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Abstract

Autophagy is a highly regulated catabolic pathway that is potently induced by stressors
including starvation and infection. An essential component of the autophagy pathway is
an ATG16L1-containing E3-like enzyme, which is responsible for lipidating LC3B and
driving autophagosome formation. ATG16L1 polymorphisms have been linked to the
development of Crohn’s disease (CD) and phosphorylation of CD-associated ATG16L1
(caATG16L1) has been hypothesized to contribute to cleavage and autophagy
dysfunction. Here we show that ULK1 kinase directly phosphorylates ATG16L1 in
response to infection and starvation. Moreover, we show that ULK1-mediated
phosphorylation drives the destabilization of caATG16L1 in response to stress.
Additionally, we found that phosphorylated ATG16L1 was specifically localized to the site
of internalized bacteria indicating a role for ATG16L1 in the promotion of anti-bacterial
autophagy. Lastly, we show that stable cell lines harbouring a phospho-dead mutant of
ATG16L1 have impaired xenophagy. In summary, our results show that ATG16L1 is a
novel target of ULK1 kinase and that ULK1-signalling to ATG16L1 is a double-edged
sword, enhancing function of the wildtype ATG16L1, but promoting degradation of

caATG16L1.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is a cellular degradative process
capable of degrading a vast array of substrates including cytoplasm, organelles,
aggregated macromolecules, and pathogens!. Degradation of autophagic cargo occurs
after sequestration of cargo in a double-membraned vesicle called an autophagosome,
which matures into a degradative vesicle after fusion with lysosomes?. Autophagy can be
activated by multiple cellular stresses including nutrient depletion, hypoxia, and infection
by pathogens 2. Autophagy defects have been linked to human pathophysiology in an

array of common diseases, such as neurodegeneration, autoimmunity, cancer?.

History of Autophagy

Autophagy was first discovered in 1963 by Christian de Duve who utilized electron
microscopy to study the fine inner structures of the cell*. In these experiments he
identified a novel double-membrane vesicle containing sequestered cytoplasmic cargo,
which he named “autophagosomes” ®. Additionally, he coined the term “autophagy”, from
the Greek roots auto “self” and phagy “eating”™. For determining the structural
organization of the cell, he shared the Nobel Prize in Physiology or Medicine in 1974.
Until the 1990s, research in the autophagy field was mainly observational and
morphological-based and the importance of the pathway was not appreciated*. However,
in 1993, Yoshinori Oshumi conducted a genetic screen in yeast under nitrogen starvation
that resulted in the isolation of autophagy-defective mutants, which were known as ATG
(Autophagy-related) genes®. The genetic screens led to the discovery of mutants

composed of 15 complementation groups, indicating that at least 15 genes were
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implicated in the regulation of autophagy in yeast upon nutrient deprivation’. Today, 41
yeast ATG genes have been characterized and many of these have homologs in humansé.
Ohsumi and his colleagues’ efforts to characterize the genetic basis of autophagy led to
a surge in autophagy research and in 2016 Oshumi was awarded the Nobel Prize in
Physiology or Medicine in 2016 for his landmark discovery of yeast autophagy-related

(ATG) genes®.

Autophagosome Biogenesis

The physical process of autophagy begins with the nucleation of a small double-
membraned structure called the phagophore, which is believed to be of either ER or
endosomal origin. This small cup-shaped membrane serves as the initiation center of
autophagosome formation. It recruits multiple ATG proteins that assist the elongation of
the phagophore to eventually encircle the autophagic cargo to form the autophagosome.
The mature autophagosome then fuses with lysosome, resulting in the formation of the
degradative autolysosome. Lysosomal proteins located on the membrane function to
acidify the lumen activating the acid hydrolases to degrade the entire autophagosome

together with its cargo®® (Fig.1).
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Figure 1: Model for the biogenesis and maturation of an autophagosome.
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Core Molecular Machinery

Significant advances have been made in yeast and mammalian cells on understanding
the mechanisms of autophagosome formation. These advances were mainly dependent
on the identification of autophagy-related (ATG) proteins that were originally found in
yeast (Table.1). These ATG proteins were found to function in several major functional
classes in the promotion of autophagy including: i) the ATG1/unc-51-like kinase (ULK)
complex, ii) the class Il Ptdins 3-kinase PIK3C3/VPS34 complex I, iii) transmembrane
proteins including ATG9, iv) WIPI proteins, v) and two ubiquitin-like protein conjugation
systems (ATG12-ATG5-ATG16L1 and the mammalian ortholog of yeast Atg8, MAP1LC3

(LC3)) to facilitate the progression of autophagy?*.
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Yeast Mammal Characteristics
Atgl/ULK Atgl ULK1/2 Serine/threonine protein
kinase kinase
complex Atgl3 ATG13 Regulator of the Atgl
complex through
phosphorylation
Atgl7 RBI1CCI1/FIP200 Component of the Atgl
{(functional homolog) complex
Atg29 Component of the Atgl
complex
Atg3l Component of the Atgl
complex
Cl12orf44/AT (G101 Component of the ULK
complex in mammals
Atg9 and its Atg? ATG2 Peripheral membrane protein
cycling Atg9 ATGY Transmembrane protein
system Atgl8 WIPI1/2 Peripheral membrane protein
Class Il Vpsl5 PIK3R4/VPS15/p150 Serine/threonine protein
PtdIns3K kinase
complex Vps34 PIK3C3/VPS34 PtdIns3K
Vps30/Atgh BECNI1 Component of PtdIns3K
{complex I and IT in veast)
Atgld ATG14 Component of PtdIns3K
{complex I in yeast)
Ubiquitin-like Atg3 ATG3 E2-like enzyme for Atg8
conjugation conjugation
systems Atgd ATG4A to ATG4D Cysteine proteinase
Atg5 ATGS Conjugated with Atgl2
Atg7 ATG7 El-like enzyme
Atg8 LC3A,B.B2.C, Ubl, conjugated to PE
GABARAFPLILL2
Atgl0 ATGI10 E2-like enzyme for Atgl2
conjugation
Atgl2 ATG12 Ubl
Atgl6 ATG16L1,1L.2 Forms Atgl2—Atg5-Atgl6

complex

This table was modified from table 1 of Mizushima et al. (2011)

Table 1: The core molecular machinery of autophagosome formation??.
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ULK Complex

Mammals have two homologues of the yeast Atgl, ULK1l and ULK2, which are
serine/threonine kinases that are largely functionally redundant for autophagy induction
(ULK1 and ULK2 will be collectively be referred to as ULK hereafter)!3. Atgl3 binds to
ULK and mediates the interaction of ULK and FIP200. Additionally, Atgl3 binding
stabilizes and activates ULK activity, leading to the phosphorylation of FIP200 by ULK.
Atg101 associates with the ULK-Atg13-FIP200 complex, possibly via direct interaction
with Atg13!4. Atgl01 recruits downstream factors to the phagophore!®. Under basal
conditions the mammalian target of rapamycin complex 1 (mTORC1)-mediated
phosphorylation represses ULK activity's. However, nutrient starvation releases this
inhibitory phosphorylation and upregulates ULK activity!’.  Activated ULK then
phosphorylates several downstream components of the autophagy pathway, including
pro-autophagic ATG14-containing VPS34 complexes!®29, Autophagic VPS34
complexes are recruited to the phagophore where they phosphorylate
phosphatidylinositol (PtdIins) to produce phosphatidylinositol (3) phosphate (Ptdins (3)
P)?L. Ptdins (3) P functions as a platform bridging downstream components like the
ATG16L1 complex to promote autophagosome formation. Additionally, mMTORC1 has
been shown to directly regulate the activity of VPS34 complexes, thereby allowing tight
control of autophagy initiation in response to stresses??’. Downstream of VPS34,
ATG16L1 forms a trimeric complex with ATG5 and ATG12. ATG16L1 is the subunit
responsible for recruiting the E3-like enzyme to the phagophore®?3. ATG12 acts to recruit
microtubule-associated protein 1 light chain 3 (LC3) to the expanding autophagosomal

membrane and ATG5 catalyzes the conjugation of the ubiquitin-like LC3 to
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phosphatidylethanolamine in membranes of nascent autophagosomes, thereby driving
their development?324, Activation of autophagy can also be induced by changes in the
cellular ATP-to-AMP ratio, where lower ratio indicates lack of cellular energy, which can
be caused by conditions such as in glucose starvation?®>. AMP-activated protein kinase
(AMPK) and STK11 (LKB1) serine/threonine-proteins kinases sense low cellular ATP
levels and activate cellular processes in response to energy depletion?®. Activation of
autophagy via AMPK can occur through inhibition of mTORCL1, either with indirect
activation of TSC2 (tuberous sclerosis 2) complex by LKB, or directly through inhibitory
phosphorylation of Raptor, both resulting in the inhibition of mMTORC12’. AMPK can also
activate autophagy by directly phosphorylating ULK1 at S317 and S777, VPS34 and

Beclin 118,

Class IlIl phosphatidylinositol 3-kinase complex
(VPS34)

VPS34 is known to serve as a regulator of endosomal traffic to the Golgi and lysosomes;
however, VPS34 has an important role in autophagy??. In mammals, the autophagy
initiating VPS34 complexes consist of BECLIN-1, VPS15 and ATG14L are activated by
cell stresses?. In contrast mammalian VPS34 complexes that regulate endocytic
trafficking are inhibited during cell stress3°. Another VPS34 complex containing UVRAG
(UV irradiation resistance-associated gene, a putative homolog of yeast Vps38) has been
shown to regulate VPS34 activity on late endosomes and on the mature autolysosome
and is important for late-stage autophagy®!. Rubicon (also known as KIAA0226) is a

negative regulator of autophagy that competes with UVRAG for binding to the VPS34
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complex®. VPS34 promotes the initiation and maturation of autophagosomes through the

ATG14 and UVRAG-containing complexes, respectivelys?.

Transmembrane Proteins

In mammals, the only two transmembrane proteins known to be required for autophagy
are Mammalian Atg9 (mAtg9) and vacuole membrane protein 1 (VMP1)1. mATG9 is
located in the late endosomes and the trans-Golgi network®. Under starvation or
rapamycin treatment, it re-locates to the organelle periphery, where it overlaps with GFP-
LC3-positive autophagosomes3435, Regulation of mAtg9 upon starvation is ULK1-
dependent, and also involves VPS34 activation, which is comparable to the yeast Atg92°.
Through live cell imaging experiments, the formation of autophagosome was observed to
be occur when ATG9 vesicles co-localize with the ER®6. Mutation in Atg9 in both yeast
and mammal led to failures of autophagosome formation, indicating that Atg9 may act to
provide a lipid/membrane source for the autophagosome3¢. The transmembrane
Vacuole-Membrane-Protein-1 (VMP1) does not have a homolog in yeast, but is also
suspected to play a crucial role in the initiation of autophagy in higher eukaryotes®’. The
expression of VMP1 activates autophagy even upon nutrient-rich conditions®’. In addition,

autophagy is completely abolished in the absence of VMP138,

WIPI Protein Family

Human WIPI proteins are a part of the PROPPIN family proteins that functions as Ptdins
(3) P effectors®®. Both WIPI1 and WIPI2 are localized at the endosomes and nascent
autophagosomes, which can specifically bind to Ptdins (3) P through conserved amino
acids in their WIPI B-propeller sequences®’. As discussed in the previous section,

production of Ptdins (3) P by VPS34 on the ER has been shown to be a pre-requisite
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leading up to phagophore formation from ER membrane*!. WIPI proteins are recruited to
the Ptdins(3)P on the phagophores and perform a fundamental effector function at the
nascent autophagosome, as WIPI2 is reported to be directly responsible for recruitment

of the downstream E3-like ATG16L complex to the phagophore for lipidation of LC3%2.

Two Ubiquitin-Like Proteins, Atgl2 and Atg8/LC3,
and Their Conjugation Systems

In mammals, two ubiquitin-like conjugation systems have been described to act in a core
mechanism allowing elongation of the pre-autophagosomal membrane and formation of
mature autophagosomes*. The formation of an isopeptide bond between ATG12 and
ATG5 in the ATG12-ATG5-ATG16L1 complex is the product of the first conjugation
system#*. Ubiquitin-like protein ATG12 is conjugated to ATG5 through processing by the
El-like enzyme ATG7, and E2-like enzyme ATG10%. The interaction of ATG5-ATG12
with ATG16L1 leads to the formation of a trimeric complex at the membrane'6. The
second conjugation system includes Atg8-like proteins (yeast Atg8 has a number of
human orthologues including LC3, GABARAP, and GATE-16)*°. The conjugation of free
LC3 (known as LC3-I) onto phosphoenthanoamine (PE) forming lipidated LC3 (known as
LC3-1l) by the E3-like ATG12-ATG5-ATG16L1 complex is one of the key markers of
autophagosome formation?¢. LC3-Il incorporation leads the elongation of the
autophagosomal membrane, and LC3 also functions as docking sites for autophagic
cargo adaptors*’. This reaction is reversible, with LC3-Il being able to be converted to
LC3-I by the protease ATG4, making LC3 conjugation a key regulatory process of

autophagosome biogenesis*.
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Selective Autophagy

Unlike bulk autophagy, selective autophagy targets specific cellular materials such as
aggregated proteins, damaged organelles, and invading pathogens in order to maintain
intracellular homeostasis*®. Selective autophagy requires highly specific cargo
recognition and sequestration, which is achieved through specialised autophagic cargo
receptors, these cargo receptors are then recruited to the autophagosome by interactions
with  GABARAP/LC3 family proteins, which are anchored in the autophagosomal

membrane through conjugation onto phospholipids *° (Fig.2).

A) Bulk Autophagy B) Selective Autophagy

Midechondria Frodein sggoegaies

Figure 2: Bulk autophagy and selective autophagy®!
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Aggrephagy

Based on the nature of cargoes being degraded, selective autophagy can be classified
into several subcategories®®. Aggrephagy is the selective degradation of protein
aggregates by autophagy®?. Protein aggregates commonly arise from misfolded proteins
as a result of mutations, incomplete translation, aberrant protein modifications or failing
protein complex formations®?. Protein misfolding exposes hydrophobic patches that can
act as platforms for aggregate formation®l. Together with unfolded protein response
(UPR) aggrephagy serves the important function of protein quality control to eliminate
misfolded proteins preventing the formation of aggregates from interfering with normal
cellular functions®3. Importantly, selective autophagy is essential for the degradation of
large protein aggregates, since these types of large structures are likely inert to the
UPR®2, These aggregates are recognized by selective receptors of autophagy and
recruited to the autophagosome*’. In non-dividing cells such as neurons aggrephagy is
especially important since the inability to clear such large aggregates lead to the
irreplaceable loss of the cells®4. Clearance of large protein aggregates occurs through the
binding of the aggregate to the receptors that are recruited by ubiquitin on the protein
aggregates®’. These receptors in turn bind LC3 thereby allowing selective uptake of
protein aggregates into autophagosomes?’. The first identified selective autophagy
receptor was the human protein p62/SQSTM1 (sequestosome 1), a scaffold protein that
was known to involved in several essential signalling pathways®®. It was also linked to a
number of diseases that involved ubiquitin-containing protein aggregates, where p62 was

found to accumulate in protein aggregation bodies®®. This link to human pathophysiology
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garnered more interest for selective autophagy as new focus of study in the autophagy

field®®.

Xenophagy

Selective autophagy can also target invading pathogens, including intracellular bacteria,
acting as a key component of the innate immune response®’. Activation of anti-bacterial
autophagy (hereafter referred to as xenophagy) involves the same key enzyme
complexes in the autophagy pathway, but also requires xenophagy-specific proteins
involved in pathogen-sensing that signal to the autophagy machinery during infection®®,
For instance, galectin-8 detects damaged Salmonella-containing vacuoles (SCV) and
subsequently activates xenophagy through recruitment of the autophagy receptor
NDP52%°. Immunity related GTPase M (IRGM) has been shown to act as a scaffold
bringing together ULK, Beclin-1-containing VPS34 complexes, and ATG16L1 to promote
xenophagy initiation®®. In addition to IRGM, ATG16L1-containing enzyme is also
regulated by activation of intracellular (NOD2) sensors of bacterial peptidoglycan, where
NOD2 binds ATG16L1 recruiting the LC3-lipidating enzyme to the site of bacterial

infection®?.

11 |Page



Autophagy and Apoptosis

Autophagy and apoptosis can both occur in the same cell, usually with autophagy
preceding apoptosis, since autophagy is activated by most stress signals, while the
apoptotic pathway is only activated above a certain stress threshold®?. Therefore,
autophagy usually serves as a strategy for the cell to adapt and resist against stress®3,
On the contrary, apoptosis is a programmed suicide of cells and is executed by an array
of proteases known as caspases. The caspases are activated through a proteolytic
caspase cascade induced by a variety of both intra- and extracellular stress signals.
Death receptors at cell surfaces or intracellular signals initiate the apoptotic process,
signalling through a series of conserved cell death machinery proteins, leading to the
cleavage of pro-caspases and their activation, promoting cleavage of further caspases in
a cascade of caspases and also targeting a number of key cellular proteins, leading to

the ultimate demise and removal of the cell in a highly ordered fashion®.

When the cell commits toward the apoptotic fate, autophagy is inactivated, partially due
to the apoptotic caspases targeting crucial autophagic proteins. Autophagy could also act
to promote an apoptotic cell fate, by targeting critical components of the cell, facilitating
the activation of apoptotic or necrotic programs, or just by proceeding at a rapid rate. The
interplay between autophagy and apoptosis is complex, with cell fate highly dependent

on the strength and duration initial stress signal®®.
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Autophagy in Human Health and Disease

Over the past two decades autophagy research has become a rapidly expanding field. In
particular, much enthusiasm has been directed toward understanding autophagy defects
in disease. Autophagy defects have now been linked to multiple diseases including

cancer, neurodegeneration, cardiovascular diseases and immune diseases®®.

Cancer

Defects in autophagy has long been observed in tumour cells. In 2003, Qu et al
published their discovery of the first genetic link between an autophagy gene and
cancer. They were able to demonstrate a high incidence of spontaneous tumours in
beclin 1+/- mutant mice. When beclin 1 mRNA and protein expression of the tumour
cells were analyzed, expression of wild-type beclin 1 transcript and protein were
observed, indicating that beclin 1 was a haploinsufficent tumour suppressor. On the
other hand, beclin 1-/- mice died early in embryogenesis and exhibited strongly altered
autophagic response, establishing Beclin 1 as a key component of mammalian
autophagic machinery. Together, these findings provided the earliest link between

autophagy and cancer®’.

Neurodegenerative Disease

The aggregation of misfolded proteins and reduction of certain neuronal populations are
some of the most established pathological events in neurodegenerative diseases®. As a
crucial intracellular mechanism for removing proteins aggregates and damaged
organelles, autophagy has been implicated in the pathological changes in several
neurodegenerative diseases®. For example, Huntington’'s disease (HD) is a

neurodegenerative disease caused by accumulation of the huntingtin protein (Htt), which
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results in neuronal cell death with age’. A recent study indicates that the decrease in
huntington protein aggregate burden by the drug CTEP (2-chloro-4-[2-[2,5-dimethyl1-[4-
(trifluoromethoxy)phenyllimidazol-4-yllethynyl]pyridine) correlated with the stimulation of
autophagy regulated be the kinase GSK3p, the transcription factor ZBTB16, and the
autophagy factor ATG1471. CTEP also inhibited the metabotropic glutamate receptor 5
(mGIuRb5) resulting in the activation of ULK kinase activity through inhibition of an
inhibitory phosphorylation, increased the phosphorylation of ATG13, and increased level
of Beclinl in homozygous zQ175 mice’®. These finding suggest that suppression of
MGIuRS5 activity likely activates autophagy through multiple convergent pathways and
leads to the clearance of mutant huntington protein aggregates, revealing a potential

therapeutic target in HD patients’?.

Cardiovascular Diseases

Dysregulation of autophagy has been observed in diseases of the heart, including
cardiomyopathies, cardiac hypertrophy, ischemic heart disease, and heart failure’?. For
example, temporally regulated cardiac-specific Atg5-deficient mice, result in left
ventricular dilatation and contractile dysfunction, cardiac hypertrophy, along with
increased levels of ubiquitination’®. In addition, deficiency of Atg5 in the heart illustrated
disturbed sarcomere structure and mitochondrial alignment and aggregation. These
findings indicate that under baseline conditions, constitutive autophagy is fundamental for
maintaining cardiomyocyte size, global cardiac structure and function in the heart’. In
failing hearts, autophagy is upregulated as an adaptive response to ensure cells survival

under hemodynamic stress’s.
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Inflammatory Bowel Disease

Crohn’s disease (CD) is a chronic inflammatory bowel disease typically affecting multiple
separate segments of the gastrointestinal track, with a highly heterogeneous symptoms
profile 4. The disease onset can occur at any time point between early childhood to late
adulthood”. Numerous studies have reported a disease prevalence of up to 1%, and
suggest an increasing trend of new diagnosis in both developing and developed regions ‘6.
Despite its increasing prevalence, much of the etiology of CD remains unclear. Both
genetic and environmental factors are believed to be involved in the development of this
disorder’. An important identifying symptom of CD is the detection of granulomatous
inflammatory response, where macrophages, epithelioid cells and multinucleated cells
form inflammatory foci in the gastrointestinal wall”’. It is believed to be caused by the
presence of a long term stimulatory agent, and contributes to the development of necrosis
and fibrosis”’. The current model of Crohn’s disease pathogenesis postulate that
intestinal microbiota based stimulation in genetically pre-disposed individual leads to
defective inflammatory responses, resulting in chronic inflammation of the gastrointestinal
tract’®. Therefore, understanding of the pathogen-host interactions and the complex
network of signalling cascades involved would be key in search of new treatment options.
Through genome-wide association studies (GWAS), researchers were able to identify
high susceptibility regions of the genome that may be linked or contribute to the
pathogenesis of CD, several of the proteins involved in xenophagy induction (ATG16L1
and IRGM) and pathogen detection (NOD2 and TLR4) were among the genes detected ’°.
Interestingly, ATG16L1 and IRGM are not found in the related chronic inflammatory bowel

disease ulcerative colitis (UC)®. GWAS have linked a non-synonymous single nucleotide
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polymorphism (SNP) in ATG16L1 that substitutes threonine 300 for alanine with an
increased susceptibility for CD8. Molecular characterization of the CD-associated
ATG16L1 (caATG16L1) has shown that stresses such as starvation or pathogen infection
enhance the susceptibility of caATG16L1 to caspase-mediated cleavage®82-84,
Enhanced cleavage of caATG16L1 has been shown to lead to an increase in
inflammatory cytokine secretion and a decrease in xenophagy, which are thought to

contribute to CD61.85-87,

Another widely characterized signalling pathway involved in host inflammatory response
is the NF-xB pathway. NF-xB is normally bound by the inhibitory kB protein which blocks
NF-xB from translocating to the nucleus. The pathway is activated through
phosphorylation of kB by an upstream IkxB kinase complex (IKK), which consists of two
catalytic subunits IKKa and IKKB, and a regulatory IKKy subunit. Interestingly, a recent
study has found that IkB kinase subunit IKKa. is capable of phosphorylating ATG16L1 on
Serine 278 (S278), which regulates the sensitivity of caATG16L1 to caspase cleavage®.
The caspase cleavage site on ATG16L1 lies in between the S278 phosphorylation site
and the T300A Crohn’s SNP. This raises the interesting possibility that phosphorylation
of ATG16L1 in response to infection leads to inappropriate cleavage if the site is in close
proximity to the T300A mutation. ATG16L1 contains several conserved serine/threonine
residues proximal to T300, which may also be phosphorylated and may potentially
regulate ATG16L1 function. However, it remains to be seen what effect phosphorylation
has on wild-type ATG16L1 and if other stressors or kinases regulate ATG16L1

phosphorylation. In this study we hypothesize that ULK, the only protein kinase in the
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autophagy pathway, phosphorylates ATG16L1 under starvation and infection, which may

have important implications for Crohn's disease pathogenesis.
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Material and Methods

Antibodies and Reagents
Anti-IKKa (Cat#2682), HA-HRP (#Cat 2999) and phospho-S6K T389 (Cat#9234)

antibodies were obtained from Cell Signaling Technology. Anti-LC3B (Cat#PMO036 for
immunofluorescence) and ATG16L1 (Cat#PMO040 for immunofluorescence) antibodies
were purchased from MBL. Beta-Actin (Cat#A5441 clone AC-15) antibody was obtained
from Sigma. DYKDDDDK Epitope Tag (Cat#NBP1-06712 for WB) antibody was
purchased from Novus Biologicals. Anti-LPS FITC (Cat#sc-52223) and GST (Cat# sc-
374171) antibodies was purchased from Santa Cruz Biotechnology. Anti-S6K
(Cat#ab32529), LPS (Cat#ab128709), ATG16L1 (Cat#abl87671) antibodies were
obtained from Abcam. phospho-ATG16L1 serine 278 was made in collaboration with
Abcam. Polyclonal sera was affinity purified by phospho peptide and recombinant
ATG16L1 (non-phosphorylated) was mixed in at a 6:1 molar ratio (Rec. ATG16L1: IgG),
prior to immunoblotting. Monoclonal phospho-antibody from a hybridoma generated from
this rabbit was used for immunofluorescence (Abcam Cat#ab195242). Active GST-ULK1
(1-649) and GST-ULK2 (1-478) from insect cells were purchased from CQuential
Solutions (Moraga, CA). Anti-His-HRP (Cat#460707) was obtained from Invitrogen. Z-
VAD(OMe)-FMK (Cat#HY-16658-1MG) was purchased from MedChemExpress.
Bafilomycin Al was obtained from Tocris (Cat#133410U). ULK-inhibitor MRT68921 was

obtained from Selleckchem (Cat#S7949).
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Cell Culture

MEFs, HEK293A, and HCT116 were cultured in DMEM supplemented with 10% Bovine
Calf Serum (VWR Life Science Seradigm). IKKa wildtype and IKKa knockout cells were
a generous gift from Dr. Michael Karin (University of California San Diego)31. ULK1/2
double knockout were a generous gift from Dr. Craig Thompson (Memorial Sloan
Kettering)32. Amino acid starvation medium was prepared based on Gibco standard
recipe omitting all amino acids and supplemented as above without addition of non-
essential amino acids and substitution with dialyzed FBS (Invitrogen). Media was

changed 1 hour before experiments.

Transfection
HEK293A cells were transfected with tagged ATG16L1 (750 ng) and tagged ULK1 (250

ng) using polyethylenimine (PEI, medistore uOttawa). HCT116 cells were transfected with

the indicated tagged ATG16L1 (3-5 ug) using PEI.

1. Add 200ul of media without FBS into sterile Eppendorf tubes

2. Add planned tagged ATG16L1 (750 ng) and tagged ULK1l (250 ng) into the
corresponding tubes

3. Add transfection reagent (PEI) (ratio: 4ul PEI to 1ug DNA) directly into the media
containing DNA

4. Immediately after adding PEI, vortex to mix

5. Incubate DNA transfection mixture for ~15mins to 30mins to allow the formation of

liposomes.

During the incubation, start to prepare the following cell suspension:
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- Add 1ml Trypsin, incubate till the cells are lifted

- Add proper amount of media (with FBS) to dilute the confluency to around 20%
per ml

- Transferring proper amount of the cell culture into a 15ml centrifuge tube

- Centrifuge at 1200rpm for 5 minutes

- Carefully remove the supernatant without touching the pellet

a. Re-suspend the cell with 200ul per well of DMEM without FBS

- Add cell suspension to liposomes, pipette or invert the tube(s) once to mix

6. Incubate 5-10 minutes at room temperature.

7. After the incubation, add the mixture to destination wells containing complete
media.

8. Media change on the next morning

9. The expression is transient, peak expression can be achieved at 36-48 hrs after

transfection.

Generation of Stable Cell Lines
ATG16L1 knock-out lines were generated in the HCT116 background utilizing

CRISPR/Cas9 targeting exon 1 (Fig. S3C). The knock-out HCT116 clones were infected
with retrovirus carrying either wild-type or phospho-dead ATG16L1 at different amounts

in order to achieve near endogenous levels of ATG16L1.
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Cloning of ATG16L1 Mutations
Primer Design for ATG16L1 Mutations

length of PCR primers should be 18-22 bp, which is long enough for binding efficiency to

the template at the annealing temperature.

Primers used for T300A mutation are GGACAATGTGGATGCTCATCCTGGTTC

(forward) and GAACCAGGATGAGCATCCACATTGTCC (reverse).

Primers used for S278A mutation are GCCTTCTGGATGCTATCACTAATATC

(forward) and GATATTAGTGATTGCATCCAGAAGGC (reverse).
T300A followed by S278A mutation was performed to generate S278/T300A

double mutation.

Site-directed Mutagenesis (SDM) of GST-HA ATG16L1 Mutations

Site-directed mutagenesis (SDM) is a technique used to create one mutate or
more bases in a plasmid. This method can change amino acid structure, damage
transcription factor binding sites, or generate fusion proteins. SDM is usually used
for explore the nucleic acids and proteins biological activity and structure, also
SDM is can utilized for initiating or abolishing restriction enzyme recognition sites
to facilitate cloning. In this study, site-directed mutagenesis was performed based
on KOD Xtreme Hot Start DNA Polymerase kit instructions purchased from

Thermo Fisher.

21| Page



Cycling Conditions (PCR)
Thermocycling Steps

1. Polymerase activation
2. Denature
3. Annealing
4. Extension

5. Repeat Steps 2-4

98 °C for 2 min
98 °Cfor 10 s

64.5 °C for 30s
68 °C for 8 min

30 cycles

Transformation of GST-HA ATG16L1 Mutations

Bacterial transformation is technique used to produce multiple copies of DNA or gene of

interest, which mostly in the form of a plasmid. The bacteria used in this transformation

is DH5-Alpha Cells that were engineered from E. colicells in order to increase

transformation efficiency.

- Thaw competent DH5-Alpha Cells (50ul) on ice from -80°C for 10 min

- Gently re-suspend competent cells, by pipetting the cells once

- Add 1ug of GST-HA ATG16L1 T300A or S278A

- Place tubes on ice for 30 min

- Heat shock for 42°C for 90 seconds as appropriate for the bacterial strain and DNA

used

- Place tubes on ice for 5 min
- Add 1000ul of Lysogeny broth (LB)

- Shake for 30 min at 37°C, 250rpm
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- spend down the cells at 3000g for 1 min, remove majority suspension, leave about
100ul in the tube, then re-suspend cells by pipetting up and down gently beside
the cell pellet

- plate the cells onto the plate with antibiotic (Carbomacylin)

- Grow Overnight at 37°C it should be between 16-18 hr

Next day, pick 10 single colonies and put into the 4ml of LB culture with Carbomacylin,

then shake it overnight at 37°C, 250 rpm

After growing the bacteria in LB overnight we used mini-preparation (miniprep) of plasmid
DNA, which allows the isolation of plasmid DNA from bacteria. The miniprep kit
instructions purchased from Bio Basic. The extracted plasmid DNA from DH5-alpha

bacteria was measured by using a Nanodrop-1000.

Stable cell line expressing the Mutations
generation/ characterization

The epithelial intestinal HCT116 cells were selected because they are commonly used to
study ATG16L1-mediated xenophagy. The knock-out HCT116 clones were infected with
retrovirus carrying either wild-type or phospho-dead ATG16L1 at different amounts in

order to achieve near endogenous levels of ATG16L1.

For GST- HA ATG16L1 virus production and purification:

1. Starting the production by using HEK293A cells at 30% confluence for 10 cm
plate

2. Transfect 3ug GST-HA ATG16L1, 1ug pPAX2, 0.25UG VSV-G with a 1:4 DNA:
PEI ratio
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3. Media change after 5 hr of the transfection

4. Next day, start collecting the media and store at 4°C, then add 5ml media

5. Repeat step 4 every 12 hr for 4 days.

6. Atthe last time of collecting GST-HA ATG16L1, cells were lysed using 1X SB and
run SDS-Gel to observe transfection efficiency by blotting GST or HA

7. Then, using the virus precipitation kit instructions obtained from Benchmark

bioscience, in order to purified the virus carrying the plasmid of interest

Infection of GST-HA ATG16L1 Carrying Mutations and Puromycin

Selection

The ATG16L1 knock-out clones were infected with viruses carrying either wild-type,
or phospho-dead ATG16L1 at different amounts (10, 50,100ul) in order to achieve

near endogenous levels of exogenous ATG16L1.

Cells were treated with Puromycin (2ug) for 3 days, and sent for sequencing after

recovery.

Bacterial Strains
Wild-type (SL1344) Salmonella was a gift from Dr. Subash Sad, (University of Ottawa).

Bacteria were grown in Luria-Bertani broth (Fisher).

Bacterial Infection

Salmonella were grown in 4 mL of LB broth at 37 degrees Celsius at 250 rpm. Overnight
cultures of Salmonella were diluted 30-fold and grown until ODsoo reached 1.5, followed

by centrifugation of 10,000 g for 2 min, and resuspension in 1 mL of PBS. Bacterial stock
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was then diluted 5-fold (MOI = 900) in DMEM supplied with 10% heat-inactivated Bovine
Calf Serum for infection. Cells cultured in antibiotic-free medium were infected with
Salmonella and incubated at 37 degrees Celsius in 5% CO: for the indicated time. Cells

were washed in PBS once before direct lysis with 1X denaturing SDS sample buffer.

Western Blot and Immunoprecipitation

Whole cell lysates were prepared by direct lysis with 1X SDS sample buffer. Samples
were boiled for 10 min at 95 degrees Celsius and then resolved by SDS-PAGE on 6%-
18% gradient polyacrylamide gels. SDS-PAGE was performed, and proteins were
transferred to PVDF membrane then incubated for 20 minutes with blocking buffer (3%
BSA or 5% skim milk in TBS-T), washed with TBS-T five times every 5 min and incubated
with primary antibodies (1:1000 5% BSA in TBS-T) overnight at 4°C. Next, membranes
were incubated in appropriate horseradish peroxidase-conjugated secondary antibody
(2:20000 in TBS-T 2% BSA or skim milk) for one hour at room temperature. Immune
complexes were harvested from cells lysed in mild lysis buffer [10mM Tris pH 7.5, 10 mM
EDTA, 100 mM NaCl, 50 mM NaF, 1% NP-40, supplemented simultaneously with
protease and phosphatase inhibitor cocktails —EDTA (APExBIO)], followed by
centrifugation at max speed for 10 minutes to remove cell debris. Protein A beads
(Repligen) were washed 1X with PBS and incubated with antibodies and cell lysates for
1.5-3 hours followed by one 5-minute wash with MLB and inhibitors and 4 quick washes
with MLB alone. Beads were boiled in 1X denaturing sample buffer for 10 min before

resolving by SDS-PAGE.
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Immunofluorescence

Cells were plated on IBDI-treated coverslips overnight. After treatments, cells were fixed
by 4% paraformaldehyde in PBS for 15 min and subsequently permeabilized with 50
pg/mL digitonin in PBS for 10 min at room temperature. Cells were blocked in blocking
buffer (1% BSA and 2% serum in PBS) for 30 min, followed by incubation with primary
antibodies in the same buffer for one hour at room temperature. Samples were then
washed 2X in PBS and 1X in blocking buffer before incubation with secondary antibodies
one hour at room temperature. Slides were washed 3X in PBS, stained with DAPI, and
mounted. Images were captured with inverted epifluorescent Zeiss AxioObserver.Z1. In
the case of outside/inside bacterial staining, before permeabilization, the cells were
incubated with anti-LPS antibody and corresponding secondary antibody in blocking

buffer, accompanied by 3X PBS washes in between.

Quantification of Immunofluorescence

An automated protocol built in the Image J software was used to analyse epifluorescent
microscopy images to avoid bias. The same protocol was applied to each field of view
and across samples. An average of 8 unique fields of view from representative

experiments were selected for quantification.

in vitro ULK Kinase Assay

HEK293A transiently expressing tagged ATG16L1 were immunoprecipitated. Pulldown
proteins were washed 3X with MLB and 1X with MOPS buffer and were used as
substrates for ULK kinase assay. ULK proteins were immunoprecipitated and extensively
washed with MLB (once) and RIPA buffer (50 mM Tris at pH 7.5, 150 mM NacCl, 50 mM

NaF, 1 mM EDTA, 1 mM EGTA, 1% SDS, 1% Triton X-100 and 0.5% deoxycholate) once,
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followed by washing with MLB buffer once followed by equilibration with ULK1 assay
buffer (kinase base buffer supplemented with 0.05 mM DTT, 10 uM cold ATP, and 0.4
MCil 32P-ATP per reaction). Reactions were shaken at 250 rpm at 37 degrees Celsius
for 30 min and stopped by direct addition of 4X sample buffer followed by 10 min boiling
at 95 degrees Celsius and resolution by SDS-PAGE. The analysis of kinase reactions
necessitated the separation of the kinase and substrate. In vitro kinase reactions were

analyzed by autoradiograms.

Mass Spectrometry

A gel band corresponding to the ATG16L1-GST fusion protein was cut from a SDS-PAGE
gel after an in vitro kinase reaction. The gel band was subjected to in-gel trypsin digestion
and the resulting peptide mixture was subjected to liquid chromatography coupled to
tandem mass spectrometry. Protein and modification identification was performed with
the database search algorithm X!Tandem and peptide identifications were validated with

Peptide Prophet.

Colony Forming Unit (CFU) Assay

Cells were infected with Salmonella (MOI of 180) for 1 hour. The infected cells were
washed 2X and incubated with media containing 100 pg/mL Gentamicin for 0.5 hour,
followed by 4-hour incubation with media containing 50 pg/mL Gentamicin. The samples
were rinsed 3X with PBS and lysed with CFU buffer (0.1% Triton X-100 and 0.01% SDS
in PBS). The harvested lysates were serially diluted (1:100, 1:300, and 1:1000) and
plated onto LB agar plates containing Streptomycin. The plates were incubated at 37
degrees Celsius for 16-18 hours and the colonies were counted to determine the number
of CFU.
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Statistical Analysis

Error bars for Western blot analysis represent the standard deviation between
densitometry data collected from 3 unique biological experiments. Statistical significance

was determined using paired Student’s one-tailed T-test for two data sets.

*Unless otherwise indicated experiments were performed three times. Data are

represented as mean + standard deviation and p values. were determined by Student’s

T-Test.
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Results

ATG16L1 Is Phosphorylated by ULK

Starvation has been described to trigger caspase-mediated cleavage of ATG16L1
containing a common amino acid substitution (T300A)?%. A recent study has established
that IkB kinase subunit IKKa phosphorylates ATG16L1 on Serine 278 (S278), which
promotes caATG16L1 to caspase cleavage®. However, IKKa has not been implicated in
starvation-induced autophagy. Interestingly, ATG16L1 has been shown to bind FIP200,
an essential co-factor of the ULK1 kinase complex. The interaction of ATG16L1 with
FIP200 has been shown to be involved in regulating ATG16L1 localization in autophagy
induction?’28, Therefore, we hypothesized that ULK1/2, the only protein kinases in the
autophagy pathway, may phosphorylate ATG16L1 under starvation. To test this
hypothesis, we performed an in vitro kinase assay using either purified ULK1 or ULK2
with recombinant ATG16L1 as substrate. We found that both ULK1 and ULK2 were
capable of phosphorylating ATG16L1 in vitro (Fig. 3A). In order to narrow down the site
of phosphorylation we repeated the kinase assay using truncations of ATG16L1. We
found that the truncation mutant lacking amino acids 254-294 was a very poor substrate
for ULK1, indicating that the primary site(s) of ULK1l-mediated phosphorylation are

located in this region (Fig.3B).
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Figure 3: ULK kinases phosphorylate ATG16L1. (A) In vitro kinase assays were performed

using purified recombinant kinases (ULK1 and ULK2) and substrate (ATG16L1) in the presence of
radiolabelled ATP. ULK and ATG16L1 inputs were examined by western blot (WB) and substrate
phosphorylation was analyzed by autoradiography (AR). (B) Full-length or truncated versions of ATG16L1
were subjected to an in vitro ULK1 kinase assay. ULK1 and ATG16L1 inputs were examined by western

blot and target phosphorylation by autoradiography

Amino acids 254-294 are serine/threonine rich, containing 10 conserved residues (Fig.
4). Therefore, to identify the residue(s) that are phosphorylated by ULK1 in this region
we repeated the kinase assay on full length ATG16L1 and performed mass spectrometry
analysis. Our results revealed a single high confidence phosphorylation site on serine
278 (Fig. 4B and marked in green in Fig. 4A) and another of slightly lower confidence on
serine 287 (Fig. 4B and marked in grey in Fig. 4A), both of which map to the region of
ATG16L1 we previously identified as required for ULK1-mediated phosphorylation (Fig.
3). Peptide coverage in the mass spectrometry was 80% across the whole protein and
only two S/T residues were missed in the putative 254-294 region. To confirm the major
site(s) of phosphorylation on ATG16L1 we mutated S278 and S287 singly in the full length

protein and performed another in vitro ULK1 kinase assay.
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Figure 4: ULK phosphorylates ATG16L1 on S278. (A) ATG16L1 was phosphorylated in an

in vitro ULK kinase reaction and analysed by mass spectrometry. Phosphorylation of S278 and S287 in
human (S278 marked in green, S287 marked in grey) was identified with high and low confidence,
respectively. Conservation of amino acids 254-294 are shown using the Shapely colour scheme. Mass
spectrometry was performed on a single experiment. (B) Mass spectrometry data for ULK-mediated

ATG16L1 phosphorylation.
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Interestingly, we observed a significant loss of ULK1-mediated phosphorylation in the
S278A mutant and little reduction in the S287A mutant (Fig. 5A). This indicates that the
major site of phosphorylation on ATG16L1 is S278, which is the same residue previously
identified as a site for IKKa. mediated phosphorylation®*. Next, we created phospho-
specific antibodies against S278 or S287 of ATG16L1 and tested its specificity by co-
transfection of wild-type or mutant ULK1 and ATG16L1. Excitingly, we observed that
ULK1 phosphorylates ATG16L1 on S278 in cells and that our antibody was specific to the
phosphorylated form of the protein with little to no signal against ATG16L1 (S278A) or
wild-type ATG16L1 co-transfected with kinase-dead ULK1 (Fig. 5B). Despite good
specificity for our S287 antibody (Fig. 5C, 5D) we observed that the lower probability site
obtained by mass spectrometry, S287, was not phosphorylated in an ULK1-dependent
manner (Fig. 5B). Collectively, these results show that ATG16L1 is a direct target of

ULK1 and that the primary site of phosphorylation is S278.
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Figure 5: ULK phosphorylates ATG16L1 on the S278. (A) Full-length or mutated HA-

ATG16L1 was purified from mammalian cells and subjected to an in vitro ULK1 kinase assay. Inputs were

analysed by WB and target phosphorylation by AR. (B) HEK293A cells were transfected with wild-type or

phospho-dead ATG16L1 in the presence of wild-type or kinase-dead ULK. Phosphorylation of ATG16L1

(S278 or S287) and inputs were examined by WB. (C) ATG16L1 knock-out HEK293A were transfected with

either flag-tagged wild-type or S287A ATG16L1. Phosphorylation of ATG16L1 at S287 was determined by

WB. (D) Wild-type ATG16L1 substrate and ULK1 were incubated with or without lamda phosphatase.

Phospho-specificity of ATG16L1(S287) antibody was determined by immunoblot for total- and phospho-

ATG16L1
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ULK1 is required for phosphorylation of ATG16L1
and xenophagy induction

We next sought to determine if ULK1 regulated ATG16L1 phosphorylation endogenously
and whether this signalling was responsive to starvation. ULK1/2 wild-type or ULK1/2
double knockout (dKO) cells were starved for amino acids, either with amino acid-free
DMEM or HBSS, followed by analysis of pATG16L1 levels by western blot of whole cell
extracts. Starvation potently inhibits mTORC1-signalling, as demonstrated by loss of S6K
phosphorylation, which is a prerequisite for ULK1 activation. Importantly, we observed
that starvation resulted in a clear increase in endogenous ATG16L1 phosphorylation only
in cells containing ULK1 (Fig. 6A, lanes 1-6). Notably, our phospho-antibody only
recognizes the slower migrating ATG16L1p isoform and is observed as a single band.
As IKKa was previously described to phosphorylate ATG16L1 on S278 under infection
we also tested the requirement for IKKa in starvation-induced ATG16L1 phosphorylation.
However, we observed that IKKa-deficiency had no detectable effect on starvation-
induced ATG16L1 phosphorylation (Fig. 6A, lanes 7-9). We found that ablation of ULK1-
mediated phosphorylation of ATG16L1 had no effect on the stability of the ATG16L1/5-

12 complex (Fig. 6B).
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Figure 6: ULK, not IKKa, phosphorylates ATG16L1 on S278 in response to

starvation. (A) Wild-type, ULK double knockout (dKO), or IKKa KO mouse embryonic fibroblasts (MEFs)

were incubated with either complete medium, amino acid-deficient DMEM, or HBSS for 1 hour. Samples
were immunoblotted using the indicated antibodies. (B) ATG16L1 knock-out HEK293A transfected with the
indicated GST HA ATG16L1 plasmids were immunoprecipitated for HA. WB was used to examine the

binding of ATG5/ATG12 to ATG16L1.
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This is perhaps expected as IKKa has no known role in starvation-induced autophagy.
This result indicates that the ATG16L1 subunit of the LC3-lipidating enzyme is a direct
and physiological target of ULK1 under starvation. We next asked if ULK1/2 or
IKKa contributed to ATG16L1 phosphorylation upon infection or TNFa. treatment. ULK1/2
wild-type, ULK1/2 dKO, or IKKa KO were infected with Salmonella enterica serovar
Typhimurium (hereafter referred to as Salmonella) or treated with TNFoa and ATG16L1
phosphorylation was examined by western blot.  Surprisingly, we observed that
Salmonella and TNFa-induced ATG16L1 phosphorylation was abolished in ULK1/2 dKO
cells, but was still observed in IKKa knockout cells (Fig. 7A, 7B). Of note, phospho-
ATG16L1 signal is consistently lower under infection as only a small minority of cells are
subjected to the stress of internalized bacteria (Fig. 7C). These results clearly indicate
that ULK1/2 is required for phosphorylation of ATG16L1 under starvation, inflammatory

cytokine signaling and infection.
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Figure 7: ULK, not IKKa, phosphorylates ATG16L1 on S278 in response

inflammatory cytokine signaling and infection. (A) Wild-type, ULK dKO, or IKKa. KO MEFs
were infected with log phase Salmonella for 2 hours; bacteria-containing media was then removed and cells
were incubated with gentamycin (50ug/mL)-containing DMEM for 2 hours. (B) Wild-type, ULK1/2 dKO, or
IKKao KO MEFs were treated with either amino acid-free media or the indicated amounts of TNFa for 3
hours. Samples were immunoblotted using the indicated antibodies. Samples were immunoblotted using
the indicated antibodies. (C) Wild-type, ULK1/2 dKO and IKKa KO MEFs were infected with Salmonella for

1 hour. Quantification of infected cells were examined through immunofluorescence.
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We next sought to determine the requirement for ULK1/2 and IKKo in promoting
xenophagy. Xenophagic clearance of Salmonella is very well established and its
intracellular growth is restricted by the pathway, making it an ideal model pathogen for
this analysis. Wild-type or knockout cells were infected with Salmonella and the number
of LC3B-positive Salmonella were quantified. LC3B is conjugated to the autophagosomal
membrane and colocalizes with bacteria targeted for clearance by xenophagy and can
be used at early time points to monitor xenophagy induction. We found that ULK1/2-
deficient cells exhibited a potent decrease in LC3B-positive bacteria, while IKKa loss did

not significantly affect xenophagy (Fig. 8).
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Figure 8: ULK, not IKKa, promotes xenophagy. Wild-type, ULK dKO, or IKKa. KO MEFs cells

were infected with Salmonella for 1 hour in the presence of Bafilomycin Al. Bacteria were stained using
anti-LPS antibodies to analyze localization in addition to the autophagy marker LC3B. Representative
immunofluorescent images of LC3B and LPS are shown (scale bars 20um, 10um). Quantification of

bacteria undergoing autophagic clearance from 8 fields of view from a representative experiment is shown.
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In order to confirm the roles for ULK1/2 and IKKa in xenophagy induction and suppression
of invasive bacteria we performed colony forming unit (CFU) assays in our wild-type or
knockout lines. CFU assays measure bacterial viability after internalization and are
inversely correlated with xenophagy rates?®. Analysis of Salmonella viability 4 hours post
infection revealed that ULK1/2 dKO cells harboured a much higher number of viable
internalized bacteria, indicative of an autophagy defect, when compared to wild-type and
IKKa knockout cells (Fig.9). Surprisingly, our results indicate that ULK1/2, but not IKKa,

is required for ATG16L1 phosphorylation and xenophagy induction.
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Figure 9: ULK, not IKKa, promotes bacterial clearance. wild-type, ULK dKO and IKKa KO

MEFs were infected with Salmonella for 1 hour. Xenophagy rates were examined through Colony
Forming Unit (CFU) assays. Quantification of infection rates by immunofluorescence is demonstrated in

the right panel.
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ULK promotes cleavage of caATG16L1 through

phosphorylation on S278

Multiple groups have shown that the T300A substitution in caATG16L1 renders it
sensitive to caspase cleavage under stress conditions including nutrient starvation and
infection?12430_ Moreover, it was shown that mutation of serine 278 of ATG16L1 to
alanine is involved in stress-induced caspase cleavage in the caATG16L1 background?*.
Our data indicate that ULK1 is responsible for the phosphorylation of wild-type ATG16L1
on S278 under nutrient starvation and infection. Therefore, we next sought to determine
if ULK1 signalling was involved in the stress-induced destabilization of caATG16L1.
HEK293A cells were transfected with either wild-type ATG16L1 or caATG16L1 co-
transfected with increasing amounts of ULK1 kinase. Importantly, overexpression of
ULKZ1 is known to result in autoactivation and induction of downstream signalling in the
absence of stress, thereby allowing us to determine the isolated effect of ULK1 signalling
on ATG16L1 stability independent of other stress-responsive pathways. Interestingly, we
observed that ULK1 is capable of stimulating ATG16L1 cleavage and the level of

cleavage is elevated in the caATG16L1 background (Fig. 10).
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Figure 10: ULK induces caATG16L1 cleavage. HEK293A cells were transfected with either

tagged WT-ATG16L1 or caATG16L1. ULK1 was co-transfected in increasing amounts where indicated.
Cleavage of ATG16L1 was analyzed by WB of whole cell lysates. Levels of ATG16L1 cleavage are from

3 biological repeats (right panel, error bars denote S.D).

In order to determine if ATG16L1 cleavage was a result of ULK1-mediated
phosphorylation on S278 we transfected HEK293A cells with wild-type, T300A, or
S278/T300A mutants of ATG16L1 in the presence or absence of ULK1. Excitingly, we
observed that single mutation of the ULK1 phosphorylation site was sufficient to reduce
ULK1-driven cleavage (Fig. 11A). As expected mutation of S287, the low confidence
ULK1 phosphorylation site identified by mass spectrometry, had no impact on cleavage
in the T300A background (Fig. 11B). These results indicate that caATG16L1 is
preferentially cleaved through ULK1-mediated phosphorylation of S278. Conversely, we
found that T300A did not have any effect on ATG16L1 phosphorylation (Fig. 11C). Lastly,
we repeated this experiment in the presence or absence of Z-VAD-FMK, a pan-caspase
inhibitor, to confirm the faster migrating form of ATG16L1 was indeed a product of

caspase-mediated cleavage. Treatment with a pan-caspase inhibitor resulted in a potent
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reduction in the levels of the faster migrating ATG16L1 band, confirming that the ULK1-

driven cleavage product was a caspase cleavage product (Fig. 11D).
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Figure 11: ULK-mediated ATG16L1 phosphorylation induces caATG16L1 cleavage.

(A) HEK293A cells were transfected with either tagged wild-type, S278A, or S278/T300A ATG16L1 in the

presence or absence of ULK. (B) ATG16L1 knock-out HEK293A were transfected with the indicated GST

HA ATG16L1 plasmids in the presence or absence of Z-VAD-FMK (15 uM) for 4 hours. Cleavage of

ATG16L1 was analyzed by WB. (C) ATG16L1 knock-out HEK293A were transfected with the indicated

GST HA ATG16L1 plasmids in the presence or absence of Z-VAD-FMK (15 puM) for 4 hours.

Phosphorylation of ATG16l1 was analyzed by WB Cleavage of ATG16L1 was analyzed by WB. Levels of

ATG16L1 cleavage are from 3 biological repeats (right panel, error bars denote S.D). (D) HEK293A cells

were transfected with the indicated plasmids in the presence or absence of Z-VAD-FMK (15 pM) for 4

hours. Cleavage of ATG16L1 was analyzed by WB. A representative experiment of three repeats is shown.

* denotes a p-value <0.05 as determined by Student’s T-Test
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Increasing evidence in vitro and in vivo has shown that caspase-mediated destabilization
of caATG16L1 is a critical event associated with the pathobiology of this SNP?1.24,
Moreover, in unstressed conditions caATG16L1 is known to have the same stability as
wildtype?t. In order to determine the role of ULK1-signaling on T300A we transfected
ATG16L1(T300A) in HEK293A cells and infected cells in the presence or absence of
ULK-inhibitor. Interestingly we observed Salmonella treatment destabilized the T300A
mutant, which could be reversed with ULK-inhibitor (Fig. 12A). However, ATG16L1(WT)
stability was not drastically affected by either Salmonella or ULK-inhibition (Fig. 12A). We
also found ATG16L1(T300A) was stabilized by ULK-inhibitors under TNFa treatment (Fig.
12B). We next sought to determine the function of S278 phosphorylation of ATG16L1 in

both the wildtype and T300A background.
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Figure 12: ULK dependent phosphorylation of ATG16L1 leads to estabilization of

caATG16L1 but not in WT ATG16L1. (A) Wild-type or T300A-expressing HEK293A were treated

with Salmonella in the presence or absence of ULK1/2 inhibitor (16 uM) for the indicated time points.
Expression of ATG16L1 was analysed by WB. The experiments were performed twice. (B) ATG16L1
knock-out HCT116 transfected with the tagged T300A ATG16L1 plasmids were treated with TNFa (20

ng/mL) in the presence or absence of ULK1/2 inhibitor for 4 hours. ATG16L1 levels were examined by WB.
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ATG16L1 knockout cells were transfected ATG16L1 (WT, S278A, T300A, or
S278A/T300A) at similar levels (Fig. 13A) and were treated with Salmonella.
Quantification of Salmonella at 4 hours post infection showed that mutation of S278
phosphorylation in the wild type background resulted in an increase in Salmonella,
indicating ULK1 phosphorylation may act to promote xenophagy in wild-type ATG16L1
(Fig. 13B, column 1 and 2). Conversely, in the T300A background S278A mutation
improved Salmonella clearance, indicating ULK1 phosphorylation is detrimental in this

background (Fig. 13B, column 3 and 4).
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Figure 13 :ATG16L1 phosphorylation is required for bacterial clearance (A) Inputs for

CFU assays. (B) ATG16L1 knock-out HEK293A cells transfected with the indicated HA GST ATG16L1
plasmids were infected with Salmonella for 1 hour. Xenophagy rates were examined through CFU assays.

Quantification of infection rates by immunofluorescence is demonstrated in the right panel.
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Collectively, our data shed light on the relationship between stress and caATG16L1
cleavage showing that: 1) ULK1-mediated phosphorylation of ATG16L1 is increased
under infection and starvation, which are known to promote the cleavage of caATG16L1,
2) caATG16L1 is preferentially cleaved upon ULK1 activation, and 3) mutating the ULK1
phosphorylation site reduces ULK1-driven cleavage and improves xenophagy in the

caATG16L1 background.
ULK-Mediated Phosphorylation Is Required for ATG16L1

Localization to Salmonella and Bacterial Clearance

ULK1 kinase has a well-established role in stimulating autophagy, making it unlikely that
the primary function of ULK1-induced ATG16L1 phosphorylation is to activate caspase-
mediated cleavage. In order to identify the physiological role of ULK1-mediated ATG16L1
phosphorylation we performed experiments on the wild-type protein, which is not cleaved
as readily after phosphorylation. The best described function of ATG16L1 is to promote
the correct localization of the E3-like enzyme that lipidates LC3 to the membrane of newly
forming autophagosomes. Therefore, we first sought to determine if the localization of
pATG16L1 differed from that of total ATG16L1 under infection. To compare localization,
we infected MEF with Salmonella and immunostained for LPS, pATG16L1, and total
ATG16L1. We observed pATG16L1 primarily in the infected samples, confirming the
reactivity of our antibody for IF (Fig. 14). Excitingly, we found that pATG16L1 was
preferentially localized with internalized bacteria (Fig. 14). Analysis of total ATG16L1
staining also showed co-localization with bacteria, but also contained significantly more

diffuse staining in the cytoplasm.
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Figure 14: pATG16L1 is specifically localized at the bacterial site. Wild-type cells were

infected with Salmonella for 1 hour. Phospho-ATG16L1, total ATG16L1, and LPS were stained and
analysed by immunofluorescence. Representative immunofluorescent images are shown (scale bars,
10pm).

This could indicate that either ULK1-mediated phosphorylation is important for ATG16L1
recruitment to bacteria, or that the phosphorylation occurs at the bacteria. We reasoned

if phosphorylation of ATG16L1 affects bacterial localization then ULK1-deficient cells
should exhibit an impairment in ATG16L1 recruitment to pathogen. To test this
hypothesis, we infected wild-type or ULK1-deficient cells and quantified the ability of total
ATG16L1 to localize to internalized bacteria.  Interestingly, we observed that the
proportion of ATG16L1-positive bacteria in ULK1-deficient MEF was reduced by over 80%

compared to the wild-type controls (Fig. 15).

49 |Page



ULK1/2 dKO §

o)
h
T
o
x
ad
=
External Total ATG16L1 Merge External Total ATG16L1 Merge
LPS LPS LPS LPS
120 - p=7.0E-8
—
100 - °
80 - —gn
60 - ¢
40 A .
20 - &
0 e
WT ULK1/2
dKO

Figure 15: ATG16L1 phosphorylation is required for its localization to bacteria.

Wild-type and ULK dKO were infected with Salmonella for 1 hour. Immunofluorescence was performed
using antibodies against LPS and ATG16L1. Representative immunofluorescent images are shown on
the top panel (scale bars 20um, 10um). Quantification of ATG16L1-positive bacteria from 7 fields of view

from a representative experiment.
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In order to determine the contribution of S278-phosphorylation on ATG16L1 localization
to bacteria we reconstituted ATG16L1 KO cells with either wild-type ATG16L1, a
truncated form of ATG16L1 that cannot bind the ULK1 complex, or the S278A mutant and
analyzed localization to intracellular bacteria. We observed that mutation of S278 or
deleting the region of ATG16L1 responsible for binding the ULK1-complex resulted in a

significant reduction in ATG16L1-positive bacteria (Fig.16).
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Figure 16: ATG16L1 phosphorylation by ULK is required for its localization to

bacteria. ATG16L1 knock-out HCT116 transfected with the indicated GST HA ATG16L1 were infected

with Salmonella for 1 hour. ATG16L1 (red) puncta was analysed by immunofluorescence (scale bars as

indicated).
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We then looked at colocalization between LC3B and Salmonella in our ATG16L mutants.
We observed that the S278A mutant of ATG16L1 in the wildtype background resulted in

a reduction in LC3B-positive bacteria (Fig. 17).
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Figure 17: ATG16L1 phosphorylation by ULK is required for LC3 localization to

bacteria. HCT116 transfected with the indicated tagged ATG16L1 were infected with Salmonella for 1

hour. Bacteria were stained using anti-LPS antibodies to analyze localization in addition to the autophagy
marker LC3B. Representative immunofluorescent images of LC3B and LPS are shown in the left panel
(scale bars, 5um). Quantification of bacteria undergoing autophagic clearance from 7 fields of view from a

representative experiment is shown in the right panel.

Accordingly, the S278A and truncation mutant of ATG16L1 both were defective in clearing
intracellular Salmonella as determined by CFU assay (Fig.18). In contrast S278A
mutation in the T300A background increased the percentage of LC3B-positive Salmonella
(Fig. 16), which was also consistent with the decreased bacterial load observed in our

CFU assay (Figl3).
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Figure 18: ATG16L1 phosphorylation is required for bacterial clearance ATG16L1

knock-out HEK293A cells transfected with the indicated HA GST ATG16L1 plasmids were infected with
Salmonella for 1 hour. Xenophagy rates were examined through CFU assays. Quantification of infection
rates by immunofluorescence is demonstrated in the middle panel. Expression of ATG16L1 4 hours post

infection was examined by WB (right panel).

To determine the role of ULK1-mediated ATG16L1 phosphorylation in starvation we
starved cells reconstituted with either wild-type ATG16L1 or ATG16L1(S278A).

Surprisingly, we found that S278 mutation had no effect on starvation induced autophagy

flux (Fig. 19).
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Figure 19: ATG16L1 phosphorylation does not have an effect on starvation induced

autophagy flux. ATG16L1 KO HCT116 with or without the indicated reconstituted OLLAS ATG16L1

were incubated with HBSS media in the presence of bafilomycin Al for 1 hour. LC3B flux was analysed by

WB.
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These data indicate that either ULK1-mediated phosphorylation of ATG16L1 is more
important under infection than starvation or additional functionally redundant signaling
pathways to ATG16L1 are activated by starvation. Taken together our data indicate that
ULK1-mediated phosphorylation of wild-type ATG16L1 acts to promote localization to
internalized bacteria and thereby enhancing bacterial removal, while the same

modification is detrimental in caATG16L1 (Fig. 20).
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Figure 20: Diagram of the working model demonstrating the dual-role of ULK1-
mediated phosphorylation at S278 in wild-type and T300A ATG16L1 background.
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Discussion

ULK has previously been described to phosphorylate several components of the
autophagy-promoting lipid kinase complex to activate the autophagy pathway!®-2°. Here
we have described that the autophagy E3-like enzyme is also regulated by ULK through
direct phosphorylation of the ATG16L1 subunit. The discovery of interaction between
ULK and the LC3B-lipidating enzyme has raised several interesting lines of inquiry. For
example, we have shown that wild-type ATG16L1 is also susceptible to ULK-dependent
caspase-mediated cleavage, albeit at a lower level than caATG16L1. However, we
currently do not know the physiological relationship between phosphorylation and
caspase-mediated cleavage outside the context of the caATG16L1 allele. Potentially,
caspase-mediated cleavage of ATG16L1 under stress represents a mechanism to curtail
autophagy under severe or prolonged stress. Understanding the mechanistic link

between apoptosis and autophagy may yield important conceptual advances.

Genome-wide association studies in the recent years have found a single-nucleotide
polymorphism in the autophagy related gene ATG16L1 that is highly linked with the
occurrence of CD®38 The mutant polymorphism identified was the T300A allele.
ATG16L1 T300A was found to be more susceptible to caspase 3-mediated cleavage,
resulting in the degradation and loss of function of ATG16L1, which hindered autophagy
activation under stress conditions®%, The region of ATG16L1 which contains the
mutated Thr 300 residue has several other putative phosphorlylation sites, but no

upstream kinases have been identified to date.

Here we have uncovered a role for ULK-signalling in CD through regulating the stability

of caATG16L1. Interestingly, the functional significance of the S278 residue in CD had
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already been shown®. However, the lack of tools to measure endogenous pATG16L1
resulted in IKKa being identified as the kinase responsible for the phosphorylation and
triggering the cleavage of caATG16L1. This is because the initial description of the T300A
variant of ATG16L1 showed that Crohn’s-associated ATG16L1 is destabilized by stress®?
and is stable under basal conditions. This initial observation is consistent with a stress-
inducing ATG16L1 cleavage and has been reproduced by other groups®! . Indeed, Gao
et al found that in cells with wild-type IKKa, TNFa induces cleavage of wild-type
ATG16L1%, which is inconsistent with Diamanti’s®®> model which would predict IKK-
induced signalling to ATG16L1 would promote stability. Notably, infection and starvation,
which can destabilize ATG16L1, are known to activate ULK11"9, which is consistent with
our model that ULK1-mediated phosphorylation promotes ATG16L1 caspase cleavage in
the Crohn’s background. These papers and arguments support a stress-induced
destabilization model for ATG16L1(T300A), but a relatively simple experiment can
address the role of S278 on stability. Diamanti et al proposed that S278A mutation
decreases stability similar to T300A (their Fig.5)%. Therefore, according to their model
one would predict that the double mutant (S278A,T300A) would be even less stable than
either individual mutant. However, our model proposes that S278 phosphorylation drives
the destabilization of ATG16L1(T300A), which means the double mutant (S278A, T300A)
should be more stable if we are correct. We created the ATG16L1 mutations and tested
stability in response to ULK1-mediated phosphorylation. We observed that the double
mutation of S278A and T300A was significantly more stable than the T300A single mutant
(Fig. 11C). Moreover, we found ablating S278 phosphorylation of Crohn’s associated

ATG16L1 improved anti-bacterial autophagy, which is consistent with our model that
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S278 phosphorylation of Crohn’s associated ATG16L1 is detrimental (Fig. 13). Our
interpretation is that ULK1 is the kinase responsible for ATG16L1 phosphorylation under
most conditions. Proving a negative is rarely definitive, so we allow that IKKa could
phosphorylate ATG16L1 under some specific set of conditions that we have not tested.
However, we would also note IKKa-mediated phosphorylation stated by Diamanti et al
was only shown using in vitro kinase assays with purified kinase and substrate that was
never verified in cells or endogenously. This assay is notorious in our experience for
producing artifacts, as evidenced by the artifactual S287 phosphorylation identified in our
mass spec. of an in vitro ULK1 kinase assay (Fig. 4). By making the endogenous
phospho-antibody against S278 we were able to verify and monitor endogenous
regulation of this phosphorylation event on ATG16L1, which only occurs in ULK1/2-
containing cells.

Based on our data, as well as the previously reported link between starvation and
pathogen-induced caATG16L1 dysfunction, we propose that ULK is the primary kinase
responsible for ATG16L1 phosphorylation. However, it is quite possible that IKKa
contributes to the destabilization of caATG16L1 through the previously reported activation
of caspases®®.

The preferential localization of pATG16L1 to internalized bacteria is another interesting
discovery. NOD2 was the first xenophagy related gene identified to be associated to
Crohn’s disease®. Similar to the ATG16L1 T300A polymorphism, NOD2 polymorphisms
can result in reduced protein function, which are linked to increased risk of developing
CD?%%_ The recruitment of ATG16L1 to the plasma membrane at the bacteria entry site

is facilitated by NOD1 and NOD?2 independent of IKK activation®”. This may imply a
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common defect of ATG16L1 function in CD. Consistent with this idea CD-associated
SNPs have also been described in ULK1, albeit with less strength than ATG16L1 SNPs.
As we have identified a functional redundancy between ULK1 and ULK2 in the promotion
of ATG16L1 phosphorylation, which may explain the weak contribution of ULK1

polymorphisms in CD-susceptibility.

Lastly, transcriptional repression of IRGM has also been linked to the development of
CD®. IRGM has been shown to be essential in defense against intracellular pathogens
through activation of autophagy in a cell-autonomous manner®-1° It has been described
as a molecular rheostat that controls the activity of the autophagic process?. Since the
CD pathophysiology contains a wide range of stress signals which can all contribute to
the level of autophagy activation1°31%4, [JRGM might play an important role in determining
the onset, severity and relapse of CD%. Previous studies have investigated the roles of
several SNPs of IRGM such as rs13361189 (C>T), rs10065172 (C>T), and rs4958847
(A>G)106.107 and there has been evidence suggesting that these 3 polymorphisms lead
to abnormal expression level of IRGM which ultimately resulted in an increase of
susceptibility to CD. Molecularly, IRGM has been shown to bind both ULK1 and ATG16L1,
although they have not been shown in a complex together. Therefore, it would be of value
to determine if reductions in IRGM protein would have an effect on ULK-mediated
ATG16L1 phosphorylation. Clearly, the identification of ULK-mediated ATG16L1
phosphorylation has opened up several avenues for future research, which will
undoubtedly expand our understanding of xenophagy and the molecular basis of

autophagy defects in CD.
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Appendix

Supplemental data

Characterize AMPK and mTORC1 Signalling in
The Autophagy Response to Bacterial Infection.

ULK1 activity is strongly regulated via inhibitory phosphorylation by mTORC1 kinase and
activating phosphorylation by AMPKY’. To determine the mechanism by which the host
cell detects Salmonella regulates AMPK. Mammalian cells have many pattern recognition
pathogen recognition receptors (PRRs), which can detect a range of bacterial
macromolecules and stimulate the host immune response!®®, The best described
receptors are the toll-like receptors (TLRs), which detects LPS, bacterial DNA, or bacterial
proteins including flagellin®®. To determine if stimulation of TLRs was essential for AMPK
activation in response to extracellular bacteria we activated the receptors with purified
ligands including LPS (activates TLR4) and R848 (activates TLR7/8)'1° as well as viruses
(MNV) in a dose-dependent manner. AMPK activation was analysed by Western blot
distinctly showed that TLR ligands were not capable of stimulating AMPK signalling (Fig

18).
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Fig 18. AMPK regulation through TLR receptors MEF cells were infected with
Salmonella or treated with lipopolysaccharide (LPS, 2 ug/mL), Resiquimod (R848,
indicated amounts) and murine noroviruses (MNV, indicated MOI) for 1 hour. Whole cell

lysates were immunoblotted using the antibodies indicated.

Characterization of the Molecular Basis of
ATG16L1 Phosphorylation by Crohn’s Alleles.

Nucleotide-binding oligomerization domain-containing protein 2 (NOD?2)

The activation of autophagy can occur due to different cellular stresses such as starvation
and infection%4, It has been established that there is similarity in the regulation of
autophagy pathway under starvation and infection (xenophagy)'!!. However, it not
completely clear yet. NOD2 senses intracellular microbial pathogens®’. Previous studies
have linked Crohn's disease (CD) with the presence of NOD?2 allele leads to increases in
the risk of ileal CD’. Thus, in our study we attempt to prove the regulation of ATG16L1
phosphorylation by effectors that been linked genetically to CD pathogenesis in response
to bacterial infection”®. We infected both wild type and NOD -/- HCT116 with Salmonella
for an hour. Interestingly, we found that NOD2 does not promote ATG16L1

phosphorylation at S278 in response to bacterial infection (Fig.19).
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were infected with salmonella for an hour. Samples were immunoblotted using the
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