensity
was normalized to Total Ion Current (TIC) calculated by the LABEL FREE quantification software
of PEAKS. This yielded 13,823 identified peptides associated with 2,458 proteins across all six
samples (Mock in triplicate, Experiment in triplicate).

2.3.8

Statistical and GO-term analysis of ATG9A-APEX2 LC-MS/MS data

The SPIDER protein export yielded a .csv file containing the peptide counts and total area
of the identified proteins from each sample (Mock in triplicate and Experiment in triplicate). As
stated previously, the peptide count of each protein within each sample was normalized by TIC.
Fold change was calculated by taking the average peptide count of the experiment over the average
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peptide count of the mock. A student’s t-test comparing the experiment to the mock was performed
in excel to calculate p-values. The calculated values (Fold Change [FC] and p-values [pv]) were
Log converted (Log2) and plotted on a scatter plot using GraphPad Prism8. A significance cut off
for fold change and p-value was set at >3 and <0.05, respectively.
Significant proteins were analyzed in the Database for Annotation, Visualization and
Integrated Discovery (DAVID, v6.8; (48, 49)) to determine the most significant Gene Ontology
(GO) terms, Uniprot keywords, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways,
and InterPro classifications of protein families associated with the ATG9A-APEX2 interactome.
The gene list (278 IDs) was submitted as Uniprot Accession numbers and compared to a Homo
sapiens background. A Functional Annotation Clustering analysis was performed with a medium
stringency setting. 68 clusters were identified and significant clusters were noted on the scatter
plot found in Figure 2-1 C.

2.3.9

Meta-analysis of ATG9A-Apex2 and ATG9A-BirA*

The ATG9A-BirA* BioID experiment was performed previously and the protocol and data
analysis are described in the original publication (37). The total proteins identified from this
previous ATG9A BioID experiment were compared to total proteins identified in the ATG9AAPEX2 experiment here. In preparation for the comparison, both data sets were run separately
through the Contaminant Repository for Affinity Purification (CRAPome; (50)) or SAINT. The
data was uploaded according to the requirements specified by SAINT, which included Area
Intensity values for each protein in each sample. The specifications for each run were left on the
standard values determined by SAINT. No SAINT controls were added beyond the user controls.
The fold changes identified by SAINT were then used in the comparison. A student’s t-test was
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then performed in Excel for each individual protein in both data sets. To be able to compare both
data sets, the fold change of each protein was divided by its associated p-value (FC/pv) to obtain
a single value that represents potential significance. Proteins that had a fold change less than one
were eliminated and the rest (235 total proteins) were plotted in GraphPad Prism8. Quartiles for
each data set were calculated and proteins were considered significant if they were found within
the highest quartiles of each dataset (above Q3), excluding any found below Q1 of either dataset,
or below Q2 of both datasets. The same DAVID analysis was performed with the proteins
considered significant as the significantly identified proteins from the ATG9A-APEX2
experiment. 18 clusters were identified and significant clusters were noted on the scatter plot in
Figure 2-1 E.

2.3.10 Confocal microscopy
HEK293A cells, HCT116 cells with endogenously tagged HA-ATG9A, and HeLa cells
stably expressing GFP-LC3B were used for confocal microscopy colocalization experiments.
Cells were seeded onto acid-etched coverslips and incubated for at least 24 hours before plasmid
transfection or fixation.
For the autophagy flux experiment, the HeLa cells stably expressing GFP-LC3B were
treated with EBSS or EBSS and BafA1 for 4 hours before fixation with methanol in -20°C for 20
minutes. The cells were washed with ice cold PBS 3 times and mounted onto microscope slides
using ProLong Diamond Mounting Reagent. Slides were cured overnight while protected from
light.
For the LC3B/Lamp2 colocalization experiment, HEK293T cells were treated with or
without EBSS for 4 hours and fixed with 4% PFA for 10 minutes at 37°C. The cells were washed

27

with 0.1% Tween-20/PBS 3 times, 5 minutes each, and permeabilized with 0.1% Triton X100/PBS for 10 minutes at room temperature on a gentle rocker. The cells were washed again
(3x’s, 5 min. ea., PBS-T) and blocked with SEA BLOCK for 1 hour at room temp. on a gentle
rocker. Primary antibodies were diluted according to the manufacturer’s specifications in SEA
BLOCK and were incubated with the cells on a gentle rocker in 4°C overnight while protected
from light. The cells were then washed and incubated with secondary antibodies, diluted according
to the manufacturer’s specifications, for 1 hour at room temperature on a gentle rocker. The cells
were washed again and mounted and cured overnight as stated previously.
For the LRBA/Early Endosome or LRBA/Golgi organelle colocalization analysis,
HEK293A cells were treated with a CellLight™ organelle marker (Early Endosome-GFP or GolgiGFP) according to the manufacturer’s specifications and subsequently fixed, permeabilized, and
stained according to the HEK293T PFA fixation protocol described above.
For the LRBA/Recycling Endosome and ATG9A-HA/Recycling Endosome colocalization
analysis, HEK293A and HCT116 cells, respectively, were incubated with Transferrin CF594 for
1 hour (according to the manufacturer’s specifications) at 37°C in 5% CO2 and subsequently
washed, fixed, permeabilized, and stained according to the HEK293T PFA fixation protocol
described above.
For the LRBA/GFP-DFCP1 colocalization experiment, HEK293A cells were transiently
transfected with GFP-DFCP1 and treated with or without EBSS for 4 hours. The cells were then
fixed, permeabilized, blocked, stained, mounted, and cured according to the HEK293T PFA
fixation protocol described above.
For the LRBA/GFP-LC3B colocalization experiment, HeLa cells stably expressing GFPLC3B were treated with or without EBSS for 4 hours and subsequently washed, fixed,
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permeabilized, blocked, stained, and cured according to the HEK293T PFA fixation protocol
described above.
For the LRBA/HA-ATG9A colocalization experiment, HCT116 cells were seeded, fixed,
permeabilized, blocked, stained, and mounted according to the HEK293T PFA fixation protocol
described above.
For the HA-ATG9A/Golgin97 colocalization experiment, HCT116 cells were seeded,
treated with or without EBSS for 4 hours, and subsequently washed, fixed, permeabilized, stained,
mounted, and cured according to the HEK293T PFA protocol as described above.

2.3.11 Confocal microscopy data analysis
All confocal experiments that required quantification were imaged with the exact same
parameters within each experiment. All images were deconvolved using Huygens Essential
express deconvolution tool and colocalization coefficients were calculated using the colocalization
analyzer tool in the same software. Threshold intensity values were calculated using either the
Costes method (performed in Huygens Essential colocalization analyzer tool) or placed at 10% of
the highest intensity value of the channel. Significance (<0.05) was determined in GraphPad
Prism8 with the Welch’s t-test for 2-sample comparisons.
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2.4

Results
2.4.1

BioID metanalysis reveals novel C-terminal interactors of ATG9A

We seek to identify interacting partners and regulators of ATG9A. However, the
intracellular transmembrane nature of ATG9A makes it a challenge for some traditional
biochemical approaches, including co-IP LC-MS/MS. For this reason, we have pursued a variety
of BioID approaches to elucidate the ATG9A interactome, including the use of the BirA* biotin
ligase in a previous study (37). Here, we set out to create a comprehensive proximity-based
interactome map of ATG9A by doing an analysis of ATG9A-APEX2 data combined with previous
data of the ATG9A-BirA* interactome. To do this, we appended the ATG9A C-terminus to the
biotin ligase APEX2, which, upon a brief incubation with hydrogen peroxide and biotin-phenol,
generates a biotin phenoxyl radical that covalently links to adjacent primary amines (e.g., lysine
residues on nearby proteins). Substrates biotinylated with ATG9A-APEX2 can then be captured
on streptavidin resin for identification by LC-MS/MS.
Figure 2-1 A shows our basic experimental schematic for ATG9A-APEX2. In short, we
generated HEK-293T ATG9A KO cells stably reconstituted with ATG9A-APEX2, incubated with
and without biotin-phenol, followed by H2O2 treatment and biotinylated protein capture on
streptavidin resin. Figure 2-1 B shows ATG9A-APEX2 expression and the level of ATG9AAPEX2-mediated biotinylation in lysates of biological triplicates. Streptavidin-captured proteins
from cells treated +/- biotin-phenol were then identified by LC-MS/MS. This APEX2 proximitybased ATG9A interactome was then assessed by volcano plot (ATG9A-APEX2 versus controls)
and functional annotation analysis (Figure 2-1 C). The most significantly enriched gene annotation
categories of the ATG9A-APEX2 interactome included membrane trafficking and vesicle
transport, which is consistent with our current understanding of ATG9A. The ATG9A-APEX2
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interactome was also highly enriched for proteins associated with organelles where ATG9A
resides, including the endomembrane system, golgi, and endoplasmic reticulum (ER).

Figure 2-1. Comparison of two ATG9A BioID experiments reveals a complex network of interactors.
(A) Schematic showing the basic workflow of ATG9A-APEX2 BioID.
(B) Western blot showing ATG9A-APEX2 universal biotinylation in the presence of H2O2 in triplicate. A streptavidin conjugated IR dye CW800
(LI-COR) was used to stain biotinylated proteins.
(C) A volcano plot showing the proteins identified from ATG9A-APEX2 BioID experiment in triplicate. Proteins considered significant have a
Fold Change (FC) greater than 3 and a p-value (pv) < 0.05. Proteins are highlighted according to their annotations assigned by DAVID
analysis software.
(D) Venn diagram (created in Lucidchart, www.lucidchart.com) showing identifications that are similar between ATG9A-BirA* and ATG9AAPEX2 BioID experiments.
(E) Scatter plot comparing the identified proteins that are found in both types of BioID datasets with a FC > 1. FC was divided by p-value (pv)
and quartiles were calculated for each FC/pv in both datasets individually. Proteins considered significant are highlighted with several colors
according to annotations assigned by DAVID analysis software.

To create a comprehensive proximity-based interactome map of ATG9A, we identified
common interactors in both BioID experiments that have a fold change greater than 1 (Figure 2-1
D). This yielded 235 proteins, which were then plotted in Figure 2-1 E as described in the Materials
and Methods. To identify potential significant interactors, we calculated quartiles based on Fold
Change divided by p-value (FC/pv) of each protein and considered proteins as significant
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interactors if they were found in the highest quartiles, excluding those found in the lowest quartiles
(<Q1 of either dataset or <Q2 of both). This yielded 83 interactors, which were analyzed further
by functional annotation analysis (Figure 2-1 E). Out of the highest scoring clusters identified,
proteins significantly associated with membrane processes were identified, such as ER to Golgi
vesicle mediated transport, vesicle fusion, endocytosis, and early endosomes. Interestingly, the
highest scoring cluster contained proteins related to cell-cell adhesion. Furthermore, important
membrane protein complexes were identified, such as the Retromer and SNARE complexes, and
a variety of autophagy-annotated proteins, including SNAP29, VPS16, VPS35, STX12, SNX5,
SNX6, VAMP7, SCFD1, CISD2, VPS33B, ATP6V1B2, and ATP6V1E1. In searching these
interactors for proteins of physiological or disease relevance, we identified LRBA, mutations in
which cause immune related diseases that are also linked to dysfunctional autophagy (32).
However, the mechanism by which mutations in LRBA may disrupt autophagy is currently
unknown.

2.4.2

LRBA interacts with ATG9A

Given the possible role of defective autophagy in LRBA mutant disease (26, 32) and a
recent study linking LRBA to ATG4A (36), we pursued the LRBA-ATG9A connection to further
understand the role of LRBA in autophagy. First, we validated whether ATG9A-APEX2 actually
biotinylates LRBA through immunoblotting. We did this by performing a streptavidin pulldown
of biotinylated proteins in our stably reconstituted ATG9A-APEX2 HEK293T ATG9A KO cell
line in the presence or absence of SDS lysis buffer (Figure 2-2 A). LRBA was recovered in SDSpositive lysis buffer, including a known ATG9A interactor, ATG101 (37). We also validated
another high scoring interactor, p97/VCP, as biotinylated by ATG9A-APEX2 that was recently
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found to interact with Beclin-1 (Figure 2-2 A) (38). To determine whether LRBA simply
represented an indirect ‘proximity’ hit of ATG9A BioID or a physical interaction, we performed
co-IP experiments. We found that overexpressed FLAG-LRBA and overexpressed HA-ATG9A
co-immunoprecipitated with endogenous ATG9A protein and endogenous LRBA protein,
respectively (Figure 2-2, B and C). Thus, these three independent approaches demonstrate that
ATG9A and LRBA are true interactors.

Figure 2-2. ATG9A and LRBA are bona fide interactors.
(A) Western blot showing streptavidin pull-down of HEK293T ATG9A KO cell lysates with stably reconstituted HA-ATG9A-APEX2 in the
presence or absence of Biotin Phenol, H2O2, or SDS. Endogenous antibodies are indicated to the right of the blot images; anti-HA was used
to label HA-ATG9A-APEX2.
(B) Western blot showing an overexpressed HA-ATG9A IP in HEK293T cell lysates. Endogenous antibodies are indicated to the right of the blot
images; anti-HA was used to label HA-ATG9A. The fold change was calculated by dividing the average intensity of the LRBA bands in the
HA-ATG9A-positve lanes (n=3) by the average intensity of LRBA signal in the mock lanes. +/- refers to SEM calculated in GraphPad Prism8.
(C) Western blot showing an overexpressed Flag-LRBA IP in HEK293T lysates. Endogenous antibodies are indicated to the right of the blot
images; anti-Flag was used to label Flag-LRBA. The fold change was calculated by dividing the average intensity of the ATG9A bands in the
Flag-LRBA-positive lanes by the average intensity of ATG9A signal in the mock lanes (n=3). +/- refers to SEM calculated in GraphPad
Prism8.

2.4.3

LRBA is an autophagy regulator

To begin to understand the functional relationship between LRBA and ATG9A, we created
LRBA KO cell lines. We found the deletion of LRBA in HeLa cells stably expressing GFP-LC3B
resulted in a significant decrease in starvation-induced LC3B+ autophagosomes, which was
partially rescued by bafilomycin treatment (Figure 2-3 B). In addition, deletion of LRBA in HCT116 cells led to an accumulation of the autophagy substrate p62/SQSTM1 (Figure 2-3, C and D).
We also found that loss of LRBA resulted in decreased colocalization of LC3B and the lysosome
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marker LAMP2 (Figure 2-3 E). Together, these data demonstrate that loss of LRBA causes a defect
in autophagy flux.

2.3.5

LRBA is primarily localized to the golgi and regulates ATG9A trafficking
away from the golgi

A previously published report demonstrated that the overexpressed GFP-fused BEACH
and WD domains of LRBA localize to the ER, plasma membrane and endocytic vesicles (27). As
shown in Figure 2-4 A, the LRBA antibody used for immunoblotting in Figure 2-3 also detects
endogenous LRBA by immunofluorescence imaging, as confirmed by the loss of LRBA signal
upon CRISPR/Cas9 deletion of LRBA. We found that endogenous LRBA showed a strong
perinuclear signal that colocalized well with golgi markers, but also colocalized with recycling
endosomes (REs) and to a lesser degree with early endosomes (EEs) (Figure 2-4, B and D). We
also found that LRBA colocalized with the Initiation Membrane marker DFCP1 (Figure 2-5 A)
and showed increased colocalization with LC3B upon starvation (Figure 2-5 B), while
colocalization of LRBA and ATG9A occurred primarily at the golgi (Figure 2-5 C).
Previous work by Lo et. al. suggests that LRBA may control the trafficking of transferrinpositive recycling endosomes to the plasma membrane (29). Therefore, we wondered if LRBA
also dysregulates the ability of ATG9A to traffic through recycling endosomes, which is required
for autophagosome formation (10, 12, 20). As shown in Figure 2-6, A and B, LRBA deficient cells
show decreased colocalization of ATG9A and transferrin. Additionally, starvation triggers the
trafficking of ATG9A away from its perinuclear pools, including the golgi, to LC3+
autophagosomes located further toward the periphery of the cell (4, 19). This redistribution of
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ATG9A has been used as a marker of ATG9A mobilization to autophagosomes during starvationinduced autophagy (4, 5, 19). Thus, given that loss of LRBA impairs starvation-induced
autophagy (Figure 2-3) and decreases ATG9A trafficking through recycling endosomes (Figure 26, A and B), we posited that LRBA could play a role in regulating ATG9A trafficking away from
the golgi. Indeed, we found that deletion of LRBA resulted in the failure of ATG9A to traffic away
from the golgi during starvation (Figure 2-6, C and D). This phenotype of ATG9A being
essentially ‘stuck’ in the golgi in the absence of LRBA suggests a role for LRBA in anterograde
trafficking of ATG9A and helps explain the defect in autophagosome maturation in LRBA
deficient cells.

Figure 2-3. LRBA deficient cells have defective autophagy.
(A) Western blot showing lysates collected from HeLa cells that were treated with CRISPR/Cas9 sgLRBA. Endogenous antibodies used are
indicated to the right of the blot images.
(B) Quantification GFP-LC3B puncta counts in CRISPR/Cas9 sgLRBA treated individual LRBA knock-down HeLa cells stably expressing GFPLC3B that were incubated with or without EBSS and/or BafA1 for 4 hours. Puncta counts were measured using the 3D analysis software
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(Leica LAS-X) in individual cells imaged by confocal microscopy (Leica TCS SP8) and quantified in GraphPad Prism8. Significance values
were calculated using a Welch’s corrected t-test. The mean is shown and error bars represent SEM.
(C) Western blot showing HCT116 cell lysates in triplicate after being treated with CRISPR/Cas9 sgLRBA. Endogenous antibodies used are
indicated to the right of the blot images.
(D) Quantification of panel C and another LRBA knock-down cell line (HEK293T) treated the same way as the HCT116 cells from panel C. The
graph and significance values were generated in GraphPad Prism8. Significance values were calculated using a Welch’s corrected student’s
t-test (n=3). The mean is shown and error bars represent SEM.

Figure 2-4. LRBA colocalizes with recycling endosomes and the golgi.
(A) Confocal images showing clonal KO validation of an LRBA primary antibody (Bethyl, A304-478A) in HEK293A cells.
(B) Confocal images showing Early Endosome-LRBA colocalization. Early Endosome was marked using CellLight™ Early Endosomes-GFP
Bacmam 2.0.
(C) Confocal images showing Transferrin conjugate-LRBA colocalization in HEK293A cells. Transferrin CF594 was incubated with the cells
for 1 hour before fixation.
(D) Confocal images showing Golgi-LRBA colocalization. The Golgi was marked by CellLight™ Golgi-GFP Bacmam 2.0.
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Figure 2-5. LRBA is localized at the Golgi with ATG9A.
(A)
(B)
(C)

Confocal images showing colocalization of endogenous LRBA and transiently transfected GFP-DFCP1 in HEK293A cells treated
with or without EBSS for 4 hours.
Confocal images showing colocalization of endogenous LRBA and stably expressing GFP-LC3B in HeLa cells treated with or
without EBSS for 4 hours.
Confocal images showing endogenous LRBA, endogenously HA tagged ATG9A, and CellLight™ Golgi-GFP Bacmam 2.0 in
HCT116 cells in a fed state (10% FBS/DMEM).
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2.5

Discussion
Our BioID data uncover a network of ATG9A interactors, many of which are involved in

vesicle trafficking pathways and/or associated with organelles where ATG9A resides. By
combining the ATG9A-APEX2 and ATG9A-BirA* data, some compelling and perhaps higher
confidence interactors emerge, including LRBA. In addition, it may be useful for future ATG9A
work to combine these BioID-based ATG9A interactors with an analysis of proteins identified
through traditional immunoaffinity-based proteomics approaches.
Differences in interactors identified by the ATG9A-APEX2 and ATG9A-BirA approaches
may also be informative for ATG9A biology and perhaps even provide some insight into the choice
of BioID enzymes for future experiments. Because APEX2 biotinylation occurs within the ~30second incubation of cells with H2O2, it essentially provides a snapshot of near-neighbor
interactors at a given point in time. In contrast, BirA*-mediated biotinylation occurs over hours,
providing a catalogue of ATG9A interactors, including those that may be infrequent and/or
triggered by transient cellular stresses. Components of the ULK1 complex (ULK1, ATG101,
ATG13, FIP200) were identified in the ATG9A-BirA* data, but notably absent in the ATG9AAPEX2 data. The ATG9A-APEX2 approach alone identified VCP/p97, an ER ATPase that has
been implicated in endosomal trafficking (41, 42), lysosome maintenance (43), and more recently
in scaffolding the Beclin-1-PI3K complex, which increases PI3P at the IM to recruit the initial
autophagosome-forming protein complexes (38). This latter role may explain its proximity to
ATG9A, as ATG9A arrives early at the PI3P-enriched sites of budding autophagosomes.

38

Figure 2-6. LRBA deficient cells cause ATGA to build up in the Golgi.
(A) Confocal images showing endogenous Golgin-97 and endogenously HA tagged ATG9A colocalization in HCT116 cells treated with or
without CRISPR/Cas9 sgLRBA and with or without EBSS for 4 hours. Endogenous LRBA antibody was used to identify LRBA KO cells.
(B) Quantification of Golgin-97 and ATG9A-HA colocalization in HCT116 cells treated with or without EBSS for 4 hours. Mander’s coefficients
were calculated in individual cells using the Huygens Colocalization Analyzer tool. The graph was generated and significance values (Welch’s
corrected t-test) calculated using GraphPad Prism8. The mean is shown and error bars represent SEM.
(C) Confocal images showing colocalization of exogenous Transferrin conjugate and endogenously HA tagged ATG9A in HCT116 cells treated
with or without CRISPR/Cas9 sgLRBA. Endogenous LRBA antibody was used to identify LRBA KO cells.
(D) Quantification of Transferrin CF594 and endogenously HA tagged ATG9A colocalization in HCT116 cells with or without LRBA expression.
Pearson’s coefficients were calculated in individual cells using the Huygens Colocalization Analyzer tool. The graph was generated and
significance values calculated (Welch’s corrected t-test) using GraphPad Prism8. The mean is shown and error bars represent SEM.
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Despite the disease-relevance of LRBA, we still know little about the function of LRBA
and even less about its mechanisms of action. However, multiple lines of evidence now point to a
role for LRBA in vesicle trafficking. Deletion of the C. elegans LRBA homologue, SEL-2, resulted
in defects in cell surface receptor trafficking, and isolated/overexpressed domains of LRBA
colocalize with golgi and endosomal markers (27, 28). Patient mutations in LRBA cause a shift in
CTLA4 trafficking, leading to decreased surface expression and increased lysosomal degradation
of CTLA4, which occurs through a canonical Late Endosome (LE)-to-lysosome route (29, 44).
Given that CTLA4 and ATG9A follow somewhat different trafficking routes, what can we learn
from the LRBA-CTLA4 relationship, together with our data, about the general role of LRBA?
Recent work by Sansom and colleagues demonstrated that loss of LRBA caused a decrease in
CTLA4 colocalization with Rab11-positive Recycling Endosomes (REs) and what appeared to be
an enrichment of CLTA4 in a perinuclear Golgi-like pattern (although this was not confirmed with
Golgi markers) (45). The authors proposed that LRBA functions upstream of Rab11 by promoting
Early Endosome (EE)-to-RE trafficking, but left open the possibility that LRBA may also promote
Golgi-to-RE trafficking. Our results favor the latter possibility. Indeed, the vast majority of LRBA
is at the Golgi (Figure 2-4 C) and LRBA deletion results in a failure of ATG9A exit from the Golgi
(Figure 2-6, C and D), supporting the model that LRBA controls the export of proteins from the
Golgi, perhaps by scaffolding the formation of different trafficking complexes. In the case of
ATG9A, this may occur by scaffolding the interaction of ATG9A with AP-4 and/or Myosin-II (12,
16), which can be addressed in future work.
In summary, our results show that LRBA interacts directly with ATG9A at the Golgi and
is essential for starvation-induced autophagy and mobilization of ATG9A toward sites of emergent
autophagosomes. These results provide a mechanism to help explain the defective autophagy in
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cells derived from LRBA disease patients. Future work should examine whether defects in ATG9A
trafficking can explain, at least in part, the symptoms of immune dysfunction in LRBA disease.
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3. Ubiquitin recruits ATG9A to p62 condensates to initiate basal autophagy

3.1

Abstract
Autophagy is an essential cellular recycling process that maintains protein and organelle

homeostasis. ATG9A recruitment to sites of autophagy initiation is considered an essential and
early step in autophagy. However, the mechanisms that recruit ATG9A to autophagy initiation
sites are poorly understood. Furthermore, the regulation of ATG9A recruitment is best understood
in the context of starvation-induced autophagy, whereas less is known about the signals that
activate ATG9A in fed conditions. To broadly understand the contribution of ATG9A to basal
autophagy, we used quantitative mass spectrometry coupled with D2O labeling to measure protein
turnover kinetics and found that the loss of ATG9A primarily attenuates the degradation of the
autophagy adaptor p62. We further demonstrate that loss of the lipid transfer proteins ATG2A and
ATG2B phenocopies the loss of ATG9A, resulting in an accumulation of hyperphosphorylated
p62 and large p62 condensates. In contrast, the loss of LC3 lipidation machinery, ATG5 and
ATG7, did not impact the build-up of p62 condensates to the same degree. We also show that
ATG2A accumulation at p62 condensates requires ATG9A, suggesting that ATG9A seeds
formation of higher order complexes to drive downstream autophagy processes (e.g., lipid
delivery). Finally, we show that poly-ubiquitin is required and sufficient to recruit ATG9A to
condensates. Taken together, our data suggest that poly-ubiquitination is an essential signal that
recruits ATG9A to p62 condensates, which initiates the recruitment of ATG2A at the earliest
stages of p62-mediated basal autophagy.
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3.2

Introduction
The recycling of cellular material through macroautophagy (referred to here as autophagy)

is required to maintain cellular homeostasis (1). Defects in autophagy are associated with
numerous human diseases, including metabolic disorders, neurodegeneration, infectious disease,
autoimmunity, and cancer (2). Despite the importance of autophagy in human disease, our
understanding of how autophagy is regulated in the varied contexts in which it occurs is still
limited. Autophagy is characterized by the formation of a double membrane vesicle called the
autophagosome. A variety of proteins regulate autophagosome growth, closure, and fusion with
the lysosome. Of the >40 autophagy proteins identified, approximately 17 are considered essential
because they are evolutionarily conserved and required for non-selective and selective forms of
autophagy (3). One essential protein is the lipid scramblase ATG9A. Defects in ATG9A cause
severe autophagy phenotypes and homozygous deletion of ATG9A in mice have been shown to
cause embryonic lethality or death during the weaning period (5,6).
ATG9A is the only multi-pass transmembrane protein among the core ‘ATG’ proteins.
ATG9A is found in small lipid vesicles that move through the ER, Tran-Golgi Network, and
endomembrane vesicle systems (7). During starvation, ATG9A is routed to sites of autophagosome
biogenesis, referred to as the isolation membrane (IM) or phagophore assembly site (PAS) (8).
Recent work suggests that at the IM/PAS, ATG9A acts as a lipid scramblase, receiving
phospholipids from the lipid transferase ATG2 and distributing these lipids between the inner and
outer leaflets of the growing autophagosomal membrane (9,10). Our current view of autophagy is
best understood in the context of nutrient deprivation (low glucose and amino acids), in which
cellular components are captured, perhaps indiscriminately, by the autophagosome (11,12).
However, under fed conditions, a more selective autophagic process is driven by autophagy
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adaptor proteins, including p62, TAX1BP1, NBR1, and OPTN, which gather poly-ubiquitinated
substrates for engulfment by the autophagosome (13). For example, recent studies show that p62
binds to ubiquitinated proteins and oligomerizes to from p62-ubiquitin liquid-liquid phase
separated (LLPS) droplets, or condensates (14). Other autophagy adaptors are also recruited to
these protein condensates, including NBR1 and TAX1BP1, which likely recruit additional
autophagy machinery to promote autophagosomal engulfment and condensate degradation (15).
However, the mechanisms linking condensate formation to autophagy activation are still poorly
understood.
Here, we use quantitative proteomics coupled with D2O labeling to measure the impact of
ATG9A deletion on protein flux. Our results demonstrate that loss of ATG9A affects the
degradation rates of a variety of proteins, but none more than the autophagy adaptor p62. We find
that the loss of ATG9A drastically increases the phosphorylated state and condensate size of p62.
In contrast, deletion of ATG5 and ATG7 do not significantly increase p62 condensate size or
hyperphosphorylation. We also show that p62 flux requires ATG9A lipid scramblase activity and
the lipid transfer proteins, ATG2A and ATG2B, highlighting the critical importance of lipid
delivery and autophagosome membrane quality for the basal removal of ubiquitinated substrates
associated with p62. Furthermore, we demonstrate that ATG9A is required for ATG2A
recruitment to p62 condensates, thus suggesting that ATG9A, and potentially ATG9A vesicles, is
possibly one of the most upstream basal autophagy regulators—if not the most upstream autophagy
regulator. Lastly, we show that ATG9A recruitment to p62 clusters requires poly-ubiquitin. Taken
together, our data demonstrates the crucial role that ATG9A, ATG2A, and ATG2B plays in
regulating basal p62 flux and suggests that ubiquitination is the trigger that recruits ATG9A to
begin basal autophagic degradation of p62 condensates.
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3.3

Materials and Methods
3.3.1

Antibodies

Antibodies
Anti-SQSTM1/p62 mouse
Anti-LC3B rabbit
Anti-actin mouse
Anti-β-actin rabbit
Anti-phosphoSQSTM1/p62
(Thr269/Ser272) rabbit
Anti-phosphoSQSTM1/p62 (Ser349)
rabbit
Anti-phosphoSQSTM1/p62 (Ser403)
rabbit
Anti-Tax1bp1 rabbit
Anti-NBR1 rabbit
Anti-NDP52 rabbit
Anti-OPTN rabbit
Anti-HA-Tag mouse
Anti-HA-Tag goat
Anti-Ubiquitin rabbit
Anti-rabbit Alexa Fluor
488 goat
Anti-rabbit Alexa Fluor
633 goat
Anti-mouse Alexa Fluor
488 goat
Anti-mouse Alexa Fluor
633 goat
Anti-rabbit Alexa Fluor
488 donkey

Source
Abcam
Cell Signaling
Technology
Santa Cruz Biotechnology
Cell Signaling
Technology
Cell Signaling
Technology

Identifier
ab56416
3868S

Cell Signaling
Technology

16177S

Cell Signaling
Technology

39786S

Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Novus Biologicals
Cell Signaling
Technology
Abcam

5105S

Thermo Fisher Scientific

A-21071

Thermo Fisher Scientific

A-11001

Invitrogen

A-21126

Thermo Fisher Scientific

A-21206
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sc-8432
4970S
13121S

48046 (Product
discontinued)
48046 (Product
discontinued)
48046 (Product
discontinued)
2367S
NB600-362
3933S (Product
discontinued)
ab150077

Anti-mouse Alexa Fluor
568 donkey
Anti-goat Alexa Fluor 633
donkey
3.3.2

Thermo Fisher Scientific

A10037

Thermo Fisher Scientific

A-21082

Source
ATCC
Andersen Lab
ATCC
Takara Bio, Inc.

Identifier
CRL-3216TM
HTB-96TM
632180

Source
Gibco
Gibco

Identifier
15140122
11965-092

Genesee Scientific
Corning

25-514
21-040-CV

Polysciences
Sigma-Aldrich
LI-COR Biosciences
Cell Biolabs

24765-1
TR-1003-G
927-70001
AKR-103

ThermoFisher Scientific

A1113802

Cell Signaling
Technology
Fisher Scientific
Promega

9951S

APExBIO
Cayman Chemical
Sigma-Aldrich
Fisher Scientific
Fisher Scientific
ThermoFisher Scientific

B1274
30108
158127-100
BP151-500
BP337-100
37527

Cells

Cells
HEK293T
HA-ATG9A KI HCT116
U2OS
LentiX-293T
3.3.3

Chemicals and reagents

Chemicals or Reagents
Penicillin-Streptomycin
Dulbecco’s modified
Eagle’s medium
Fetal Bovine Serum
Phosphate buffered saline
(1X)
PEI-MAX
Polybrene
LICOR Intercept
PhosphoblockerTM
Blocking Reagent
Puromycin
Dihydrochloride
Wortmannin
Dimethyl Sulfoxide
Janelia Fluor ®HaloTag®
JFX 650
Snap Tag Ligand
AP20187
MLN7243 (TAK-243)
Paraformaldehyde
Triton X-100
Tween-20
SEA BLOCK Blocking
Buffer
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D136-1
CS315104

DAPI
Prolong Diamond Antifade
mounting reagent
3.3.4

Cayman Chemical
Company
Thermo Fisher Scientific

14285
P36961

Plasmids

Plasmid

Source

Identifier

pLenti-puro

Addgene

Plasmid #39481

psPAX2

Addgene

Plasmid #12260

pMD2.G

Addgene

Plasmid #12259

PX459

Addgene

Plasmid #62988

pBA-mCherry-EGFP-PIM

Addgene

Plasmid #111758

3.3.5

sgRNA designs

sgRNA designs
sgRNA ATG13 #1
sgRNA ATG13 #2
sgRNA ATG9A
sgRNA FIP200
sgRNA ATG5
sgRNA ATG7
sgRNA p62/SQSTM1
3.3.6

Sequence (5’-3’)
5′-GGACAGCTGCCTGCAGTCGGG-3′
5′-ACACGGTGTACAACAGACTG-3′
5′-CTGTTGGTGCACGTCGCCGAG-3′
5′-CAGGTGCATCTAGAAGACCC-3′
5’-AAGAGTAAGTTATTTGACGT-3’
5'-GAAGCTGAACGAGTATCGGC-3'
5'-CGCTACACAAGTCGTAGTCT-3'

Cell culture, transfection, and viral transduction

HEK293T cells, HCT116 cells, and their derivatives were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and PenicillinSteptomycin (Pen-Strep) at 37°C in a 5% CO2 incubator.
HEK293T and HCT116 cell were transiently transfected using polyethylenimine MAX
(PEI-MAX) according to the manufacturer’s protocols.
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Lentivirus was generated using pLenti-puro (7 ug), psPAX2 (5.25 ug), and pMD2.G (1.75
ug) plasmids that were transfected in LentiX-293T cells within 15 cm plates with PEI-MAX at a
4:1 (ug:ug) ratio with cDNA. Virus was produced for 48 hours in the media and collected,
centrifuged, and filtered through a sterile 0.45 um filter (Cat. No. SE1M003M00). The virus
containing medium was then supplemented with 10 ug/mL of polybrene and allowed to incubate
with the targeted cells for 24 hours at 37°C in a 5% CO2 incubator. The cells were washed and
split for either chemical selection with puromycin or cell sorting.

3.3.7

Generation of CRISPR-Cas9 knock-out and knock-in cell lines

To identify appropriate and effective sgRNAs, we utilized the CRISPOR tool made by
Concordet and Haeussler (http://crispor.tefor.net/) (16). Using genomic exon DNA from the target
proteins, we selected the highest scoring sgRNAs calculated by CRISPOR and ordered primers
from Eton Bioscience, Inc. Using the cloning protocol defined by Ran, et. al. (17), we cloned the
primers into px459 or px458. We then followed PEI-MAX transfection protocols and either
chemically selected or cell sorted to enrich for CRISPR/Cas9-positive cells. After validating the
efficiency of the sgRNAs in a mixed population of cells, we selected for single cell clones through
serial dilution or single cell sorting into 96 well plates. The grown colonies were then tested by
western blot to see if the target protein is no longer expressed in the cells.

3.3.8

Immunoblotting

To prepare whole-cell protein lysates, cells were washed twice and harvested with ice-cold
PBS. Cell pellets were resuspended in RIPA lysis buffer (25mM Tris-HCl [ph 7.5], 75 mM NaCl,
0.5% [wt/vol] Triton X-100, 2.5 mM EDTA, 0.05% [wt/vol] SDS, and 0.25% [wt/vol]
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Deoxycholate) supplemented with protease and phosphatase inhibitors and incubated for 15 min
at 4°C with gentle rotation. The lysed cells were then centrifuged at 21,000xg for 10 min at 4°C
and the supernatant collected. A protein assay is then performed to calculate then approximate
protein concentration. Whenever a western blot was performed and whole cell lysates analyzed,
50 ug of protein was loaded into each well of the 4-5% CriterionTM TGXTM Precast Midi Protein
Gel. After SDS-PAGE, the separated proteins were transferred onto a nitrocellulose membrane
using an iBlotTM 2. Membranes were allowed to dry completely and then soaked in PBS for 1530 minutes and subsequently blocked with either LICOR Intercept blocking buffer or
PhosphoblockerTM for 1 hour at room temperature on a roller. Antibodies were diluted in blocking
buffer according to the manufacturer’s specifications and allowed to incubate with the membrane
in 4°C on a roller overnight. The membranes were washed once, 5 minutes each, with 0.1% Tween20/PBS and twice with PBS and then LI-COR secondaries diluted 1:20,000 in PBS were incubated
with the cells for 1 hour at room temperature on a roller. The membranes were washed again and
imaged on the LI-COR Odyssey imaging system. Western blotting quantifications were calculated
on Image Studio and statistical analyses were performed in GraphPad Prism 9.

3.3.9

Deuterium Exchange

HEK293T WT and HEK293T ATG9A KO cells were seeded into 15cm plates at
approximately 15% confluency and allowed to settle and grow overnight. A total of 15 plates per
cell line were seeded, totaling 30 plates. The next day, DMEM/10% FBS cell culture medium with
or without supplemented D2O (final D2O percentage at 5% to total volume) were added to the cells
and allowed to incubate for 4, 12, 24, or 36 hours at 37°C. The cells containing 5% D2O cell culture
medium were placed in a 5% CO2 incubator containing a 5% D2O water bath. The control cells
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(incubated in growth medium that did not contain added D2O) were incubated with a water bath
containing no extra D2O. At each indicated time point, the cells were washed twice with ice cold
PBS and collected in ice cold PBS via cell scraper into a previously weighed 15 mL conical tube.
Pellets were centrifuged, supernatant aspirated, and centrifuged again to pull down excess
supernatant. After aspiration of the excess supernatant, the tubes were weighed, and pellet size
calculated. Cell lysates were generated by RIPA detergent lysis (milligram pellet:uL RIPA lysis
buffer at a 1:10 ratio) and protein concentrations calculated for each sample. The proteins were
then prepared for mass spectrometry as described below.

3.3.10 Quantitative LC-MS/MS
After protein concentrations for each sample were calculated, 50 ug of protein from each
sample was diluted in 6 M Guanidine/HCl and incubated for 5 min in 95°C. The samples were
cooled and then placed in a VWR Centrifugal Filter with a 30 kD molecular weight cut-off (Cat.
No. 82031-534) and centrifuged at 15,000xg for 15 minutes. The flow through was discarded and
more 6 M Guanidine-HCl was added and washed through the filter by centrifugation at the same
speed. 100 uL of 6 M Guanidine/HCl containing 9.2 mM of dithiothreitol (DTT) was added to the
filter, vortexed briefly, and incubated at 60°C for 1 hour. After the samples were allowed to cool,
iodoacetamide (IAM) was added for a final concentration of approximately 20 mM. The samples
were protected from light and allowed to incubate at 25°C for 1 hour. The samples were then
washed with 25 mM ammonium bicarbonate (ABC) three times, with centrifugation at 15,000xg
for 15 minutes in between and the flow through discarded. The collection tubes were then washed
with HPLC grade water three times. Mass spec grade Trypsin was diluted to 1ug Trypsin:100uL
of 25 mM ABC (1 ug of Trypsin per 50 ug of protein) and added to each sample. The samples
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were mixed through mild vortexing, spun down briefly to pool the sample on top of the filter, and
allowed to incubate on a shaker at 37°C for 18 hours. The samples were then centrifuged for 30
minutes at 15,000xg, with one more wash through of 25 mM ABC. The filtrant was collected and
transferred to vials to be dried by speed-vacuum. Samples were resuspended to a final protein
concentration of 1ug/ul in 3% ACN, 0.1% FA/H2O.
Digested peptides were pre-concentrated onto a 2 cm Thermo- Acclaim-PepMap-C18trap-column and subsequently separated with a 25cm Thermo-Easy-Spray-C18-analytical column
using a nLC-1200 System. Mobile phase A consisted of Optima-LCMS grade ACN (3%) and 0.1%
FA, and Mobile phase B contained 80% ACN and 0.1% FA. The following gradient elution was
used at 0.3 ul/min: 5%-22% buffer B (0-85 minutes), 22%-32% buffer B (85 – 100 minutes), 32%95% buffer B(100 – 110 min), 95% (110 -120 min), 95%-2% buffer B (120 – 123 min), 2% buffer
B (123 – 126 min), 2%-100% buffer B (126 – 129 min), 100% buffer B (129 – 132 min), 100%2% buffer B (132 – 135 min), 2% buffer B (135 – 138 min), 2%-100% buffer B (138 – 141 min),
100% buffer B (141 – 144 min). Simultaneous mass detection occurred via positive electrospray
ionization (2400V) and Thermo Scientific Orbitrap Fusion Lumos. The ion transfer tube was set
at 275°C. The cycle time was 3 seconds. For kinetic measurements, MS1 was detected in the
orbitrap at 60,000 resolutions (FWHM) with scan range from 375-1700 m/z, maximum injection
times of 50ms, AGC at 800,000, and RF lens at 30%. For MS/MS measurements, MS1 was
detected in the orbitrap at 1200,000 resolutions (FWHM) with scan range from 375-1700 m/z,
maximum injection times of 50ms, AGC at 400,000, and RF lens at 30%. Precursors that were
above 5,000 intensity threshold and with a charge stage between 2-6 were allowed for MS2
fragmentation. The dynamic exclusion was set to 45 s after 1 occurrence and with 10 ppm mass
tolerance. The isotopes were also excluded from MS/MS fragmentation. Precursors
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were fragmented using CID mode with collision energy set at 30%, activation time set at 10ms,
and isolation window set at 0.7 m/z. MS2 spectra were detected in ion trap using DDA mode, with
scan rate set at normal, maximum injection time set at auto, and AGC target set at 100,000.

3.3.11 Kinetic Proteomics analysis
Protein turnover rates were calculated using the DeuteRater software tool (18). Briefly,
data from the mass spectrometer was converted into the .mzML file format using the MSconvet
tool (19). Peak picking was used as the first filtering option, no other options were used. An ID
file for DeuteRater to use was created using the output files of the PEAKS X Pro (20) peptide
identification software. The ID file, .mzML files, and the experimental data (time since the start
of labeling for each sample and the final amount of deuterium present) were provided to
DeuteRater. DeuteRater calculates a turnover rate based on a rise to plateau fit of the changes in
isotopic envelopes as deuterium is incorporated. Default DeuteRater settings were used.
To identify which proteins to include for analysis, a custom scoring system was created.
First, peptides associated with each protein needed to be identified in at least 6 of the 15 total
samples (15 for WT and 15 for ATG9A KO), meaning that there needs to be a high enough
abundance of peptides identified in both the WT samples and ATG9A KO samples. Second,
peptides associated with each protein need to be found in at least 4 of the 5 time points for WT
and ATG9A KO, including the no deuterium control (control, 4 hours, 12 hours, 24 hours, and 36
hours). Third, the R2 value calculated for the slope generated from the combined rate graphs by
Deuterator (Figure 3-1 D) must be above 0.5. Lastly, the calculated 95% confidence interval
associated with a specific protein found in both the WT and ATG9A KO samples could not
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overlap. If a protein was found to follow these four criteria, then that protein was included in the
analysis found in Figure 3-1 B. All of the above calculations were performed in Microsoft Excel.

3.3.12 Immunofluorescent microscopy
Cells were seeded onto acid-etched coverslips and allowed to culture for 24 hours before
treatments and/or fixation. When the cells were ready for fixation, the cells were washed with icecold PBS three times and incubated with 4% paraformaldehyde (PFA)/PBS for 10 minutes at 37°C
while protected from light. The cells were subsequently washed with ice-cold PBS three times and
then permeabilized with 0.1% Triton X-100/PBS for 10 minutes at room temperature on a gentle
rocker while protected from light. The cells were then washed three times with ice-cold PBS and
then blocked with SEA BLOCK Blocking Buffer for 1 hour at room temperature on a gentle rocker
while protected from light. The blocking buffer was then aspirated from the cells and fresh
blocking buffer containing diluted primary antibodies (diluted according to the manufacturer’s
protocols) was added to the cells. The cells were placed in 4°C on a gentle rocker and allowed to
incubate overnight while protected from light. The cells were then washed with ice-cold 0.1%
Tween-20/PBS three times, five minutes for each wash, and PBS containing diluted secondaries
(diluted according to the manufacturer’s protocols) was added to the cells and incubated at room
temperature for 1 hours on a gentle rocker while protected from light. The cells were subsequently
washed three times with ice cold 0.1% Tween-20/PBS, five minutes for each wash, and either
mounted to microscope slides with Prolong Diamond Antifade mounting reagent or incubated with
DAPI (1.43 uM final concentration in PBS) for five minutes and then mounted to microscope
slides. The slides are then cured overnight at room temperature while protected from light. Images
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were acquired 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).

3.3.13 Quantification of immunofluorescent microscopy
To increase reproducibility, each microscopy experiment was seeded, fixed, and stained on
the same day with the same diluted antibodies in blocking buffer or PBS. Furthermore, the images
collected had the same laser power and image resolution by set. Each analyzed image was
processed using Huygens Essential express deconvolution tool on standard settings. Pearson’s
coefficient was calculated using the colocalization analyzer tool found in Huygens Essential.
Threshold intensity values was set at either 1% or 10% of the highest intensity value for each
channel, depending on how high the background was. The puncta volume was calculated using the
3D analysis software tool found in LAS-X. The statistical calculations were performed in
GraphPad Prism 9.
3.3.14 UAE inhibitor and Halo-ligand live cell microscopy and analysis
The U2OS cell lines from Figure 3-6 C were seeded for live cell imaging in 35 mm dishes
glass bottom dishes (Part No. P35G-0.170-14-C, Mattek) with 1 μg/mL doxycycline. The next
day, the cells were blocked with bromo-7-heptanol for 30 min (in 10% FBS/DMEM) at 10 μM,
washed with PBS, and then incubated with 250 nM of Snap-503 and 100 nM of Halo-JF650 in 1
μg/mL doxycycline containing media (10% FBS/DMEM). The cells were then imaged at 6 hours,
12 hours, and 20 hours. This was performed in triplicate on different days. The colocalization
analysis (designed by Dave Broadbent at Michigan State University) created individual masks
around the p62 clusters and ATG9A puncta. The algorithm then calculated the amount of ATG9A
intensity within p62 clusters. The student’s t-test was performed on GraphPad Prism.
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3.4

Results
3.4.1

Quantitative proteome-level measurement of protein turnover identifies p62
as an ATG9A-dependent target in basal autophagy

To determine how loss of ATG9A affects protein flux across the proteome, we used a
quantitative deuterium labeling LC-MS/MS approach (18,21) to derive synthesis and degradation
rates for endogenous proteins in HEK293T wild-type (WT) and HEK293T ATG9A knock-out
(KO) cells (Figure 3-1 A). Of the 4,025 proteins identified, 517 of these were considered to have
sufficient quality and quantity within all replicates to be considered for analysis of turnover rates
(Figure 3-1 B). Because ATG9A is involved in a degradation pathway, we focused primarily on
the proteins that showed decreased degradation rates in ATG9A KO cells, which encompassed
208 of 517 proteins analyzed. A GO term and Pathway analysis of this group of proteins revealed
an enrichment in vesicle trafficking pathways and metabolism (Figure 3-1 C). Interestingly, we
found that the autophagy adapter p62 had the most significantly decreased degradation rate of all
proteins detected (Figure 3-1, B and D), which is supported by other studies showing that p62
accumulates in the absence of ATG9A (22). Taken together, our proteome flux measurements
suggest that ATG9A-dependent basal autophagy targets cytosolic vesicle trafficking and
metabolism proteins, and most prominently the autophagy adaptor p62.
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Figure 3-1. Deuterium exchange MS/MS approach explores the effect of ATG9A KO on the proteome.
(A) Basic workflow of quantitative D2O flux experiment. HEK293T WT and ATG9A KO cells in triplicate were either unlabeled or labeled with
5% D2O medium and incubated for the indicated time points. At time of harvest, cells were lysed with RIPA buffer and the soluble proteins
were prepared for LC-MS/MS. Kinetics files were then analyzed by DeuteRator. Figure was made using BioRender.com.
(B) Plot showing ratios of ATG9A KO over ATG9A WT with protein concentration on the x-axis and D2O incorporation (combined rate or CR)
on the y-axis.
(C) Plot showing D2O incorporation differences between p62/SQSTM1 identified in WT and ATG9A KO HEK293T cells. Error bars represent
a 95% confidence interval.
(D) Graph showing the Combined Rate of D2O incorporation in p62 peptides identified in either the WT or ATG9A KO samples over the indicated
time points. The error bars represent 95% confidence interval.

3.4.2

Loss of ATG9A primarily affects p62 and TAX1BP1 over other autophagy
adaptors

To determine how loss of other key autophagy proteins would affect basal p62
degradation like loss of ATG9A, we generated LC3 lipidation-deficient cells (ATG5 KO) and
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cells lacking ATG13, an essential component of the ULK1 complex. We then measured the
levels of p62 and LC3B across the KO cell panel in the presence or absence of the V-ATPase
inhibitor Bafilomycin A1. Although cells lacking ATG9A appeared to visually accumulate more
total p62 by immunoblot (Figure 3-2 A), quantification showed no significant difference in p62
between the KOs (Figure 3-2 B). Furthermore, no significant difference was found in p62 flux
between the KOs (Figure 3-2 C). Normalizing to GAPDH instead of actin showed a trend
towards statistical significance in total p62 levels between ATG9A and the other KOs (Figure 32 D), but still showed no significant difference in the degradative flux of total p62 (Figure 3-2
E).
In visually examining the different appearance of p62 by immunoblot in our KO cell line
panel, we noticed an upshift of the p62 band that appeared to be unique to the ATG9A KOs
(Figure 3-2 A), perhaps due to post-translational modifications like phosphorylation. Indeed, the
ratio of the top band to the lower band of the p62 doublet was significantly higher in ATG9A
KOs than our other KO lines (Figure 3-S1 A). Using site-specific phospho-antibodies, we found
that the upper band of the p62 doublet in ATG9A KOs was heavily phosphorylated at multiple
sites, including S269, S349, and S403 (Figure 3-2, F and G, 3-S1 B). Furthermore, in contrast to
our analysis of total p62 levels, we found that the degradative flux of the S349 phosphorylated
form of p62 was significantly decreased in ATG9A KO cells compared to ATG5 or ATG13 KO
lines (Figure 3-2 H, 3-S1 C). Previous work demonstrated that phosphorylation of p62 at S349
and S403 increased its affinity for cargo and/or poly-ubiquitin (23,24) suggesting that the high
levels of these phosphorylations in the ATG9A KO lines may represent the pool of p62 at
ubiquitin condensates. Supporting this idea, we found that the S349- and S403-phosphorylated
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form of p62 was concentrated within large cytosolic droplets consistent in morphology with p62positive ubiquitin condensates (Figure 3-2, I and J) (7).

Figure 3-2. ATG9A KO cells have increased p62 phosphorylation that are found in large p62 clusters.
(A) Western blot showing immunolabeled endogenous p62 and LC3B levels in CRISPR/Cas9 treated HEK293T KO clones and the parental cell
line (WT). Cells were treated with DMSO (1 μL/mL) or BafA1 (1 μM) for 24 hours.
(B) Quantification of panel A in triplicate. Band intensities p62 and β-Actin were calculated using Image Studio™ (LI-COR Biosciences) and the
lanes were normalized by β-Actin intensity. GraphPad Prism 9 was used to generate the graph and perform the student’s t-test. Error bars
represent the standard deviation.
(C) Graph showing the ratio of (+)BafA1 p62 band intensity over the intensity of the (-)BafA1 (DMSO) p62 bands for each respective cell lines
found in panel A. Performed in triplicate. Graph generation and statistical analysis is the same as panel B.
(D) Same as panel B but normalized to GAPDH (not shown in panel A).
(E) Same as panel C but normalized to GAPDH (not shown in panel A).
(F) Western blot showing immunolabeled endogenous p62 and phosphorylation sites on p62. The KO cells are the same group of cell lines from
panel A.
(G) Graph showing the quantification of p62 phospho-band intensity (red) over total p62 (green) found in panel F. Performed in triplicate. Graph
generation and statistical analysis is the same as panels B-D.
(H) Graph showing the ratio of (+)BafA1/(-)BafA1 pS349-p62 normalized to total p62 for each respective cell line in panel F. Performed in
triplicate. Graph and statistical analysis are the same as panel G.
(I) Representative confocal microscopy images of PFA fixed HEK293T parental and ATG9A KO cells that are immunolabeled with pS349 p62
and visualized with Alexa Fluor 488. Dotted lines represent the outer cell membrane of each cell.
(J) Same as I, but immunolabeled with pS403 p62 and visualized with Alexa Fluor 488.
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Because p62 is only one of several autophagy adaptors, we questioned whether other
autophagy adaptor levels would track with total p62 or the phosphorylated forms of p62 across our
ATG KO panel. Interestingly, while the levels of NBR1 and NDP52 were affected to similar
extents across the ATG KO lines, we found that TAX1BP1 accumulated more in ATG9A KOs
compared to ATG5 and ATG13 KO cells (Figure 3-S1, D and E). TAX1BP1 also had a
significantly lower degradative flux in ATG9A KOs (Figure 3-S1 F). Consistent with these data,
confocal imaging showed larger condensate accumulations of TAX1BP1 and p62 in ATG9A KO
cells than in other KO lines (Figure 3-S1, G-I).

3.4.3

The loss of ATG9A, but not ATG5 and ATG7, causes p62 to become
hyperphosphorylated and form large p62 condensates

The current model for p62 degradation is dependent on the LC3-interacting region (LIR)
motif of p62 (25). P62 is known to bind to ubiquitinated proteins via its ubiquitin binding
association (UBA) domain, which then associates with other ubiquitin-bound p62 proteins to form
p62-ubiquitin (p62-Ub) condensates (14). These p62-Ub condensates are then targeted to an
autophagosome membrane via its LIR motif, which leads to p62-Ub degradation. Our observations
support this model by showing that basal p62 degradation depends on ATG5, a core LC3-lipidation
machinery component. However, we found that ATG9A appears to uniquely regulate the
phosphorylation state of p62. Furthermore, ATG9A deletion causes p62 condensate size to
increase significantly more than ATG5 deletion. Given this discrepancy, we sought to further
validate the dependency of p62 phosphorylation and condensate size on ATG9A by generating
ATG5 and ATG7 double KO (ATG5/7 DKO) cells, ATG5-ATG7-ATG9A triple KO (ATG5/7/9
TKO) cells, and stably added back ATG9A into the TKO cells (TKO+AB). We verified that LC3
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lipidation was undetectable by immunoblot in the cells without ATG5 and ATG7 (Figure 3-3A).
Similar to Figure 3-2 A, we found that the upward shift of p62 by western blot was exaggerated in
the ATG9A KO cell line (Figure 3-3 A, 3-S2 A). Furthermore, we found that TAX1BP1
degradation is more sensitive to ATG9A deletion than ATG5 and ATG7 deletion (Figure 3-3 A,
3-S2 B and C). However, like Figure 3-2 B and 3-2 C, the quantification of p62 levels and p62
flux showed no significant difference between the KOs (Figure 3-3, B and C). And similar to
Figure 3-2 (Figure 3-2, G and H, 3-S1, B and C), we found a corresponding increase in the amount
of phosphorylated p62 in ATG9A deficient cells (Figure 3-3 D) that was significantly higher than
ATG5/7 DKO cells and TKO+AB cells (Figure 3-3, E and F, 3-S2 D). This altogether suggests
that ATG9A regulates the phospho-state of p62 to a greater degree than ATG5 and ATG7. Given
that the phosphorylated form of p62 corresponds to an increase in p62 oligomerization and affinity
with ubiquitinated substrates, we hypothesized that there would be a corresponding increase in
condensate size in the ATG9A KO cell lines. Indeed, the size of p62 condensates increases
significantly in ATG9A KO cells compared to ATG5/7 DKO and TKO+AB cell lines (Figure 33, G and H). This further validates our hypothesis that ATG9A uniquely regulates the
phosphorylation state of p62 and the size of p62 condensates independently of the LC3-lipidation
machinery components ATG5 and ATG7.
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Figure 3-3. ATG9A regulates the phosphorylation state and condensate size of p62 independently of ATG5 and ATG7.
(A) Western blot that shows immunostaining of endogenous p62, TAX1BP1, and LC3B in HEK293T CRISPR/Cas9 ATG KO clones and
parental cell line (WT). mRuby2-ATG9A-HA was added back to the ATG5/7/9 TKO cell line via lentivirus and represents a chemically
selected polyclonal population. BafA1 (1 μM) treatment was for 24 hours.
(B) Graph made in GraphPad Prism 9 showing quantification of p62 band intensities in triplicate. Student’s t-test was performed in GraphPad
Prism 9. Error bars represent standard deviation.
(C) Quantification of the ratio of (+)BafA1 p62 over (-)BafA1 (DMSO) p62 intensities in triplicate. Graph, statistical analysis, and error bars
are the same as panel B.
(D) Western blot that shows immunostaining of endogenous p62 and three phospho-sites of p62, including their overlap, of lysates from the
same cell lines at panel A. BafA1 treatment was the same as panel A.
(E) Quantification of pS349-p62 band intensities normalized to total p62. Performed in triplicate. Graph generation, statistics, and error bars are
the same as panels B and C.
(F) Quantification of (+)BafA1 pS349-p62 band over (-)BafA1 pS349-p62, normalized to total p62, for each respective cell line in panel D.
Performed in triplicate. Graph generation, statistics, and error bars are the same as panels B and C.
(G) Representative confocal microscopy images showing PFA fixed HEK293T CRISPR/Cas9 ATG KO cells and parental cell line (WT)
immunostained for endogenous p62 and visualized with Alexa Fluor 488. Dotted lines represent the plasma membranes.
(H) Quantification of the volume of p62 condensates from the cells represented in panel G. Individual puncta volumes (n > 100) were measured
in randomly selected cells using LAS-X 3-D analysis software. Graph was generated in GraphPad Prism 9 and student’s t-tests were
performed in the same software. Error bars represent the standard deviation.

3.4.4

ATG2A and ATG2B are also required for basal p62 degradation

Recent work on ATG9A suggests it functions as a lipid scramblase (9,10). Because
ATG9A plays such an important role in the selective degradation of p62, we wondered how the
scramblase function of ATG9A affects p62 degradation. To test this, we stably reconstituted HaloATG9A WT and a defective lipid scramblase mutant form (ΔScramblase) of ATG9A (K321L,
R322L, E323L, T419W), recently described by Maeda, et. al. (9), in ATG9A KO cells. After 24
hours of doxycycline induced ATG9A expression, we found that ATG9A-ΔScramblase failed to
fully rescue p62 degradation in the ATG9A KO line (Figure 3-4 A). These results demonstrate that
the lipid function of ATG9A is critical for the clearance of p62 aggregates.
ATG9A is proposed to have a close relationship with ATG2 (ATG2A and ATG2B in
humans), which functions as a lipid transferase that is hypothesized to deliver phospholipids to
ATG9A vesicles from a rich membrane source (26,27). Given that ATG9A and ATG2 have linked
lipid functions, we wondered what role ATG2A and ATG2B plays in p62 degradation. To explore
this, we first used CRISPR/Cas9 homology-directed repair to insert a HaloTag at the N-terminus
of genomic atg9a locus in U2OS cells and generated clonal cell lines that exclusively expressed
2
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HaloTag-ATG9A. We confirmed homozygous insertion of the HaloTag into the atg9a locus by
PCR and Sanger sequencing. We also confirmed the functionality of HaloTag-ATG9A by the
ability of the clonal cell lines to support LC3 lipidation and p62 degradation (Figure 3-4 B). Next,
we knocked-out ATG5, ATG9A, and ATG13 in the HaloTag-ATG9A U2OS cells (Figure 3-4 B)
and confirmed that p62 degradation and hyperphosphorylation showed a similar dependency on
ATG9A as we had observed in the HEK293T cells (Figure 3-2 A). To assess the role of ATG2 in
regulating p62, we deleted the two mammalian isoforms of ATG2, ATG2A and ATG2B, and
observed that this caused p62 to accumulate significantly, compared to the other KOs (Figure 3-4
C). Furthermore, the removal of both ATG2A and ATG2B resulted in a defect of p62 flux that
was significantly different than the other KOs (Figure 3-4 D). This led us to try and target ATG9B
by CRISPR/Cas9 to generate ATG9A/B DKO cells, but we were unable to recover any surviving
ATG9A/B DKO clones. But just like we observed in our HEK293T cells, we found that the
deletion of either ATG2A/B and ATG9A caused p62 to become hyperphosphorylated (Figure 34, E and F), which also corresponded to an increased p62 condensate size that was greater than
ATG5 deletion (Figure 3-4 G).
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Figure 3-4. ATG2A, ATG2B, and ATG9A deletion cause p62 to become hyperphosphorylated and p62 condensates to become large, but
ATG5 deletion does not.
(A) Western blot showing immunostained endogenous p62 in ATG9A KO U2OS cells that were rescued with a stably incorporated (CRISPRCas9 knock-ins at the AAVS1 locus) Halo-ATG9A WT or Halo-ATG9A ΔScramblase under the control of a doxycycline inducible promoter.
Doxycycline (1 μg/mL) containing media was incubated with the cells for 24 hours. Janelia Fluor (JF) HaloTag ligand was used to visualize
Halo-ATG9A. Protein loading is visualized in the gel (pre-stained gel) before transfer.
(B) Western blot showing endogenous p62 and LC3B in CRISPR/Cas9 KO ATG cells that were treated with BafA1 (1 μg/mL) or DMSO (1
μL/mL) for 24 hours. Protein loading is visualized like in panel A.
(C) Quantification of the p62 band intensity from panel B in triplicate. Graph was generated in GraphPad Prism 9 and student’s t-test was
performed in the same software. Error bars represent standard deviation.
(D) Quantification of the ratio of (+)BafA1 p62 intensity over (-)BafA1 p62 intensity for each respective cell line in triplicate. Graph generation,
statistical analysis performed, and error bars are similar to panel C.
(E) Western blot that shows immunostaining for endogenous phosphorylation sites on p62. Protein loading is visualized the same way as panel
A and B.
(F) Quantification of p62 band intensities found in panel E. Performed in triplicate. Graph generation, statistical analysis, and error bars are like
panel C.
(G) Quantification of p62 condensate areas calculated from immunofluorescent images taken of the respective PFA fixed U2OS cell lines labeled
on the graph. The area of each condensate was taken from greater than 50 cells and is now represented as bar graphs generated in GraphPad
Prism 9. Student’s t-test was calculated in the same software. Error bars represent the standard deviation.
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3.4.5

P62 is required to form ATG9A clusters in autophagy deficient cells

We observed that any perturbation that increases p62 condensate size (e.g., ATG13 KO
and ATG2A/B DKO) causes a corresponding increase in ATG9A recruitment to the condensates
that are positive for p62, TAX1BP1, and Ubiquitin (Figure 3-S3, A-C). However, the molecular
mechanisms underlying the recruitment of ATG9A to p62 condensates are unknown. FIP200 has
been proposed to scaffold key autophagy effectors at condensates to initiate their degradation (28).
Thus, we asked whether FIP200 mediates the localization of ATG9A to p62 aggregates. We found
that FIP200, like ATG13, is dispensable for ATG9A recruitment to p62-positive condensates in
HCT116 cells (Figure 3-5, A and B) or U2OS cells (Figure 3-S3 D).
Given that ATG9A is likely one of the earliest, if not the earliest, ATG protein recruited to
sites of autophagosome biogenesis (29), our data suggest that something intrinsic to the condensate
may provide a signal to recruit ATG9A. A common depiction of autophagy in the literature
suggests that autophagosome initiation precedes the recruitment of cargo. Alternatively, our
observation that the accumulation of condensates causes a corresponding increase in ATG9A
recruitment suggests that the condensate is the trigger for autophagosome initiation. This idea is
supported by the observation that ATG9A is perhaps the earliest ATG protein recruited to sites of
autophagosome biogenesis (29). To begin to test these models, we asked whether disruption of
protein clustering at the condensate would abrogate ATG9A clustering. We took advantage of
ATG13 KO cells in which we appended an HA tag in-frame to the C-terminus of endogenous
atg9a. These cells show large accumulations of ubiquitin-rich condensates that trigger recruitment
of ATG9A (Figure 3-S3, B and C) (7). Because p62 has been shown to be an essential scaffold for
ubiquitinated protein condensate formation, we deleted p62 in our ATG13 KO cells and measured
the colocalization of endogenous ATG9A with endogenous ubiquitin in the presence or absence
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or wortmannin. We found that deleting p62 eliminated the formation of ATG9A clusters (Figure
3-5, C and D). These data suggest that the condensation of poly-ubiquitinated proteins by p62 is
required for ATG9A cluster formation.
To more accurately assess the role of protein condensate formation and ATG9A
recruitment to protein condensates, we took advantage of the chemically inducible PIM protein
aggregate system characterized by Janssen et. al. who showed that rapalog induction of PIM
aggregates leads to their sequestration into p62-positive condensate-like structures (30). In the PIM
system, tandem GFP and mCherry are fused to multiple FKBP* repeats, which oligomerize after
the addition of rapalog2 (AP20187). We induced PIM aggregation in the same panel of cells from
Figure 3-5 C and measured the colocalization of GFP-PIM and endogenously tagged HA-ATG9A.
We found that rapalog-induction of PIM aggregates triggered the recruitment of ATG9A to PIM
(Figure 3-6, A and B). Although p62 deletion reduced the size of the PIM aggregates, these PIM
aggregates still caused the recruitment of ATG9A, further suggesting that something intrinsic to
these protein aggregate clusters recruits ATG9A.
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Figure 3-5. ATG9A clustering depends on p62.
(A) Representative confocal microscopy images of PFA fixed WT or FIP200 KO HCT116 cells expressing CRISPR/Cas9 knock-in HA-tagged
ATG9A that were treated with or without Wortmannin (1 μM) for 12 hours. Endogenously labeled TAX1BP1 was visualized with Alexa
Fluor 488 and HA-tagged ATG9A was visualized with Alexa Fluor 633. Dotted lines represent the cell membrane.
(B) Bar graph showing the Pearson Coefficients calculated in Huygens (SVI) colocalization analyzer tool of endogenous TAX1BP1 and
ATG9A. The Pearson coefficient was calculated within individual cells (n ≥ 19 per condition). Graph was generated in GraphPad Prism 9
and student’s t-test performed in the same software. Error bars represent the standard deviation.
(C) Representative confocal microscopy images of PFA fixed WT, p62 KO, ATG13 KO, and ATG13/p62 DKO HCT116 cells treated with or
without Wortmannin (1 μM) for 12 hours and immunolabeled with the shown antibody that recognizes an endogenous epitope on the
protein. HA is tagged to the c-term end of endogenous ATG9A. Ubiquitin is visualized by Alexa Fluor 488. P62 is visualized by Alexa
Fluor 405. ATG9A is visualized by Alexa Fluor 633.
(D) Quantification of the Pearson Coefficient for Ubiquitin and ATG9A colocalization found in cells (n ≥ 10) from panel C. Colocalization was
calculated in the same software and in the same manner as panel B. Statistical analysis and error bars are like panel B.
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3.4.6

Polyubiquitination is required for ATG9A recruitment to p62 condensates

Previous work has demonstrated that p62 is essential for forming protein condensates that
are enriched with ubiquitin (29,31,32). In order for a p62-ubiquitin condensate to form, ubiquitin
ligases must first covalently poly-ubiquitinate target proteins. These poly-ubiquitin chains are then
recognized by the UBA domain of p62, which oligomerizes and scaffolds the phase separation of
proteins into condensates (59,60). Based on our PIM aggregate data, we reasoned that polyubiquitin may recruit ATG9A to p62-ubiquitin condensates. To test whether poly-ubiquitination
is required for ATG9A recruitment, we performed a live imaging pulse-chase fluorescent labeling
experiment (33) of our CRISPR knock-in Halo tagged ATG9A in stably expressing Snap-p62
U2OS cells. Briefly, a non-fluorescent, covalent binding Halo tag ligand was incubated in WT and
ATG2A/B DKO cells to bind to the already translated Halo-ATG9A proteins; this effectively
blocks currently expressed Halo-ATG9A proteins from being seen by microscopy. Afterwards, the
cells were washed and incubated with media containing a fluorescent Halo tag and Snap tag ligand,
which would then covalently bind to freshly translated Halo-ATG9A and any translated Snap-p62.
To test the role ubiquitin plays in recruiting Halo-ATG9A to Snap-p62, we either treated the cells
with DMSO or Ubiquitin Activating Enzyme (UAE) inhibitor (TAK-243). We then performed live
cell imaging of the cells and measured the colocalization of Halo-ATG9A and Snap-p62 in all
conditions. In the cells treated with the UAE inhibitor, newly synthesized Halo-ATG9A no longer
trafficked to Snap-p62 condensates (Figure 3-6, C and D) This suggests that ATG9A trafficking
to p62 condensates requires an active UAE to facilitate poly-ubiquitination.
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Figure 3-6. ATG9A is recruited to protein aggregates in a ubiquitin activating enzyme dependent manner.
(A) Representative confocal microscopy images of PFA fixed HA-tagged CRISPR/Cas9 knock-in ATG9A HCT116 cells transiently
overexpressing GFP-mCherry-PIM and immunostained for endogenous p62 and HA—visualized by Alexa Fluor 405 and Alexa Fluor 633,
respectively.
(B) Pearson coefficient calculation of HA-ATG9A and GFP-PIM performed in Huygens (SVI) colocalization calculator tool. Individual cells
were analyzed (n ≥ 9) and their respective Pearson coefficient plotted as shown. Graph was generated in Graph Pad Prism 9 and student’s ttest performed in the same software. Error bars represent standard deviation.
(C) Representative fluorescent images of live Halo-tagged CRISPR/Cas9 knock-in ATG9A U2OS ATG2A/B DKO cells treated with either
DMSO (1 μL/mL) or TAK-243 (1 μg/mL) for 12 hours. P62 is Snap-tagged and visualized by Snap-503. Halo-ATG9A is visualized by
Janelia Fluor 650.
(D) Quantification of the amount of masked Halo-ATG9A intensity found at masked Snap-p62 clusters (n ≥ 810). Student’s t-test was
performed in GraphPad Prism and error bars represent the standard deviation.

3.5

Discussion
Autophagy regulates basal cellular homeostasis under nutrient replete conditions by

ridding cells of misfolded proteins and defective organelles (34). Autophagy can also be modulated
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by specific stimuli, including nutrient deprivation (35,36), organelle damage (37), and
inflammation (38,39). Our understanding of autophagy mechanisms primarily comes from studies
of nutrient deprivation, in which the inhibition of mTORC1 and activation of AMPK coordinate
the activation of the ULK1 complex and downstream ATG protein activities (35). In contrast, our
understanding of how the same autophagy machinery is coopted for basal autophagy under nutrient
replete conditions is limited. In this study, we sought to understand the essential autophagy lipid
scramblase ATG9A and the role it plays in basal autophagy and protein homeostasis. Using
quantitative proteomics, we found that ATG9A regulates the degradation of some of the most
abundant proteins involved in metabolism (glycolysis, gluconeogenesis, and TCA cycle) and
vesicle mediated transport. Intriguingly, the most severely affected protein identified among the
decreased degradation group was p62. This suggests that p62 plays an active role in degrading
protein substrates in a fed state. P62 is one of several selective autophagy adaptors and is arguably
one of the most well studied adaptors. It plays a vital role in many selective autophagy pathways,
including aggrephagy (40,41), mitophagy (42,43,44), lipophagy (45), xenophagy (46,47),
lysophagy (48), and pexophagy (49). Our observation that ATG9A KO is sufficient to decrease
p62 degradation demonstrates the importance of ATG9A in these selective processes.
The current model of ATG9A function suggests that ATG9A vesicles act as a seed for the
initiation membrane and that ATG2A shuttles phospholipids from a rich membrane source to
ATG9A vesicles (14). Since ATG2A is built into this model, we explored the role ATG2A plays
in basal p62 degradation. Our experiments demonstrate that ATG2A and ATG2B play a critical
role in the basal degradation of p62, like ATG9A. This supports the proposed model that ATG2A
is closely linked with ATG9A function. But more work is needed to elucidate the exact
mechanisms that regulate their relationship and whether or not they function in regulating basal
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proteostasis, the various types of selective autophagy, or only during upregulated (e.g. starvation)
autophagy.
We also found that LC3 lipidation machinery played a different role in regulating p62 than
ATG9A and ATG2A/ATG2B. This is surprising because p62 degradation by an LC3-dependent
mechanism is one of the most well-established mechanisms in various types of autophagy
(50,51,52,53). Even though LC3/GABARAPs have an established role in these various types of
autophagy, there is still little known about the role LC3/GABARAPs play in selective autophagy
within a fed state condition. Furthermore, their relationship with ATG9A and ATG2A/B is unclear.
Our work here demonstrates that the loss of the ATG9A and ATG2A/ATG2B leads to
hyperphosphorylation of p62 and the formation of large p62-Ub condensates, but the loss of ATG5
and ATG7 does not. This could be due to the unique role that ATG9A plays as an apical regulator
of autophagy to recruit downstream ATG proteins, including ATG5 and ATG7. If ATG9A is not
present to provide a seed for the initiation membrane, then downstream autophagy proteins are not
recruited to facilitate the degradation of autophagy substrates, such as p62-Ub condensates. This
then shifts the equilibrium of total p62 towards hyperphosphorylation and p62 oligomerization
with ubiquitinated proteins to form large protein condensates.
There are currently limited insights into how ATG9A is recruited to sites of autophagy
initiation. The most detailed mechanisms to date are a ULK1 dependent mechanism during nutrient
starvation (54,55,56,57) and an OPTN dependent mechanism during mitophagy in mammalian
cells (58). As of right now, it is unknown what recruits ATG9A to p62 condensates in basal
autophagy. Our experiments unveil a ubiquitin dependent mechanism that recruits ATG9A to p62
condensates. Given that ubiquitin is the original “eat me” signal, it is intriguing that ubiquitin is
the trigger that facilitates ATG9A recruitment and autophagy initiation. To shed light into
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potentially the earliest step of basal autophagy, further work is needed to understand by what
mechanism ubiquitin recruits ATG9A to p62-positive condensates.
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Supplementary Figure 3-S1. ATG9A deletion causes p62 to shift towards a hyperphosphorylated state and block TAX1BP1 degradation.
(A) Bar graph showing, in triplicate, the ratio of the top band of p62 divided by the bottom band of p62 as shown in Figure 3-2, A and F. Student’s
t-test was performed in GraphPad Prims 9 and error bars represent the standard deviation.
(B) Bar graph showing the intensity of pS403-p62 divided by total p62 of each respective cell line in triplicate. Student’s t-test and error bars
(standard deviation) were calculated in GraphPad Prism 9.
(C) Bar graph showing the ratio of (+)BafA1 pS403-p62 divided by (-)BafA1 pS403-p62 of each respective cell line, in triplicate. The pS403
signal was normalized to total p62 before the ratio was calculated. Student’s t-test and error bars (standard deviation) were calculated in
GraphPad Prism 9.
(D) Western blot showing the intensities of a broad array of autophagy adaptors in HEK293T WT, ATG5 KO, ATG9A KO, and ATG13 KO cells
treated with or without BafA1 (1 μM) for 24 hours.
(E) Quantified intensities, in triplicate, of endogenous TAX1BP1 found in panel D. Student’s t-test and error bars (standard deviation) were
calculated in GraphPad Prism 9.
(F) Bar graph showing the ratio of (+)BafA1 TAX1BP1 over (-)BafA1 TAX1BP1 for each respective cell line in triplicate. Student’s t-test and
error bars (standard deviation) were calculated in GraphPad Prism 9.
(G) Quantification of endogenous p62 puncta volumes (n ≥ 469 per condition) in HEK293T WT, ATG5 KO, ATG9A KO, and ATG13 KO cells.
Student’s t-test and error bars (standard deviation) were calculated in GraphPad Prism 9.
(H) Same as panel G, but instead applied to endogenous TAX1BP1 puncta volume (n ≥ 291 per condition).
(I) Representative images of PFA fixed HEK293T cells and the KO clones shown. Endogenous TAX1BP1 is visualized by Alexa Fluor 488 and
endogenous p62 is visualized by Alexa Fluor 633. Dotted lines represent the cell membrane.
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Supplementary Figure 3-S2. ATG9A deletion causes p62 hyperphosphorylation and decreases TAX1BP1 degradation, but ATG5 and
ATG7 deletion does not.
(A) Bar graph showing, in triplicate, the ratio of the top band of p62 divided by the bottom band of p62 as shown in Figure 3-3 A and D. Student’s
t-test and error bars (standard deviation) were calculated in GraphPad Prism 9.
(B) Bar graph showing TAX1BP1 intensities in triplicate as measured by western blot of the same group of cells found in Figure 3-3 A. Student’s
t-test and error bars (standard deviation) were calculated in GraphPad Prism 9.
(C) Bar graph showing the ratio of (+)BafA1 TAX1BP1 divided by (-)BafA1 TAX1BP1 in triplicate of the same group of cells found in Figure
3-3 A. Student’s t-test and error bars (standard deviation) were calculated in GraphPad Prism 9.
(D) Bar graph showing the intensities of pS403 p62 in triplicate measured by western blot of the same group of cells found in Figure 3-3 A.
Student’s t-test and error bars (standard deviation) were calculated in GraphPad Prism 9.
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Supplementary Figure 3-S3. ATG9A is found at clusters of TAX1BP1, p62, and Ubiquitin in autophagy deficient cells.
(A) Representative microscopy images of PFA fixed HCT116 cells showing endogenous TAX1BP1, p62, and endogenously HA-tagged ATG9A.
(B) Representative microscopy images of PFA fixed HCT116 cells showing endogenous p62, Ubiquitin, and endogenously HA-tagged ATG9A.
(C) Representative microscopy images of PFA fixed HCT116 cells showing endogenous TAX1BP1, Ubiquitin, and endogenously HA-tagged
ATG9A.
(D) Bar graph showing the intensity of Halo-ATG9A at endogenous p62 clusters (n ≥ 379) in PFA fixed U2OS WT, ATG2A/B DKO, and FIP200
KO cells. Student’s t-test and error bars (standard deviation) were calculated in GraphPad Prism 9.
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4. SGK2, 14-3-3 and HUWE1 cooperate to control the localization, stability and function
of the oncoprotein PTOV1
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4.1

Abstract
PTOV1 is an oncogenic protein, initially identified in prostate cancer, that promotes

proliferation, cell motility and invasiveness. However, the mechanisms that regulate PTOV1
remain unclear. In an effort to understand these mechanisms, we identify 14-3-3 as a PTOV1
interactor and show that high levels of 14-3-3 expression, like PTOV1, correlate with prostate
cancer progression. Further, we discover an SGK2-mediated phosphorylation of PTOV1 at S36,
which is required for 14-3-3 binding. Disruption of the PTOV1-14-3-3 interaction results in an
accumulation of PTOV1 in the nucleus and a proteasome-dependent reduction in PTOV1 protein
levels. To understand the effect of 14-3-3 on PTOV1 stability, we find that loss of 14-3-3 binding
leads to an increase in PTOV1 binding to the E3 ubiquitin ligase HUWE1, which promotes
proteasomal degradation of PTOV1. Conversely, our data suggest that 14-3-3 stabilizes PTOV1
protein by sequestering PTOV1 in the cytosol and inhibiting its interaction with HUWE1. Finally,
our data suggest that stabilization of the 14-3-3-bound form of PTOV1 promotes PTOV1-mediated
expression of cJun, which drives cell cycle progression in cancer. Together, these data provide a
first mechanism to understand the regulation of the oncoprotein PTOV1.
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4.2

Introduction
Prostate tumor overexpressed 1 (PTOV1) was initially identified as a highly expressed

mRNA transcript in primary prostate tumor samples (1). Subsequent studies demonstrated that
PTOV1 overexpression in prostate and other cancers correlates with metastasis, drug resistance
and poor clinical outcomes (2-10). The overexpression of PTOV1 has been shown to promote the
proliferation of cultured cells, tumor growth in mouse xenograft models, and increased motility in
cancer cell lines (reviewed in (11)). Accordingly, PTOV1 is essential for cell growth and its
depletion by siRNA results in G2/M arrest and cell death (9, 12, 13). Thus, PTOV1 has been
proposed as a potential therapeutic target in cancer (11). However, the mechanisms that regulate
PTOV1 function are still not understood.
PTOV1 protein is primarily composed of two homologous regions that sit adjacent to each
other, referred to as the A (amino acids 88-234) and B domains (amino acids 253-336). The A and
B domains are unusual in sequence, but bear resemblance to a domain within the mediator
component, MED25. Accordingly, it has been proposed that PTOV1 may competitively inhibit
MED25 by vying for interacting partners (14). In addition, the A and B domains each contain a
putative nuclear localization sequence (NLS), which may play a role in nucleo-cytoplasmic
shuttling of PTOV1 (11). Also, at the N-terminus is a stretch of 43 amino acids that forms a
putative nucleic acid-binding eAT hook domain that has an affinity for RNA (15). Deletion of this
domain results in an accumulation of PTOV1 in the nucleus (15).
PTOV1 has been shown to shuttle between the nucleus and cytoplasm in a cell cycledependent manner, with nuclear import occurring in early S phase and a shift back to the cytoplasm
at G2/M phase (13, 16). These nuclear and cytosolic pools of PTOV1 are thought to have different
functions. In the nucleus, PTOV1 regulates transcription, including the repression of NOTCH gene

88

transcription, which is associated with increased deacetylase activity (17). In the cytosol, PTOV1
associates with the receptor of activated protein kinase C (RACK1), a component of ribosomes, to
promote cJun translation and a consequent increase in cell motility (18). This nucleo-cytoplasmic
shuttling also correlates with fluctuations in PTOV1 protein levels (13). Nevertheless, the
mechanisms that regulate the nucleo-cytoplasmic shuttling and turnover of PTOV1 are not
understood.
Our data implicate 14-3-3 as a key regulator of PTOV1 function. The human 14-3-3 protein
family consists of seven structurally similar isoforms, some of which are associated with
aggressive cancer phenotypes (reviewed in (19)). The ζ isoform, in particular, drives oncogenic
transformation, suppresses cell death, promotes epithelial-to-mesenchymal transition and strongly
correlates with poor clinical outcomes in a variety of cancer types (20-25). 14-3-3s have no
enzymatic activity, but instead exert their effects by binding to and modulating the function of a
large network of binding partners. Importantly, the binding of 14-3-3 is dependent on one or two
serine (S) or threonine (T) phosphorylations within loosely conserved motifs on the binding
partner. In this manner, 14-3-3s integrate upstream kinase signaling to exert a specific effect on
their partners. This effect can vary from the sequestration of proteins, positive or negative
regulation of enzyme activity, or even scaffolding of protein-protein interactions—any of which
depends on the binding partner in question.
In this study, we find that the enigmatic serum- and glucocorticoid-inducible kinase-2
(SGK2) phosphorylates PTOV1 at S36. SGK2 is a member of the serum and glucocorticoidinduced kinase (SGK) family, which includes SGK1, SGK2, and SGK3 (26-29). In contrast to the
better-studied SGK1 and SGK3, remarkably little is known about SGK2. In general, the function
of SGK2 appears to be pro-survival, as it was identified as a target for synthetic lethality in p53-/-
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cells and its depletion sensitizes a variety of cancer lines to apoptosis (30-34). In addition, a recent
study identified a VTPase subunit as an SGK2 substrate, implicating SGK2 in the control of
autophagy and lysosomal acidification (30). Sequence and structural analyses place SGKs within
the AGC serine/threonine kinase superfamily, which includes well-known 14-3-3 docking site
kinases, such as PKC and AKT (35). SGK1 has even been shown to phosphorylate 14-3-3 binding
sites (36, 37). In particular, SGKs share a high degree of homology with AKT, and both kinases
can recognize the same substrates in vitro (27, 38). In addition, SGK1 and SGK3 (and potentially
SGK2), like AKT, are activated downstream of PI3K activity (reviewed in (39)). However, the
limited studies on SGK2 make it difficult to draw any conclusions on its unique function and
regulation.
Here we uncover a mechanism by which SGK2, 14-3-3 and the E3 ligase, HUWE1,
cooperate to regulate the localization and degradation of PTOV1, providing an explanation for the
cellular partitioning and regulation of PTOV1 stability at the protein level. Furthermore, these data
identify pathways (e.g., SGK2, 14-3-3) that could be exploited to inhibit PTOV1 in cancer.

4.3

Materials and methods
4.3.1

Plasmids and cloning

Plasmid
HA-14-3-3 zeta
peGFP-PTOV1
pLV hUbC FLAG-dCas9 T2A
GFP

Source
Gift of Dr. Sally Kornbluth
Gift of Dr. Attila Németh

Identifier
Duke University
Citation: (15)

Addgene

53191

Subcloned from peGFPpLV hUbC FLAG-PTOV1 PTOV1 into pLV hUbC
T2A GFP
FLAG-dCas9 T2A GFP (with
dCas9 removed)
Subcloned from peGFPpLV hUbC GFP-PTOV1
PTOV1 into pLV hUbc
FLAG-PTOV1 T2A GFP
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pMD2.G
psPAX2

Addgene
Addgene

12259
12260

Point mutations, as described in the text, were cloned using the Q5 Site-Directed Mutagenesis Kit
(New England Biolabs, Ipswich, MA, USA) per manufacturer’s protocol using primer sequences
as indicated in the following table. Clones were confirmed with sequencing by Eton Bioscience
(San Diego, CA, USA). Plasmids were maxiprepped using GeneJET Plasmid Maxiprep Kit
(Thermo Fischer Scientific, Waltham, MA, USA) per manufacturer’s protocol.

Primer

Sequence

S36A For

CGCGCGCCTGGCCTGC

S36A Rev

AGCGGACGGCGCG

S53A For

CCGCGCGGCCCCTCCCATGGAAG

S53A Rev

GCCCGGATCCGCGGAGGCTG

S109A For CCTACGCTGACTCCACTGCAAAGC
S109A
Rev

GTCTGCGCTTCTCCTGCCACTCGAG

All
truncations TAGTCTAGATAACTGATCATAATCAGCCATAC
For
1-396
truncation
Rev

GTTGGCAATGACACGCC

1-246
truncation
Rev

GTTGACACCACCAGGTCC
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GFPPTOV1
insert For

GTCATCTAGAGCCACCATGGTGAGCAAGGGCCACCATGGTGAGCAAGGG
TCATCTAGA

GFPPTOV1
insert Rev

GTCAACCGGTCTACCCCCCCATCCCTCGCTACCCCCCCATCCCTCGGTCAA
CCGGT

4.3.2

Confocal Microscopy

Cells were seeded onto acid-etched coverslips and incubated for 48 hours before fixation.
Cells were fixed for 10 minutes with 1% or 4% paraformaldehyde (PFA) and permeabilized with
0.1% Triton X-100/PBS for 10-15 minutes. Samples were then blocked with SEA BLOCK
Blocking Buffer (Thermo Scientific, Waltham, MA, USA) for 1 hour at room temperature and
subsequently incubated with primary antibodies at 4oC overnight. Cells were washed with 0.1%
Tween/PBS (PBS-T) and incubated with secondary antibodies in PBS for 45 minutes to 1 hour at
room temperature. Cells were washed with PBS-T and subsequently stained with 1.43 µM DAPI
for 5 minutes. The coverslips were then mounted with Prolong Diamond Antifade Mountant
(Thermo Scientific, Waltham, MA, USA) and allowed to cure overnight at room temperature while
protected from light. Images were acquired 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,
Wetzlar, Germany).
For data integrity, samples for each set were seeded, fixed, and stained at the same time to
have the same conditions. Furthermore, laser power and image resolution were kept the same for
each set. All images were processed using Huygens Essential express deconvolution tool and
Pearson's coefficients were calculated using the colocalization analyzer tool in the same software.
For the colocalization calculation, threshold intensity values were set at 10% of the highest
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intensity value for each image. Furthermore, the Pearson’s calculation was limited to individual
cells using a trace tool found in the Huygens software. Pearson’s coefficient averages and
significance were calculated in GraphPad Prism 8 with the Welch’s t-test correction.
4.3.3

Cell culture and gene expression

HEK-293T

(RRID:CVCL_0063),

PC3

(RRID:CVCL_0035),

and

LnCAP

(RRID:CVCL_0395) cells were purchased ATCC (Atlanta, GA, USA). Lenti-X 293T cells were
purchased from Clontech (Mountainview, CA, USA). Cells purchased from ATCC and Clontech
were authenticated and mycoplasma-tested by the supplier, but were not further tested in our
laboratory. Cell lines were frozen at early passage numbers (~2-5) and, once thawed, limited to
approximately 15 passages before disposal. HEK-293T and Lenti-X 293T cells were maintained
in DMEM and PC3 cells in DMEM/F12 media, each supplemented with 10% fetal bovine serum
and 1% penicillin-strepomycin. Cells were incubated at 37oC and 5% CO2.
For transient expression experiments, HEK-293T cells were seeded at 15-20% confluence
and grown overnight. Cells were then transfected in complete media with 8 µg plasmid/ 10 cm
dish as indicated using 40 µg PEI-MAX transfection reagent (Polysciences, Warrington, PA, USA)
using standard protocols. Media was changed 6-12 hours post transfection. Cells were harvested
48 hours following transfection for downstream applications.
Lentiviral constructs were produced in Lenti-X 293T cells via transfection of the indicated
transfer vectors for either FLAG-PTOV1 or GFP-PTOV1, along with psPAX2 and pMD2.G in a
4:2:1 ratio. To generate PC3 cells stably expressing the indicated PTOV1 constructs, PC3 cells
were seeded at 20% confluence and grown overnight. Cells were then transduced with the
appropriate lentiviral supernatants in the presence of polybrene. The media was changed after 24
hours, and cells were selected by FACS for GFP-expression 2-3 days post-transduction.
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For double thymidine block and cell cycle synchronization, we followed previously
described methods (40). To harvest cells at individual cell cycle stages, cells were released from
thymidine block and harvested at 6, 12 and 24 hours post-release for lysis in RIPA buffer. For
verification of cell cycle stage, cells were analyzed at each time with propidium iodide and flow
cytometry as done previously (40).
For RNAi depletion experiments, PC3 cells were transfected with pooled ONTARGETplus siRNA reagents (Horizon Discovery, Cambridge, UK) for each indicated target
using LipofectamineTM RNAiMAX transfection reagent (Thermo Fisher Scientific, Waltham, MA,
USA). Cells were seeded at 20% confluence and grown overnight. The cells were washed 2X with
PBS, after which OPTI-MEM (Thermo Fisher Scientific, Waltham, MA, USA) was added to the
cells. The siRNAs were incubated at 100 nM with the RNAiMAX reagent at room temperature for
20 minutes prior to addition to cells. The cells incubated with the siRNA-RNAiMAX complex in
the OPTI-MEM for 4 hours. FBS was then added to the cells, and they incubated another 8 hours
before the media was changed for complete DMEM/F12. Cells were harvested for downstream
applications 48 hours later.

4.3.4

HUWE1 ubiquitination assay

In vitro ubiquitination assays were performed as previously described (41, 42). In brief,
recombinant human HUWE1 HECT domain was produced and purified from BL21 bacterial cells.
Recombinant E1, UbcH7 (E2), and ubiquitin proteins were purchased from R&D Systems. GFPPTOV1 was overexpression in HEK-293T cells by transiently transfecting 16 ug of pcDNA3
encoding GFP-PTOV1 into 1x10^6 cells in a 10cm dish. 48 hours later, cells were lysed and GFPPTOV1 was retrieved with GFP-TRAP resin (Chromotek, Planegg, Germany). After washing,
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GFP-PTOV1 on beads was incubated at 30°C for 3 hours with 10 ng of recombinant E1, 100 ng
of recombinant UbcH7, 100 μg of ubiquitin, and 1 μg of a purified HECT domain of HUWE1 in
40 μl of reaction buffer [50 mM tris (pH 7.5), 5 mM MgCl2, 2 mM ATP, 2 mM DTT]. After the
incubation, the beads were washed three times with a buffer containing 10 mM Hepes (pH 7.4),
150 mM KCl, 1% NP-40, and 400 mM NaCl. GFP-PTOV1 protein was eluted with Laemmli SDS
sample buffer and subjected to Western blot.

4.3.5

CoIP, immunoblotting, and antibodies

Cell dishes were placed on ice, the media was aspirated, and cold PBS was added. Cells
were scraped from the dishes in the cold PBS and transferred to 15 mL centrifuge tubes. Dishes
were washed an additional time with PBS to collect residual cells. Cells were then pelleted at 1200
xg at 4oC and the supernatant discarded. Cell pellets were resuspended in Amanda’s CoIP Buffer
(10 mM HEPES KOH pH 7.5, 150 mM KCl, 0.1% Igepal CA-630, 1X Pierce protease inhibitors
(EDTA free), 1X Pierce phosphatase inhibitors) and transferred to 1.5 mL microcentrifuge tubes.
Samples were rotated at 4oC for at least 15 minutes, passaged through a 25-gauge needle, and then
pelleted to remove debris. The clarified lysates were then incubated with pre-washed beads (HA,
FLAG, or GFP-Trap, as indicated) at 4oC for 1 hour to overnight. Beads were washed 3X with
PBS.
For immunoblot analysis, the beads were resuspended in 1X SDS sample buffer and boiled
for 5 min to elute. Samples were then loaded onto Criterion TGX 4-15% pre-cast polyacrylamide
gels (BIO-RAD, Hercules, CA, USA) and run at 150V for 1 hour. Following electrophoresis, the
gels were rinsed with distilled water, and soaked in 20% EtOH. The samples were then transferred
to nitrocellulose membranes using the iBlot transfer system (Thermo Fisher Scientific, Waltham,
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MA, USA) at 20V for 6 minutes. Following transfer, the membranes were blocked in 1:1 PBST:
Intercept Blocking Buffer for 1 hour at room temperature. Primary antibodies were diluted from
1:500 to 1:5k in 1:1 PBST: Intercept Blocking Buffer and incubated overnight at 4oC. Secondary
antibodies were diluted 1:10k in 1:4 PBST: Intercept Blocking Buffer and incubated for 1 hour at
room temperature. Blots were imaged and quantitated using a LI-COR Odyssey infrared imaging
system (LI-COR Biosciences, Lincoln, NE, USA).
The custom pS36 PTOV1 antibody was developed in rabbits by Pacific Immunology
(Ramona, CA) against a synthetic peptide RAVRSRpSWPASPRGC targeting the S36
phosphorylation site. Phospho-specific antibody was column-purified as done previously for
custom PTM-specific antibodies (43).

4.3.6

Protein-protein interaction proteomics

For LC-MS/MS analysis, samples were eluted from beads with 6 M guanidine and boiled
for 5 min. Eluted samples were transferred to fresh microcentrifuge tubes twice to minimize bead
carry-over. Protein concentrations were measured using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol for the
microplate assay. Samples were then reduced with 5 mM DTT at 55oC for 15 min. After cooling,
samples were alkylated with 15 mM iodoacetamide (MilliporeSigma, St. Louis, MO, USA) for
one hour in the dark. Samples were then loaded onto 30 kD centrifugal filters (VWR, Radnor, PA,
USA) and washed twice with 6 M guanidine and twice with 10 mM ammonium bicarbonate.
Protein samples were then digested with mass spectrometry grade trypsin on the filter at 1:50 (w/w)
ratio at 37oC with shaking overnight. The next day, the digested protein samples were eluted from
the filter and washed down with 10 mM ammonium bicarbonate. The eluate was transferred to
96

mass spec vials, and vacuum dried. The samples were then resuspended in OrbiA solvent (3%
acetonitrile, 0.1% formic acid). Quantitative LC-MS/MS was performed on 1 µg of each sample
using a Fusion Lumos mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
The LC-MS/MS data were analyzed using PEAKS analysis software (Bioinformatics
Solutions, Waterlook ON, Canada) using the SwissProt Homo sapiens database. The database
search included a fixed carbamidomethylation modification on Cys and variable modifications,
including

Meth

oxidation,

Asn/Gln

deamination,

Lys

acetylation,

and

Ser/Thr/Tyr

phosphorylation. Relative peptide abundance was calculated using area under the curve (AUC)
analysis for the indicated targets for each sample.
4.3.7

Antibodies

Antibody

Source

Identifier

14-3-3 zeta antibody Rabbit
polyclonal
Monoclonal ANTI-FLAG®
M2 antibody
HA-Tag(6E2)
Mouse
Antibody
GFP (4B10) Mouse mAb
PTOV1 Antibody Rabbit
polyclonal
Anti-alpha Tubulin antibody
[DM1A]- Loading Control
β-actin (13E5) Rabbit mAb
HUWE1 Antibody Rabbit
polyclonal
c-Jun (60A8) Rabbit mAb
Histone H3 (D1H2) XP®
Rabbit mAb
SGK2 (D7G1) Rabbit mAb
IRDye® 800CW Goat antiRabbit
IgG
Secondary
Antibody (H + L)
IRDye® 680RD Goat antiMouse
IgG
Secondary
Antibody (H + L)

GeneTex

GTX101075

Sigma-Aldrich

F1804

Cell Signaling Technology

2367S[KP1]

Cell Signaling Technology
Novus Biologicals

2955S
NBP1-79384

Abcam

ab7291

Cell Signaling Technology
Novus Biologicals

4970S
NB100-652

Cell Signaling Technology
Cell Signaling Technology

9165S
4499S

Cell Signaling Technology
LI-COR

7499S
926-32211

LI-COR

926-68070
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IRDye® 800CW Goat antiMouse
IgG
Secondary
Antibody (H + L)
IRDye® 680RD Goat antiRabbit
IgG
Secondary
Antibody (H + L)
Goat anti-Mouse IgG1 CrossAdsorbed
Secondary
Antibody, Alexa Fluor 633
Phospho-PTOV1 S36 custom
rabbit antibody
Ubiquitin
4.3.8

LI-COR

926-32210

LI-COR

926-68071

Invitrogen

A21126

Pacific Immunology—custom See description of design
design
Cell Signaling Technologies
3933S

Imaging flow cytometry

To assess PTOV1 nuclear localization, GFP-PTOV1 expressing PC3 cells were
trypsinized, washed, and fixed in 1% PFA for 10 min at 4oC. Cells were then permeabilized in
70% ethanol at 4oC overnight. Prior to acquisition, cells were washed and incubated in PBS
containing 1 µg/ml propidium iodide (PI) and 100 µg/ml RNase for 30 min at room temperature.
Cells were transferred to ice prior to acquisition on the ImageStream MKII (Luminex Corporation,
Austin, TX, USA). Sample preparation was performed identically for experiments involving NESGFP-PTOV1 transfected HEK-293T cells. For MG132 and HUWE1 knockdown experiments,
data was acquired using live PC3 cells expressing GFP-PTOV1 resuspended in PBS+2% FBS
without fixation, permeabilization, or staining.
All analyses were performed in IDEAS software (Luminex Corporation). Nuclear
localization was assessed using the integrated nuclear localization tool. PC3 cell images were
spectrally compensated using single color controls prior to analysis. Cell images were gated by
gradient RMS, and then by size and aspect ratio to include only single, in-focus cells. To measure
nuclear localization, a log transformed Pearson’s correlation coefficient (i.e. similarity score) was
calculated for each image using the appropriate channels for PI and GFP.
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4.3.9

Drug treatments

Lysosomal and proteasomal degradation experiments utilized MG132 (Selleckchem,
Houston, TX, USA cat. S2619) and Bafilomycin (Cayman Chemical Company, Ann Arbor,
Michigan, USA cat. 11038). PC3 cells stably expressing FLAG-PTOV1 constructs or HEK-293T
cells transiently transfected with GFP-PTOV1 constructs were treated (2 days after transfection)
with either 10 µM MG132, 100 nM Bafilomycin, or a similar volume of vehicle control (DMSO)
for 2 hours prior to harvest.
PTOV1 degradation rates were assessed using cycloheximide (CHX, Cayman Chemical
Company, cat 14126). PC3 cells stably expressing FLAG-PTOV1 WT or S36A were treated with
50 µg/ml CHX or an equal volume of vehicle control (DMSO). Alternatively, HEK-293T cells
were transiently transfected with FLAG-PTOV1 S36A or FLAG-NES-PTOV1 S36A and treated
with 50 µg/ml CHX two days post-transfection. Cells were harvested at the indicated timepoints
and lysed in RIPA lysis buffer.
SGK2 inhibition experiments were performed using GSK 650394 (Tocris, Minneapolis,
MN, USA cat. 3572). Cells were treated with 10 µM GSK 650394 for 48 hours prior to harvest.

4.3.10 Kinase screening (proqinase)
245 purified Ser/Thr kinases were evaluated for activity against peptides encompassing
S36 (amino acids 30-42) and S53 (amino acids 47-59) of PTOV1 via the radiometric KinaseFinder
assay (ProQinase GmbH). In short, the peptides above were reconstituted in 50 nM HEPES pH
7.5 at 200 µM stock solution. Reaction buffer (60 mM HEPES-NaOH pH 7.5, 3 mM MgCl2, 3
mM MnCl2, 3 µM Na-orthovanadate, 1.2 mM DTT, 1 µM ATP/[γ-33P]-ATP), protein kinase (1400 ng/50 µL) and PTOV1 peptides (1 µM) were distributed into 96-well, V-shaped polypropylene

99

microtiter plates (assay plate). All PKC assays (except the PKC-mu and the PKC-nu assay)
additionally contained 1 mM CaCl2, 4 mM EDTA, 5 μg/ml phosphatidylserine and 1 μg/ml 1.2dioleyl-glycerol. The MYLK2, CAMK1D, CAMK2A, CAMK2B, CAMK2D, CAMK4,
CAMKK2, and DAPK2 assays additionally contained 1 μg/ml calmodulin and 0.5 mM CaCl2. The
PRKG1 and PRKG2 assays additionally contained 1 μM cGMP. One well of each assay plate was
used for a buffer/substrate control containing no enzyme.
The assay plates were incubated at 30°C for 60 minutes. Subsequently, the reaction
cocktails were stopped with 20 μl of 4.7 M NaCl/35 mM EDTA. The reaction cocktails were
transferred into 96-well streptavidin-coated FlashPlate® HTS PLUS plates (PerkinElmer, Boston
MA), followed by 30 min incubation at room temperature on a shaker to allow for binding of the
biotinylated peptides to the streptavidin-coated plate surface. Subsequently, the plates were
aspirated and washed three times with 250 µl of 0.9% NaCl. Incorporation of radioactive 33Pi was
determined with a microplate scintillation counter (Microbeta, Perkin Elmer). For evaluation of
the results of the FlashPlate® PLUS-based assays, the background signal of each kinase (w/o
biotinylated peptide) was determined in parallel. Kinases of interest were selected from the screen
described above to repeat at three peptide concentrations (1 µM, 0.5 µM and 0.25 µM) in triplicate.

4.3.11 Gene-expression data analysis
We downloaded RNA sequencing data for prostate-cancer patients from The Cancer
Genome Atlas (44). These data had previously been aligned to version hg19 of the human reference
genome (45) and summarized as gene-level read counts using the Rsubread software (46, 47). In
addition, we downloaded clinical data for these patients and extracted Gleason scores. After
identifying patients for whom we had both gene-expression data and Gleason scores, data for 485
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patients remained. Using these data, we evaluated relationships among Gleason scores and log2transformed expression levels of PTOV1 and YWHAZ. To download and parse the data, we wrote
a script in the Python programming language (https://python.org). To generate the graphics, we
used the R statistical software (version 3.6) and the ggplot2 package (version 3.3.1). The scatter
plots use regression lines to show correlation trends and 95% confidence intervals to indicate
uncertainty.

4.4

Results
4.4.1

Phosphorylation of PTOV1 at S36 and S53 are required for binding to 14-3-3.

14-3-3ζ promotes aggressive cancer phenotypes by interacting with a network of
phosphorylated binding partners (19-25, 43). Thus, a major focus of our laboratory is to use
proteomics and molecular approaches to identify cancer-driving mechanisms through elucidation
of the 14-3-3ζ interactome. To identify phosphorylation-dependent 14-3-3-binding partners, we
performed coimmunoprecipitation (coIP) LC-MS/MS proteomics in cells expressing HA-14-3-3ζ
WT or the non-phosphobinding mutant HA-14-3-3ζ K49E (Supplemental data table 1). Among
the interactors that pulled down with 14-3-3ζ WT, but not the K49E mutant, was PTOV1. A
previous 14-3-3 LC-MS/MS study had also found PTOV1 among many proteins in the mass
spectra, but its significance/regulation remained unexplored (48). To begin to validate these data,
we also performed the converse LC-MS/MS experiment with GFP-PTOV1 as bait, which
demonstrated a PTOV1 interaction with 6 of the 7 endogenous 14-3-3 isoforms (all but the σ
isoform)—most notably with the ε and ζ isoforms (Supplemental data table 2). We further
validated the PTOV1-14-3-3 interaction by coIP immunoblot (Figure 4-1 A). Interestingly, like
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PTOV1, high expression of 14-3-3ζ (YWHAZ) correlates with higher risk prostate cancers (Figure
4-1 B).
To identify the phosphorylation sites on PTOV1 responsible for 14-3-3 binding, we first
narrowed down a list of S and T residues using a combination of consensus sequence analysis via
14-3-3 site prediction algorithms (49), disorder prediction with IUPRED (50, 51), and the
frequency of high-throughput detection of site-specific phosphorylations using phosphosite.org
(52) (Figure 4-1 C). From these analyses, we selected S36, S53, and S109 as candidate 14-3-3docking-site phosphorylations. Both S36 and S53 are conserved from mouse to human (Figure 41 D). CoIP immunoblotting of S-to-A mutants confirmed that S36 and S53, but not S109, are
necessary for PTOV1 binding to 14-3-3 (Figure 4-1 E).
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Figure 4-1. Phosphorylation of PTOV1 at S36 and S53 are required for binding to 14-3-3.
(A) FLAG-PTOV1 was expressed in HEK-293T cells, followed by IP on FLAG resin and immunoblotting for 14-3-3 and FLAG. A representative
image from three biological replicates is shown.
(B) Positive correlation between RNA expression levels of the YWHAZ gene and Gleason scores for 485 patients from The Cancer Genome Atlas.
The regression line (blue) shows the correlation trend and the gray shaded area around the line represents the 95% confidence interval.
(C) Composite graph of IUPRED2 disorder score and the high-throughput identification frequency of phosphorylations (phosphosite.org, accessed
24 Feb 2020) across the PTOV1 amino acid sequence.
(D) Alignments of mammalian PTOV1 sequences surrounding S36 and S53.
(E) GFP-PTOV1 was expressed in HEK-293T cells, followed by IP on GFP-Trap resin and immunoblotting for 14-3-3 and GFP. Right panel
shows quantification (LI-COR infrared imaging) of 14-3-3 coIP signal normalized to GFP (coIP) and expressed as a fraction of the GFPPTOV1 WT normalized coIP signal from four biological replicates. Error bars represent SEM; p-values were calculated using a two-tailed
Student’s t-test.

4.4.2

SGK2 regulates phosphorylation of PTOV1 at S36.
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To identify the PTOV1-targeted kinase, we attempted to generate phospho-specific
antibodies for pS36 and pS53, but were only able to recover specific phospho-antibody for S36.
Thus, we focused our efforts on Serine 36—importantly, phospho-null mutation of this site alone
completely abrogates 14-3-3 binding (Figure 4-1 E). Our initial biased efforts to identify the
kinase(s) targeting the S36 and S53 sites focused on common 14-3-3-docking site kinases,
including CAMKII, AKT, and PKC, but failed to reveal any compelling leads. Therefore, we took
an unbiased approach in which we generated biotin-tagged peptides encompassing the S36 and
S53 sites and performed in vitro radiometric kinase assays with 245 individual human kinases that
span the majority of Ser/Thr kinase families (Figures 4-S1 and 4-S2). These assays revealed a
small subset of candidate direct kinases, including PBK, PKC-δ, SGK2 and DYRK1A. However,
only SGK2 emerged as a common hit between the S36 and S53 sites.
Follow-up validation of a subset of these kinases demonstrated that recombinant SGK2,
but not SGK1, PBK or PKC-δ, phosphorylates both sites on PTOV1 in vitro (Figure 4-2, A and
B). We found that inhibition of SGK2 led to a drop in pS36 signal and 14-3-3 binding (Figure 42, C and D). Furthermore, we found that siRNA depletion of SGK2 decreased pS36, but also
caused a corresponding loss of total PTOV1 protein levels (Figure 4-2 E). This was consistent with
the decrease in protein expression levels that we saw with the S36A or S53A PTOV1 mutants,
suggesting that loss of these phosphorylations and 14-3-3 binding may destabilize the protein,
which we revisit further below. Together, our data suggest that SGK2 phosphorylates PTOV1 at
S36 (and likely S53, based on in vitro data) to promote 14-3-3 binding (Figure 4-2 F).
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Figure 4-2. SGK2 phosphorylates PTOV1 to promote 14-3-3 binding.
(A) Radiometric assays were performed with the indicated kinases incubated with a biotin-tagged PTOV1 peptide encompassing S36. Corrected
kinase activity (raw value minus sample peptide background) was measured in biological triplicate. Graph shows mean kinase activity in
counts per minute (cpm) with error bars indicating standard deviations (SD).
(B) Radiometric kinase assays were performed as in panel A but against a peptide encompassing S53.
(C) PC3 cells stably expressing FLAG-PTOV1 WT or S36A were treated with 10 µM of the SGK2 inhibitor (SGK2i) GSK 650394 for 48 hours,
followed by IP on FLAG resin and immunoblotting for pS36 PTOV1 and FLAG. Right panel shows quantification (LI-COR infrared imaging)
of pS36 signal normalized to FLAG (coIP) and expressed as a fraction of normalized WT from three biological replicates. Error bars represent
SEM; p-values were calculated using a two-tailed Student’s t-test.
(D) PC3 cells stably expressing GFP-PTOV1 (WT or S36A) were treated with SGK2i as in panel C, followed by immunoprecipitation of GFPPTOV1 on GFP-trap resin and immunoblotting for 14-3-3.
(E) Upper panel shows an immunoblot validation of SGK2 siRNA (signal shown is endogenous SGK2) in PC3 cells. Lower panel shows pS36
PTOV1 immunoblot signal from PC3 cells stably expressing FLAG-PTOV1 and transfected with the indicated siRNAs for 48 hours. Right
graph shows quantitation of pS36 signal normalized to loading control from 3 biological replicates. Error bars represent SEM; p-values were
calculated using a two-tailed Student’s t-test.A model describing the relationship between SGK2, PTOV1 and 14-3-3.

4.4.3

Loss of 14-3-3 binding leads to an accumulation of PTOV1 in the nucleus.
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Our experiments up to this point consistently showed that loss of 14-3-3 binding—either
by mutation of S36A/S53A or inhibition of SGK2—resulted in reduced recovery of PTOV1
protein from cells. Thus, we questioned whether this decreased recovery during lysis was due to
either a reduction in total PTOV1 protein levels and/or a shift in PTOV1 localization.
To observe PTOV1 localization in the cell, we first used confocal microscopy and imaging
flow cytometry on PC3 cells stably expressing either GFP- or FLAG-tagged PTOV1 WT or
PTOV1 S36A. We found that PTOV1 WT is primarily distributed throughout the cytosol with
relatively low levels of protein in the nucleus (Figure 4-3, A and B). In contrast, the PTOV1 S36A
mutant protein is primarily nuclear (Figure 4-3, A and B). We also confirmed that loss of 14-3-3
binding by the S36A mutation resulted in nuclear accumulation of PTOV1 in LNCaP cells (Figure
4-S3). Consistent with the idea that 14-3-3 binding controls PTOV1 localization, a phospho-null
mutation at S53, but not at S109, causes a similar shift of PTOV1 protein into the nucleus (Figure
4-3 B). Importantly, we also found that inhibition of SGK2 phenocopied the effect of the S36A
mutation, resulting in an accumulation of PTOV1 WT in the nucleus (Figure 4-3 C), further
confirming SGK2 as the PTOV1-targeted kinase. Together, these data indicate that loss of 14-3-3
binding, either through mutation of the docking site phosphorylation or reduction in the
phosphorylation via inhibition of SGK2, results in nuclear accumulation of PTOV1.
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Figure 4-3. Loss of 14-3-3 binding leads to an accumulation of PTOV1 in the nucleus.
(A) PC3 cells stably expressing FLAG-PTOV1 WT or S36A were analyzed by confocal imaging, deconvolved by Hyugens software and assessed
for cytosolic and nuclear localization of PTOV1. Right panel shows Pearson coefficient (Hyugens colocalization software) of PTOV1
colocalization with DAPI.
(B) PC3 cells stably expressing GFP-PTOV1 (WT or indicated mutants) were analyzed by imaging flow cytometry for nuclear localization of
PTOV1 as a function of overlap with propidium iodide (PI) nuclear stain. Right panel shows quantification of PTOV1/PI colocalization
expressed as a log transformed Pearson coefficient. Each point represents the median similarity score from a separate population of cells.
(C) PC3 cells from panel A were treated with 10 μM SGK2 inhibitor (GSK 650393) as in Figure 4-2 B. Right panel shows quantification as in
panel A.

4.4.4

Loss of 14-3-3 binding destabilizes PTOV1 protein.

Our observation that loss of 14-3-3 binding shifts PTOV1 localization to the nucleus did
not rule out the possibility that 14-3-3 may also control PTOV1 stability. Indeed, we noted that the
PTOV1 S36A consistently showed lower levels of expression by either immunoblot or whole cell
imaging. To address this question, we performed cycloheximide (CHX)-chase experiments using
PC3 cells stably expressing FLAG-PTOV1 WT or FLAG-PTOV1 S36A. We found that
degradation of the S36A mutant protein was significantly faster than PTOV1 WT, suggesting that
14-3-3 binding protects PTOV1 from degradation (Figure 4-4 A).
To begin to understand the mechanism of PTOV1 degradation, we found that inhibition of
the proteasome with MG132 stabilized the PTOV1 S36A and S53A mutant proteins. In contrast,
the lysosome inhibitor bafilomycin had no effect, indicating that PTOV1 is degraded by the
proteasome and not through bulk or targeted autophagy (Figure 4-4 B). Imaging flow cytometry
analysis of PC3 cells stably expressing GFP-PTOV1 WT and mutants confirmed the increase in
total PTOV1 levels with proteasomal inhibition (Figure 4-S4 A). These data suggest that 14-3-3
binding stabilizes PTOV1, while loss of 14-3-3 binding accelerates the targeted degradation of
PTOV1 through the proteasome.
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Figure 4-4. Loss of 14-3-3 binding destabilizes PTOV1 protein.
(A) PC3 cells stably expressing FLAG-PTOV1 WT or S36A were treated with cycloheximide (CHX) over the indicated time course, followed by
immunoblotting for FLAG (PTOV1) and α-Tubulin. Bottom panel shows quantification of immunoblot signal for FLAG normalized to αTubulin and expressed as a fraction of the signal at time 0. Error bars represent SEM and p-values were calculated with a Student’s t-test
comparing WT and S36A signal at each timepoint from three biological replicates.
(B) PC3 cells stably expressing FLAG-PTOV1 WT or indicated mutants were treated with DMSO (D) 10 µM MG132 (M) or 100 nM bafilomycin
(B) for 2 hours. Bottom panel shows quantification from three biological replicates of FLAG (PTOV1) immunoblot signal normalized to actin
and expressed as fractions of the normalized signals for the associated DMSO-treated samples. Error bars represent SD of the mean; a twotailed Student’s t-test was used to calculate p-values.

4.4.5

HUWE1 interacts with PTOV1 and controls PTOV1 stability.

To identify the upstream cellular machinery that controls PTOV1 degradation, we searched
our PTOV1 interactome data for E3 ligases (Supplemental data table 2). The E3 ligase HUWE1
emerged as the top overall PTOV1 interactor based on peptide count. We validated by coIP that
PTOV1 interacts with endogenous HUWE1 (Figure 4-5 A). To assess whether HUWE1 regulates
PTOV1 protein stability, we depleted HUWE1 with siRNA in PC3 cells stably expressing GFPPTOV1 S36A for imaging flow cytometry and FLAG-PTOV1 WT or S36A for immunoblotting.
In both scenarios, for WT and mutant PTOV1, knockdown of HUWE1 results in a marked increase
in steady-state PTOV1 protein (Figure 4-5 B and 4-S4 B). We then confirmed that this increase in
PTOV1 protein is due to slower kinetics of PTOV1 degradation in HUWE1-depeted cells (Figure
4-5, C and D). We also questioned whether the decrease in global PTOV1 levels in SGK2-inhibited
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or -siRNA treated cells (Figure 4-2) could be rescued by HUWE1 depletion. As shown in Figure
4-S4 C, depletion of HUWE1 rescues the loss of PTOV1 induced by SGK2 knockdown. In
addition, we see a loss of pS36 signal on the rescued PTOV1 protein in cells depleted of HUWE1
and SGK2, further validating SGK2 as the PTOV1 S36-targeted kinase (Figure 4-S4 C).
Deletion mapping of the binding site suggests that HUWE1 interacts with the B domain of
PTOV1 (Figure 4-5 E). Consistent with the idea that HUWE1 promotes PTOV1 degradation, we
found that PTOV1 lacking the B domain (PTOV1 1-246) expressed at much higher levels than
WT or other deletion mutants (see immunoblot in Figure 4-5 E). LC-MS/MS examination of
potential HUWE1-mediated ubiquitination sites on PTOV1 revealed a ubiquitination at K114,
under MG132 treatment, that only appeared on the PTOV1 S36A mutant (Supplemental data table
3). However, single arginine substitutions at K114 and several other candidate lysines failed to
fully stabilize PTOV1 S36A protein levels, perhaps due to the lysine promiscuity of E3 ligases.
Nevertheless, we were able to see direct ubiquitination of PTOV1 by recombinant HUWE1, but
not a catalytically inactive HUWE1 mutant (Figure 4-5 F).
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Figure 4-5. HUWE1 interacts with PTOV1 and controls PTOV1 stability.
(A) HEK-293T cells overexpressing GFP or GFP-PTOV1 (or mock transfected) were subject to IP on GFP-Trap resin, followed by
immunoblotting for HUWE1 and GFP.
(B) PC3 cells stably expressing FLAG-PTOV1 WT or S36A were transfected with siRNA against HUWE1 or a control sequence (non-specific),
followed by immunoblotting for FLAG (PTOV1) and indicated proteins. Right panel shows quantification of FLAG (PTOV1) signal
normalized to α-Tubulin and expressed as a fraction of control siRNA treatment. Error bars represent SD and p-values were calculated using
a two-tailed Student’s t-test from 3 biological replicates.
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(C) PC3 cells stably expressing FLAG-PTOV1 WT were transfected with siRNA against HUWE1 or control siRNA for 48 hours, then treated
with CHX as in Figure 4-4 A. Cells were harvested at timepoints that were determined empirically to visualize PTOV1 WT degradation.
Lower panel shows quantification of signal from three biological replicates analyzed as in Figure 4-4 A. Error bars represent SD.
(D) PC3 cells stably expressing FLAG-PTOV1 S36A were treated and analyzed as in panel C. Quantification represents three biological replicates
and error bars represent SD.
(E) HEK-293T cells were transfected with GFP, GFP-PTOV1 WT or indicated GFP-tagged PTOV1 truncation mutants, followed by IP on GFPTrap resin and immunoblotting for HUWE1 and indicated proteins. Right panel shows quantification of HUWE1 coIP signal normalized to
the GFP(PTOV1) coIP signal for each mutant and expressed as a fraction of normalized HUWE1 coIP signal for GFP-PTOV1 WT. Error
bars represent SEM and p-values were calculated using a two-tailed Student’s t-test from four biological replicates.
(F) GFP-PTOV1 was immunopurified from HEK-293T cells and incubated with ubiquitin and recombinant human HUWE1 HECT domain or a
catalytically inactive version of the HECT domain (C/S), followed by immunoblotting for GFP and ubiquitin.

4.4.6

PTOV1 nuclear localization is required for degradation.

Our observation that the PTOV1 S36A mutant is destabilized and enriched in the nucleus
raised the possibility that the sequestration of PTOV1 in the cytosol prevents PTOV1 degradation.
Thus, we asked whether cytosolic sequestration itself—even in the absence of 14-3-3 binding—
is sufficient to stabilize PTOV1 protein. To address this question, we appended an in-frame nuclear
export sequence (NES) to the N-terminal end of both PTOV1 WT and the 14-3-3 binding-defective
PTOV1 S36A mutant (Figure 4-S5 A). We verified that the NES sequence resulted in a
predominately cytosolic pattern of PTOV1 S36A localization (Figure 4-S5, A and B) and found
that it also increased steady-state levels of PTOV1 protein (Figure 4-S5 C). More importantly,
CHX-chase experiments indicated that forcing the PTOV1 S36A mutant back into the cytosol
inhibited PTOV1 degradation in the absence of 14-3-3 binding (Figure 4-S5 D). Thus, together
our data suggest that the sequestration of PTOV1 in the cytosol, either by 14-3-3 or other means
(e.g., an orthologous NES), protects PTOV1 from degradation.

4.4.7

14-3-3 and HUWE1 regulate PTOV1 localization and stability to control
PTOV1 function.
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To further explore the relationship between 14-3-3 and HUWE1 in regulating PTOV1
localization and function, we examined the potential inverse relationship between 14-3-3 and
HUWE1 binding to PTOV1. As shown in Figure 4-6 A, the 14-3-3 binding-defective mutants of
PTOV1 (S36A and S53A) interact at significantly higher levels with HUWE1 than PTOV1 WT,
suggesting that 14-3-3 sequesters PTOV1 away from HUWE1 or sterically inhibits HUWE1
binding. To understand how 14-3-3 and HUWE1 cooperate to control PTOV1 function, we
focused on the role of PTOV1 in promoting cJun translation, which occurs through a direct
interaction with RACK1 and ribosomes (18). We found that depletion of HUWE1 resulted in a
PTOV1 WT-mediated increase in cJun expression not observed in PTOV1 S36A-expressing cells
(Figure 4-6 B). Furthermore, as we would predict, depletion of HUWE1 resulted in a
compartmentalized accumulation depending on the PTOV1 genotype—with PTOV1 WT
accumulating primarily in the cytosol and PTOV1 S36A primarily in the nucleus (Figure 4-6 C).
Therefore, the increase in cJun expression in PTOV1 WT cells depleted of HUWE1 requires 143-3 binding and is likely explained by the elevated level of PTOV1 in the cytosol.
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Figure 4-6. 14-3-3 and HUWE1 regulate PTOV1 localization and stability to control PTOV1 function.
(A) HEK-293T cells were transfected with GFP-PTOV1 WT or indicated mutants and subject to IP on GFP-Trap resin, followed by
immunoblotting for HUWE1 and GFP (PTOV1). Right panel shows quantification of coIP signal for HUWE1 normalized to GFP and
expressed as a fraction of the normalized HUWE1 coIP for GFP-PTOV1 WT. Error bars represent SD and p-values were calculated using a
two-tailed Student’s t-test from four biological replicates.
(B) PC3 cells stably expressing FLAG-PTOV1 WT and S36A were transfected with siRNA against HUWE1 or control siRNA for 48 hours,
followed by immunoblotting for cJun and indicated proteins. Panel on the right shows quantification of cJun signal normalized to α-Tubulin.
Error bars represent SD and p-values were calculated using a two-tailed Student’s t-test from three biological replicates.
(C) HEK-293T cells overexpressing FLAG-PTOV1 WT or S36A were transfected with siRNA to HUWE1 as in panel B, followed by FLAG
antibody staining and confocal imaging to determine nuclear localization of PTOV1. Right panel shows quantification as in Figure 4-3 A.
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All together, these data support a model in which an SGK2-mediated interaction between
14-3-3 and PTOV1 sequesters PTOV1 in the cytosol to promote the expression of cJun and
potentially other targets (18). Conversely, the inhibition of SGK2, and the resulting loss of 14-3-3
binding, triggers an accumulation of PTOV1 in the nucleus, where we suspect the interaction
between PTOV1 and HUWE1 occurs. In support of this idea, we see some overlap of PTOV1 and
HUWE1 signal in the nucleus (Figure 4-S6). The nuclear accumulation of PTOV1 would allow
PTOV1 to carry out its nuclear functions (e.g., regulation of gene transcription). Once released
from 14-3-3, PTOV1 is subject to HUWE1-mediated ubiquitination and proteasomal degradation
(see model in Figure 4-7). PTOV1 degradation depends in part on translocation to the nucleus, as
NES-mediated export from the nucleus stabilizes PTOV1 levels even in the absence of 14-3-3
interaction. This mechanism of PTOV1 degradation upon loss of 14-3-3 binding may serve to clear
excess PTOV1 from the cytosol and/or limit the influx of PTOV1 into the nucleus.

Figure 4-7. Model of SGK2-, 14-3-3-, and HUWE1-mediated regulation of PTOV1 localization, stability, and function.
Our data suggest that an SGK2-governed interaction between 14-3-3 and PTOV1 sequesters PTOV1 in the cytosol, which promotes PTOV1mediated expression of cJun. Upon loss of 14-3-3 binding, PTOV1 accumulates in the nucleus and is subject to HUWE1-dependent degradation
via the proteasome.
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4.5

Discussion
We began this study with a focus on 14-3-3—a signaling hub that regulates a network of

oncogenes and tumor suppressors to collectively promote a cellular program of growth, stressadaptation and survival. Much of our laboratory’s effort has focused on expanding our
understanding of the 14-3-3 signaling hub by identifying and studying binding partners. Because
14-3-3 interactions are dependent on phosphorylation, each new interaction is linked directly to an
upstream kinase(s), which provides a handle to understand the interaction in the larger picture of
cell signaling.
The identification of SGK2 as the PTOV1-targeted kinase places this mechanism within
an understudied kinase signaling pathway. Indeed, remarkably little is known about SGK2.
However, based on studies of SGK1 and SGK3 (36, 53), as well as some homology between SGK2
and AKT (28), it seems likely that SGK2 is activated downstream of PI3K signaling (27). Thus,
mitogenic activation of PI3K during the cell cycle and the potential downstream activation of
SGK2, together with the mechanism presented here, may explain the cell cycle-dependence of
PTOV1 nucleo-cytoplasmic shuttling (13, 16). Future work will focus on understanding the
upstream signaling that controls SGK2 and its temporal regulation over the cell cycle—an effort
that will require the development of better tools than we currently have to study SGK2.
Given that earlier work showed that PTOV1 is cytosolic in G1 and enters the nucleus at S
phase (16), we posit that the cytosolic sequestration of PTOV1 by 14-3-3 promotes cJun translation
in G1 to allow for cell cycle progression. Indeed, cJun plays a critical role in progression through
G1 by promoting the expression of cyclin D1 (54). Accordingly, the deletion of cJun results in a
drop in cyclin D1 levels, Rb activation, and G1 arrest (55). This may also explain why, in our
hands, we were unable to generate viable PTOV1 KO lines and others have shown that
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overexpression or depletion of PTOV1 causes a corresponding increase or decrease in cyclin D1
expression, respectively (12, 13, 16). Furthermore, the degradation of PTOV1 after release from
14-3-3 may serve to eliminate cytosolic PTOV1, which would otherwise promote inappropriate
expression of cJun and cyclin D1 beyond G1.
We found that the loss of 14-3-3 binding increased the interaction between PTOV1 and
HUWE1, which led to HUWE1-dependent degradation of PTOV1 via the proteasome. HUWE1 is
a large (482 kDa) E3 ligase of the HECT domain family (reviewed in (56)). Numerous studies
show that HUWE1 functions by directly interacting with and ubiquitinating a wide variety of
substrates, including p53 (57), Mcl-1 (42), c-Myc (58), Chk1 (41), and H2AX (59). The prevailing
thought is that HUWE1 is generally oncogenic, but its individual substrates reveal a more complex
picture. For example, depletion of HUWE1 simultaneously upregulates p53 and Mcl-1—two
proteins with opposite roles in cell growth. Therefore, as an oncogene, PTOV1 fits within the array
of diverse HUWE1 substrates, adding another layer to the complexity of HUWE1 biology. Our
data suggest that depletion of HUWE1 elevates PTOV1 protein levels, which, in turn, promote the
expression of cJun, a pro-growth translational target of PTOV1 (18).
In our model, we propose that HUWE1 mediates the degradation of PTOV1 in the nucleus.
However, this is still speculative. Our data suggest that HUWE1 can ubiquitinate PTOV1 in vitro
and depletion of HUWE1 in cells increases the stability of PTOV1 S36A protein in the nucleus.
Conversely, depletion of HUWE1 also increases the stability of WT PTOV1 protein in the cytosol,
although WT PTOV1 is known to shuttle in and out of the nucleus and may get ubiquitinated while
in the nucleus (13). We also found that forcing PTOV1 S36A out of the nucleus with an NES
stabilized the protein, supporting the idea that PTOV1 nuclear localization is required for
degradation. On the other hand, our imaging data suggest that HUWE1 is mostly cytosolic with
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only a fraction in the nucleus. We were also unable to see clear points of colocalization between
PTOV1 and HUWE1 in the nucleus. Thus, it is possible that other nuclear E3 ligases may
participate in regulating PTOV1 turnover in the nucleus. Toward this end, our LC-MS/MS data
identified other E3 ligases as candidate interactors of PTOV1, including UBR5, which has nuclear
functions (60, 61).
In conclusion, our data provide the first mechanism of regulation for the poorly understood
oncogene, PTOV1, and shed new light on the enigmatic SGK2. In addition, this mechanism adds
to an expanding theme of 14-3-3 biology: 14-3-3s frequently serve to sequester binding partners
away from a particular target or function. For example, 14-3-3 sequesters the pro-apoptotic Bcl-2
family protein Bad away from pro-survival Bcl-2 proteins to inhibit cell death. 14-3-3s sequester
PRAS40 and TSC2 to allow for Rheb-mediated activation of mTORC1. 14-3-3 also sequesters
FOXO and YAP/TAZ transcription factors in the cytoplasm to inhibit their nuclear function. In
the case of PTOV1, which functions in both the cytosol and nucleus, its retention in the cytosol by
14-3-3 likely partitions its cytosolic and nuclear roles. Thus, PTOV1 expands the paradigm of 143-3 regulation and also illustrates the value of 14-3-3 as a tool to discover functional
phosphorylations, kinase-substrate relationships and mechanisms that could be exploited
therapeutically.
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Supplementary Figure 4-S1. In vitro screening of S/T kinases identifies a subset of kinases that phosphorylate S36 of PTOV1.
An N-terminally biotinylated PTOV1 peptide encompassing S36 was incubated in a streptavidin-coated FlashPlate and subject to a radiometric
kinase assay with 245 individual S/T protein kinases. To account for signal from kinase autophosphorylation, each assay (+ peptide) was
normalized to a control with the kinase but no peptide
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Supplementary Figure 4-S2. In vitro screening of S/T kinases identifies a subset of kinases that phosphorylate S53 of PTOV1.
An N-terminally biotinylated PTOV1 peptide encompassing S53 was incubated in a streptavidin-coated FlashPlate and subject to a radiometric
kinase assay with 245 individual S/T protein kinases. To account for signal from kinase autophosphorylation, each assay (+ peptide) was normalized
to a control with the kinase but no peptide.
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Supplementary Figure 4-S3. Loss of phosphorylation at S36 causes PTOV1 translocation to the nucleus in LNCaP cells.
LNCaP cells stably expressing FLAG-PTOV1 WT or S36A were imaged and analyzed as in Figure 4-3 C.
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Supplementary Figure 4-S4. PTOV1 is degraded via the proteasome in a HUWE1-dependent manner.
(A) PC3 cells stably expressing GPF-tagged PTOV1 WT and mutants were treated with DMSO or MG132 as in Figure 4-4 B and analyzed for
GFP levels by imaging flow cytometry. Left panels show GFP intensity for the indicated PTOV1 constructs and right panel shows average
GFP signal from three biological replicates. Error bars represent SEM and p-values were calculated using a Student’s t-test from three
biological replicates.
(B) PC3 cells stably expressing GFP-PTOV1 WT or S36A were transfected with siRNA as in Figure 4-5 B, followed by analysis of GFP levels
by imaging flow cytometry. Quantification was done as in panel A graph for the indicated number of biological replicates.
(C) PC3 cells stably expressing FLAG-PTOV1 WT were transfected with siHUWE1 then treated with SGK2 inhibitor or vehicle as in Figure 42 C, followed by immunoblotting with the indicated antibodies. The arrow indicates β-Actin, while the asterisk indicates FLAG(PTOV1).
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Supplementary Figure 4-S5. PTOV1 nuclear localization is required for degradation.
(A) Upper schematic shows the insertion site of the NES at the N-terminus of PTOV1. Lower plots show representative images from an imaging
flow cytometry analysis of GFP-PTOV1 S36A and NES-GFP-PTOV1 S36A in HEK-293T cells. Lower right panel shows quantification from
imaging flow cytometry analysis of PTOV1 localization to the nucleus as in Figure 4-3 B.
(B) HEK-293T cells transfected with GFPPTOV1 S36A and NES-GFP-PTOV1 S36A were visualized by confocal imaging as a corollary to
imaging flow cytometry analysis in panel 6A.
(C) HEK-293T were transfected with indicated PTOV1 constructs and immunoblotted for FLAG(PTOV1) and β-Actin.
(D) HEK-293T cells overexpressing FLAG-PTOV1 S36A and NES-FLAG-PTOV1 S36A were treated and quantified as in Figure 4-4 A.
Quantification is from three biological replicates. Error bars represent SD; p-values were calculated using a two-tailed Student’s t-test.
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Supplementary Figure 4-S6. Endogenous HUWE1 overlaps with PTOV1 S36A in the nucleus.
PC3 cells stablyexpressing FLAG-PTOV1 WT or S36A were immunostained for FLAG and endogenous HUWE1, treated with DAPI, then
analyzed by confocal imaging. Panels on left show zoomed out images, while panels on right show detail through two layers of the Z-stack to better
visualize nuclear HUWE1.
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5. Future directions and summary
The family of 14-3-3 proteins are known to play essential roles in regulating cellular
signaling pathways and contribute to cancer progression (1). Of the 14-3-3 family members, 143-3ζ is considered an oncogene because it facilitates tumorigenesis and chemoresistance when
overexpressed, but its depletion is shown to sensitize cancer cells to cancer therapies. Because of
the importance of 14-3-3ζ in regulating cancer, researchers have studied it to understand the
mechanisms regulated by 14-3-3ζ. However, these mechanisms in cancer are still unclear. To bring
greater understand of 14-3-3ζ and its role in cancer, we utilized a 14-3-3ζ immunoprecipitation
mass spectrometry approach and identified several novel potential 14-3-3ζ interactors. Two of
these interactors are ATG9A, an essential lipid scramblase in autophagy, and PTOV1, a key
protein overexpressed in several different cancer types. In this body of work, we studied these
proteins to understand their role in cancer mechanisms in order to identify novel therapeutic targets
to prevent tumorigenesis and chemoresistance.

5.1

ATG9A
We initially studied ATG9A in the context of hypoxia and found that 14-3-3ζ docked to

the C-terminus of ATG9A at S761 (2). The C-terminus of ATG9A is extremely long, making up
about half of the entire ATG9A gene. It is also highly disordered and contains numerous posttranslational modifications (PTMs), with over 20 independent mass spectrometry identifications
at S735, S738, S741, and S828. Because of this, we believe that the C-term of ATG9A is a
signaling hub (3). Furthermore, our lab has shown that the stable addition of a C-terminally
truncated version of ATG9A into ATG9A KO cells fails to fully rescue defective LC3 processing,
which has also been shown by others. Others have also shown that C-terminal PTMs on ATG9A
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regulate its trafficking, and that a complete C-term truncation affects lipid droplet homeostasis.
Given that there are several other unexplored PTMs on the C-term of ATG9A, and S761 is
important in hypoxia induced autophagy, we hypothesize that understanding the regulatory
functions of the C-term of ATG9A is the key to understanding ATG9A regulation in basal and
stimulated autophagy.
One of the tools we utilized to study the C-term of ATG9A was through BioID (4). We
fused the C-term end of ATG9A to either BirA* or Apex2 and found many potential ATG9A
binding partners and potential regulators of ATG9A, including LRBA. We found that LRBA
regulated autophagy by controlling ATG9A trafficking away from the Golgi towards recycling
endosomes. This elucidates the role that LRBA plays in autophagy and potentially explains why
LRBA deficient patients have observable autophagy defects (5). But more work must be done in
order to fully uncover the mechanisms regulating autophagy in LRBA deficiencies.
LRBA was only one of the interesting interactors that we identified. Given the large
number of potential interactors identified from our previous BioID experiments, we propose that
microID (6), a smaller and more compact biotin ligase with less background activity, should be
fused to the C-term term end of a full-length and truncated version of ATG9A so we can increase
the likelihood of identifying C-terminal interacting ATG9A proteins. This would help our efforts
to validate bona fide interactors of ATG9A and identify regulators of its C-term.
Although the C-terminus of ATG9A has been shown to have importance in stimulated
autophagy, it has not been studied in the context of basal autophagy. Our preliminary data suggests
that the C-term of ATG9A regulates ATG9A function differently in basal versus stimulated
autophagy. For example, we have preliminary data where we observed that the S761A ATG9A
mutant had a defect in hypoxia induced autophagy, but somehow had increased activity in basal

130

conditions. Furthermore, we have observed that a C-terminal truncation at amino acid 608 of
ATG9A did not rescue GFP-LC3B processing, but completely rescued p62 degradation. However,
a truncation at amino acid 522 abrogated autophagy activity altogether (7). We believe these
observations demonstrate how little we know about the role of the C-term on ATG9A function and
the importance it has in regulating the various types of autophagy. More work is needed to
elucidate ATG9A C-term function and gain a greater understanding of autophagy regulation by
one of its key proteins, ATG9A.

5.2

PTOV1
We found a novel cancer mechanism that is controlled by 14-3-3ζ. The understudied

kinase, SGK2, phosphorylates PTOV1 at S36 to trigger 14-3-3ζ binding and sequestration of
PTOV1 in the cytosol. This increases c-Jun expression and pro-growth mechanisms. When 14-33ζ releases PTOV1, PTOV1 is shuttled to the nucleus and is degraded by HUWE1. Despite this
finding, more work is needed to put this mechanism in the context of physiological conditions. For
example, we don’t know the upstream signals of SGK2 that increases or decreases the phosphostate of S36 on PTOV1. To further validate our model, more work is needed to understand SGK2
regulation. Furthermore, we don’t know the mechanism by which PTOV1 facilitates c-Jun
expression and why PTOV1 needs to be shuttled to the nucleus after undocking with 14-3-3ζ.
Lastly, we want to explore the relevance of SGK2 in cancer and study the viability of targeting
SGK2 in cancer cells with high expressing PTOV1.
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5.3

Summary
In conclusion, our work here demonstrates the utility of studying the 14-3-3 interactome to

uncover novel cancer mechanisms. Furthermore, our work in autophagy identified a novel ATG9A
trafficking regulator, LRBA, and found the essential role that polyubiquitination plays in
regulating ATG9A trafficking to sites of autophagy initiation. Lastly, we propose a model of
PTOV1 regulation where the enigmatic SGK2 facilities 14-3-3ζ docking to PTOV1 and increases
c-Jun driven growth in prostate cancer. Through this work, we are taking one more step forward
towards understanding cancer promoting mechanisms in our efforts to target cancer more
effectively and increase survivability in patients.

132

5.4

References

1. Pennington K, Chan T, Torres M, Andersen J. The dynamic and stress-adaptive signaling hub
of 14-3-3: emerging mechanisms of regulation and context-dependent protein–protein
interactions. Oncogene 2018;37::5587–604. http://dx.doi.org/10.1038/s41388-018-0348-3.
2. Weerasekara VK, Panek DJ, Broadbent DG, Mortenson JB, Mathis AD, Logan GN.
Metabolic-Stress-Induced Rearrangement of the 14-3-3ζ Interactome Promotes Autophagy via
a ULK1- and AMPK-Regulated 14-3-3ζ Interaction with Phosphorylated Atg9. Molecular and
Cellular Biology 2014;34::4379–88. http://dx.doi.org/10.1128/mcb.00740-14.
3. Kannangara AR, Poole DM, Mcewan CM, Youngs JC, Weerasekara VK, Thornock AM.
BioID reveals an ATG9A interaction with ATG13‐ATG101 in the degradation of
p62/SQSTM1‐ubiquitin clusters. EMBO Reports 2021;22:.
http://dx.doi.org/10.15252/embr.202051136.
4. Roux KJ, Kim DI, Burke B, May DG. BioID: A Screen for Protein‐Protein
Interactions. Current Protocols in Protein Science 2018;91:.
http://dx.doi.org/10.1002/cpps.51.
5. Lopez-Herrera G, Tampella G, Pan-Hammarström Q, Herholz P, Claudia, Phadwal K.
Deleterious Mutations in LRBA Are Associated with a Syndrome of Immune Deficiency and
Autoimmunity. The American Journal of Human Genetics 2012;90::986–1001.
http://dx.doi.org/10.1016/j.ajhg.2012.04.015.
6. Kubitz L, Bitsch S, Zhao X, Schmitt K, Deweid L, Roehrig A. Engineering of ultraID, a
compact and hyperactive enzyme for proximity-dependent biotinylation in living
cells. Communications Biology 2022;5:. http://dx.doi.org/10.1038/s42003-022-03604-5.
7. Guardia CM, Tan X-F, Lian T, Rana MS, Zhou W, Christenson ET. Structure of Human
ATG9A, the Only Transmembrane Protein of the Core Autophagy Machinery. Cell
Reports 2020;31::107837. http://dx.doi.org/10.1016/j.celrep.2020.107837.

133

