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Abstract 

Macroautophagy (hereafter referred to as autophagy) is a key cellular degradative process that 

plays an important role in maintaining cellular homeostasis. Defects in autophagy are linked to a 

range of health conditions, including but not limited to metabolic disorders, inflammatory bowel 

diseases, and cancer. Despite decades of research, measurement of autophagy dynamics in rare cell 

populations and in vivo remains challenging due to the inherent limitations of existing tools. We 

developed a novel approach for autophagy measurement by monitoring the phosphorylation of 

ATG16L1 on serine 278 (pATG16L1s278). We found that phospho-ATG16L1 is exclusively 

localized to nascent autophagosomes, and that its detection is not confounded by prolonged 

cellular stress or late-stage autophagy impairments, which often obscure autophagic analyses. We 

have developed and characterized a monoclonal antibody capable of specifically detecting 

endogenous phospho-ATG16L1 in mammalian cells. This highly versatile antibody enables its use 

in Western blotting, immunofluorescence, and immunohistochemistry assays for autophagy 

measurement.  

In the context of metabolic disorders, we investigated the impact of chronic iron overload on the 

autophagy pathway. Iron overload is a clinical hallmark of metabolic syndrome, which is a 

collection of conditions often associated with insulin resistance and is known to lead to increased 

risk of developing cardiovascular disease and type 2 diabetes. We discovered that chronic iron 

overload induced major autophagy disruptions, as evidenced by the accumulation of defective 

autolysosomes and a significant depletion of free lysosomes in skeletal muscle cells. The 

autophagy defects, in turn, led to impairment of insulin-stimulated glucose uptake and disrupted 

insulin signaling. Mechanistically, we demonstrated that iron overload affected Akt-mediated 

suppression of tuberous sclerosis complex 2 (TSC2) and reduced Rheb-dependent activation of 
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mechanistic target of rapamycin complex 1 (mTORC1) on autolysosomes. This dysregulation 

inhibited the autophagic‐lysosome regeneration, thereby contributing to the development of 

insulin resistance. Notably, restoring mTORC1 signaling to the autophagy machinery on mature 

autophagosomes, or removing excess iron, significantly replenished lysosomal pools and restored 

insulin sensitivity. This discovery uncovers the potential therapeutic pathways that could be 

targeted to improve insulin sensitivity in metabolic syndrome. 

Additionally, we examined the process of ER-phagy, which is the selective degradation of the 

endoplasmic reticulum (ER) by autophagy. ER-phagy is critical for maintaining cellular 

homeostasis and is frequently targeted by pathogens to create a more favourable cellular 

environment for infection. We discovered that Salmonella Typhimurium utilizes a mechanism to 

inhibit ER-phagy by targeting the ER-phagy receptor FAM134B. This inhibition prevents 

FAM134B oligomerization, a key step in the ER-phagy pathway, leading to increased intracellular 

bacterial load post-invasion. In FAM134B knockout mice, we observed increased susceptibility 

to Salmonella infection, characterized by severe intestinal damage and elevated bacterial loads. 

Furthermore, we identified the bacterial effector SopF as the primary mediator of FAM134B 

inhibition, shedding light on how intracellular bacteria such as Salmonella could subvert innate 

immune defenses.  

Together, these studies provide a comprehensive understanding of the complex regulatory 

networks that govern autophagosome biogenesis, maturation, and functionality. They also 

highlight the critical role of environmental factors in modulating autophagic activity and 

maintaining cellular homeostasis, revealing the dynamic interplay between intracellular 

mechanisms and external stimuli in the regulation of autophagy.  Identifying novel therapeutic 
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targets, such as phospho-ATG16L1 and FAM134B, offers promising avenues for developing 

interventions to restore autophagy and mitigate disease progression. 
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Chapter 1: General Introduction  

 

1.1 A Brief History of Autophagy 

The term autophagy (from Greek meaning “self-eating”) was coined by Christian de Duve in 1963, 

after electron microscopy (EM) analysis of cells revealed that the newly discovered degradative 

vesicles (lysosomes) degraded components of both extra- and intra-cellular origins1. In 1966, 

Palade and Farquhar discovered the autophagosome, the double membraned vesicles that drove 

the autophagy pathway; previously, they were simply known as pre-lysosomes2. In the 1980s, cell 

biologists started using Saccharomyces cerevisiae as a model to study the process of cellular cargo 

transport to and from the vacuole, a process which was closely related to autophagy. In a yeast 

genetic screen under nitrogen starvation, Yoshinori Ohsumi identified the first autophagy related 

genes (ATGs), which coded proteins that participated in the autophagic process and demonstrated 

that nutrient deficiency stimulated autophagic degradation in yeast3,4.  Identification of mammalian 

homologs for yeast ATG genes followed soon after5. To date, over 40 ATG genes have been 

identified.  The process of autophagy has been further sub-classified based on the manner in which 

intracellular materials are delivered to lysosomes for degradation: macroautophagy, chaperone-

mediated autophagy (CMA), and microautophagy 6. Autophagosomes engulf and deliver their 

cargo to the lysosome for degradation in macroautophagy. Whereas microautophagy requires the 

lysosomal membrane to directly engulf small portions of the cytoplasm. In CMA, substrate 

proteins are recognized through a pentapeptide consensus motif KFERQ by the chaperone protein 
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Heat shock 70 kDa (Hsc70), then delivered directly to the lysosome through interactions with 

lysosomal transmembrane protein Lysosome-associated membrane protein 2  (LAMP2A)7 (Fig.1).  

 

Figure 1: Autophagic pathways in mammals: The three main autophagic pathways—

macroautophagy (a), CMA (b) and microautophagy (c) all play a role in lysosomal degradation. 

However, they differ in their regulatory mechanisms, the type of cargo targeted for degradation, 

and the processes involved in targeting the cargo to the lysosomal compartment.  

In macroautophagy, the engulfment of cytoplasmic components begins with the formation of the 

phagophore, a small double-membraned structure acting as a recruitment platform for early 

autophagic proteins. The recruited autophagic proteins promote additional signalling, resulting in 

the expansion of the phagophore membrane around autophagic cargo, eventually forming an 

enclosed mature autophagosome and fully sequestering the cargo within. The autophagosome then 
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fuses with the lysosome, resulting in the formation of the autolysosome and the degradation of the 

sequestered cargo8 (Fig.2). Autophagy can be activated under a range of stresses, such as the 

presence of protein aggregates, damaged organelles, invading pathogens and nutrient 

starvation9,10,11. Autophagy supports cellular homeostasis in response to a changing cellular 

environment by clearing harmful intracellular elements and providing basic nutrients by 

degradation of complex macromolecules such as lipids carbohydrates and proteins.  

 

Figure 2: Autophagy Process. Portions of cytosol and organelles are sequestered into a double-

membrane vesicle, an autophagosome, and delivered into an autolysosome for degradation and 

recycling by the lysosomal hydrolysis.  
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1.2 Molecular Mechanisms of Autophagy 

In the decades after the discovery of ATG genes, extensive research has led to the characterization 

of six functional groups of proteins that play major roles in autophagosome biogenesis. Ordered 

based on their hierarchical ranking in autophagy signaling: first, the Unc-51-like kinase 1 (ULK1) 

kinase complex, comprised of ULK1, focal adhesion kinase family interacting protein of 200 kD 

(FIP200), (also known as RB1CC1), ATG13L, and ATG101 (also known as C12orf44); second, 

the acuolar protein sorting 34 (VPS34), (also known as PIK3C3) kinase complex, including 

VPS34, VPS15, Bcl-2 interacting protein (beclin-1), ATG14L or UVRAG (two populations of 

VPS34 complexes exist containing either ATG14L or UVRAG); third, proteins recruited by 

phosphatidylinositol 3-phosphate (PI3P), such as WD-repeat protein Interacting with 

PhosphoInositides  (WIPI) and Double FYVE-containing protein 1 (DFCP1); fourth, the 

ATG16L1/ATG5-12 E3-like complex and upstream proteins of the ATG5-12 ubiquitin-like 

conjugation system; fifth, the microtubule-associated protein 1-light chain 3 (LC3) 

phosphatidylethanolamine conjugation system; and sixth, transmembrane protein ATG9. 

Collectively, these six groups of proteins make up the “core” autophagy proteins and promote 

autophagosome formation in response to activating signals, usually in the form of stresses. 

Mammals have two homologues of yeast ATG1, ULK1 and ULK2, which are serine/threonine 

kinases complexes that are mostly functionally redundant in promoting autophagy activation 

(ULK1 and ULK2 will be referred to as ULK hereafter) 12.  As part of the ULK complex ATG13 

binds to ULK and mediates the interaction between ULK and another subunit, FIP200. In addition, 

the binding of ATG13 stabilizes and activates ULK, resulting in the phosphorylation of FIP200 by 

ULK13,14. ATG13 is also thought to recruit ATG101 to the ULK-ATG13-FPI200 complex at the 

phagophore, which then promotes the recruitment of downstream factors14.  Under basal 
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conditions, ULK activity is suppressed by the mammalian target of rapamycin complex 1 

(mTORC1) through inhibitory phosphorylation15. However, nutrient starvation, a well-known 

inducer of autophagy, inhibits mTORC1 and thereby releases its inhibition of ULK. Upon 

activation, ULK directly phosphorylates a number of downstream autophagy proteins, several of 

which are components of the pro-autophagic ATG14-containing VPS34 complexes16,17. ULK 

complex activity is essential for the phosphorylation and recruitment of the PI3KC3 complex, 

which results in the production of phosphatidylinositol 3-phophate (PI3P) and phagophore 

formation18,16. PI3P functions as an important effector molecule recruiting downstream 

components of the autophagy pathway, including the ATG16L1/5-12 complex, to the phagophore 

to facilitate its growth into a mature autophagosome. Under basal conditions, VPS34 activity is 

inhibited by the direct phosphorylation of the lipid kinase subunit ATG14L by mTORC1, which 

acts to block unnecessary autophagy initiation19. PI3P recruits PI3P-binding proteins WD-repeat 

protein interacting with phosphoinoside (WIPI) to the formation of phagophore. WIPI2 binds to 

ATG16L1 and recruits the ATG16L1 to ATG5-ATG12, which is critical for the conjugation of 

LC3 protein to phosphatidylethanolamine (PE) in the growing autophagosome membrane20,21. 

Conjugation of LC3 onto the autophagosomal membrane is a key event in autophagosome 

biogenesis, required for recruitment of serval autophagy specific cargo and autophagosome 

maturation22,23. 

1.3 Upstream regulators of autophagy – mTORC and AMPK 

Nutrient starvation is one of the earliest established and most well-studied inducers of autophagy24. 

Two major cellular energy-sensing kinases, the mechanistic target of rapamycin complex 1 

(mTORC1) and the AMP-activated protein Kinase (AMPK) are integral for coupling autophagy 

rates to nutrient availability.  
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Mammals have two slightly different mTORCs: mTORC1 and mTORC2, with mTORC1 being 

sensitive to nutrient signaling while mTORC2 is involved in growth factor signaling. mTORC1 

can sense a range of stresses such as nutrient starvation, hypoxia, or DNA damage, and controls 

cellular growth. mTORC1 consists of three core components: mTOR, Raptor (regulatory 

associated protein of mTOR), and mLST8 (mammalian lethal with Sec13 protein 8). mTOR is a 

member of the PIKK (phosphatidylinositol-kinase-related kinase) family of serine and threonine 

kinases, while Raptor functions as a scaffold protein recruiting canonical mTOR substrates. 

mTORC kinase activity is regulated by insulin and growth factor signaling, as well as specific 

amino acids and their derivatives. When a cellular amino acid is abundant, mTORC1 is active and 

localizes to the lysosomal membrane. mTORC1 is also regulated by the small GTPase Ras 

homolog enriched in brain (Rheb), Rheb is sensitive to the change in GTP and GDP levels. When 

the cellular GTP:GDP ratio is high, Rheb is activated and stimulates mTORC1 kinase activity. 

Conversely, the GTPase activating protein Tuberous sclerosis complex 2 (TSC2) converts GTP to 

GDP bound by Rheb, and leads to the inactivation of mTORC. 

mTORC exerts its inhibition of autophagy by phosphorylating a multitude of autophagy (ATG) 

proteins, including members of the ULK1 complex, the class III PI3K complex I, and WIPI2. By 

associating to and phosphorylating ULK on serines 758, 638, and ATG13 on serine 25825, mTORC 

inhibits the kinase activity of ULK, rendering it inable to promote autophagy initiation signaling. 

Only when the cell experiences nutrient starvation, mTORC becomes inactive and dissociates from 

ULK, relieving its inhibitory effect13. Similarly, phosphorylations by mTORC on the class III PI3K 

complex I and WIPI2 both inhibit their autophagy-promoting functions, leading to autophagy 

inhibition26. 
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Importantly, mTORC also phosphorylates UV radiation resistance-associated gene (UVRAG), a 

member of the VPS34 complex that is mutually exclusive to ATG14. The population of UVRAG-

containing VPS34 complex is known to regulate autophagosome lysosome reformation (ALR), 

the recycling autophagosomal membrane to lysosome. This is to maintain cellular lysosome 

homeostasis as lysosomes are used up from fusion with autophagosomes during autophagy. By 

phosphorylating UVRAG, mTORC promotes ALR through activating the UVRAG-containing 

VPS34 complexes27.  

AMPK is a serine/threonine protein kinase found as a heterotrimetric complex, including a 

catalytic α-subunit, a scaffolding β-subunit and a regulatory γ-subunit28. The upstream regulator 

of AMPK, the tumour suppressor LKB1 (also called serine/threonine kinase 11), phosphorylates 

AMPK α catalytic subunit at Thr172 under nutrient starvation29. This phosphorylation is essential 

for AMPK kinase activity. AMPK activity maintains cellular energy homeostasis in response to 

stresses, such as nutrient starvation, hypoxia and infection30.  

AMPK is upregulated in response to cellular ATP/AMP ratio changes through direct and indirect 

interactions with AMP and ADP31,32. Activation of AMPK turns on the catabolic pathway to 

produce ATP and prevents consumption of ATP by halting the synthetic pathways that utilize 

ATP31,32. AMPK can induce autophagy activation through the major autophagy inducing kinase 

ATG1 (ULK) in three ways: (1) AMPK indirectly activates tuberous sclerosis 2 (TSC2) by 

phosphorylating TSC2 at Ser134533,34. (2) AMPK phosphorylates ULK at Ser317/777 to induce 

its activation and autophagy induction35,36. (3) AMPK inhibits mTORC1 directly through 

inhibitory phosphorylation of Raptor in Ser792/722. mTORC1, a downstream target of AMPK is 

another major energy-sensing kinase and a key regulator of cell growth and metabolism36. 
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1.4 Autophagosome Biogenesis 

1.4.1 Nucleation and phagophore formation 

The initial membrane structure in autophagy, called a phagophore, may utilize several membrane 

sources, including the Golgi apparatus 37, endoplasmic reticulum 38, mitochondria 39, and 

endosomal compartments 40. A defining feature of phagophore membranes is their high membrane 

curvature, which facilities the assembly of the autophagy-related class III phosphatidylinositol 3-

kinase (PtdIns3K) complex, composed of subunits VPS34, VPS15, beclin-1 and ATG14 41. The 

localization of the PtdIns3K complex onto phagophores is achieved through the ability of ATG14 

to associate with highly curved membranes 42.   PtdIns3K assembly also requires the dissociation 

of Beclin1 and AMBRA1 (the activating molecule in BECN1-regulated autophagy protein 1) from 

their inhibitory regulator, Bcl-243. Upon assembly onto nascent autophagosomal membranes, this 

complex catalyzes the formation of phosphatidylinositol-3-phosphate, which is a key lipid 

signalling molecule that acts as a platform for the recruitment of a multitude of effector ATG 

proteins to the nascent phagophore membrane. This sequential recruitment of molecular machinery 

led to the development of the assembly and expansion of the phagophore structure19.  

1.4.2 Autophagosome Formation and Elongation 

Autophagosome biogenesis requires two distinct ubiquitin-like conjugation systems, composed of 

ATG proteins. The first conjugation system contains ATG7 and ATG10, which mediates the 

covalent conjugation of ATG12 to ATG544. The ATG12-ATG5 complex subsequently associates 

with ATG16L1, forming a functional complex that acts as the E3-like enzyme in the second 

ubiquitin-like conjugation system45. In the second system, ATG8 (LC3) undergoes sequential 
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processing mediated by ATG4, ATG7, and ATG3, culminating in its conversion to the lipidated 

form LC3-II by the ATG12-5-16 complex. Lipidation of LC3 occurs through conjugation to 

phosphatidylethanolamine groups embedded in the phagophore membrane45. The activities of 

these two conjugation systems drive LC3 lipidation, phagophore membrane expansion and 

eventual closure, completing cargo sequestration. After autophagosome formation, the majority of 

ATG proteins dissociate and are recycled to the cytosol45. Notably, removal of lipidated LC3-II by 

ATG4 protease activity only occurs on the cytosol facing outer membrane, while luminal LC3-II 

remains as the sole ATG protein marker associated with the mature autophagosomal membrane, 

serving as a crucial indicator of autophagic activity45,46.  

1.4.3 Fusion and degradation  

The maturation of autophagosomes into functional degradative vesicles involves a specific 

membrane fusion mechanism. Once enclosed and fully formed, the soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) protein STX17 (syntaxin 17) localizes to 

the outer membrane of mature autophagosomes, where it then recruits another SNARE protein 

Synaptosomal-associated protein 29 (SNAP29)47. Together STX17-SNAP29 interact with the 

lysosomal SNARE protein vesicle-associated membrane protein 8 (VAMP8) to facilitate the 

fusion of autophagosomes with lysosomes to form the mature hydrolytic organelle47. Following 

this fusion, proton pumps and hydrolytic enzymes are added to the autophagosomes for the 

formation of the autolysosome, enabling cargo acidification and hydrolysis for effective 

degradation of cellular components47. 
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Figure 3. A schematic describing the process and main regulatory machinery of autophagy. A 

schematic of macroautophagy (autophagy) illustrates its key regulatory mechanisms. mTOR acts 

as an inhibitor, while AMP-activated kinase (AMPK) acts as an activator. The process begins with 

the formation of a phagophore, which engulfs cytoplasmic material. This leads to the formation of 

autophagosomes that fuse with lysosomes to form autolysosomes for degradation. Autophagy 

involves five main steps: (1) initiation, (2) membrane nucleation and phagophore formation, (3) 

phagophore expansion, (4) fusion with lysosomes, and (5) degradation. This process is regulated 

by autophagy-related proteins (ATGs) that assemble into complexes, including the ULK1 

initiation complex and the class III PI3K nucleation complex. The ATG12 conjugation system, 
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where ATG12 binds to ATG5 and ATG16L1, facilitates LC3 conjugation. LC3 interacts with 

cargo receptors, and membrane expansion is supported by ATG9 vesicles. 

1.5 Autophagy Cargo Receptor 

Autophagy cargo receptor proteins refer to a class of proteins that assist the autophagic capture of 

cargo by providing physical linkage between potential autophagic cargo and the LC3 moieties of 

the autophagosomes. Polyubiquitination of cargo facilitates its recruitment to autophagosomes 

through cargo adaptors, which have two key domains: a ubiquitin-binding domain (UBD) and an 

LC3-interacting region (LIR) domain which allow the cargo adaptor to bind both the ubiquitined 

target and autophagosome48,49,50,51. In addition to functions in cargo recruitment to the 

autophagosome, cargo receptor also provide a means to target specific cellular components for 

degradation, such as large protein aggregates, mitochondria, or intracellular bacteria52. 

1.6 Measurement of autophagy  

Since its discovery in the 1990’s, multiple methods to accurately measure autophagic activity have 

been developed. The following section explains two modes of autophagy measurement that most 

modern autophagy assays are based upon. 

1.6.1 LC3-Turnover Assay 

Measuring the turnover of autophagosomes (autophagic flux) is a straightforward way to assess 

the ongoing rate of autophagy. The most widely used method for quantifying autophagic flux is 

monitoring the turnover dynamics of ATG8 proteins and their mammalian homologs, LC3 and 

GABARAP family proteins 53,54. Initially synthesized as a cytosolic form (LC3-I), LC3-I is 

covalently conjugated through its C terminal glycine residue to phosphatidylethanolamine within 
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the phagophore and autophagosomal membranes during autophagosome formation54. The 

lipidated form is termed LC3-II. LC3-II is present on both the outer and inner autophagosomal 

membranes and is therefore widely used as a marker for autophagosomes, as its cellular abundance 

roughly correlates to the quantity of autophagosomes present22. After fusion with lysosomes, LC3-

II on the outer membrane is increasingly deconjugated and recycled, while those on the inner 

membrane are degraded, which enables the measurement of autophagic activity by monitoring 

LC3 turnover22. LC3 turnover can be easily measured by common laboratory assays, such as 

immunofluorescent microscopy, where LC3-positive vesicles appear as distinct puncta55. Western 

blotting is also widely used to monitor LC3 lipidation, as the lipidated (LC3-II) and unlipidated 

(LC3-I) forms of LC3 migrate at slightly different locations by SDS-PAGE, providing an easy 

readout for measuring the state of LC3 lipidation56,55. 

Inducing autophagy, such as during starvation, typically leads to an increase in both the number 

of autophagosomes and the levels of ATG8-II. To effectively monitor autophagic flux, it is 

crucial to assess the degradation of ATG8-II within lysosomes, which can be achieved by treating 

the cells with lysosomal inhibitors to measure the turnover of ATG8-II . A higher difference in 

ATG8-II levels between these two groups indicates enhanced autophagic flux, while a negligible 

difference suggests inhibited flux. 

For example, during nutrient starvation in many cell types, inhibiting lysosomal function results 

in an increase in ATG8-II levels, indicating a higher autophagic flux. Conversely, if inhibition of 

the lysosome does not alter ATG8-II levels, it indicates low autophagic activity, even when 

baseline levels of ATG8-II are high56. 
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1.6.2 Degradation of LC3-Binding Substrates 

Autophagic flux can also be evaluated by monitoring the degradation of selective autophagy 

adaptors. These adaptors are typically recognized and bind to LC3 proteins in autophagosomes. A 

commonly detected autophagy adaptor is SQSTM1/p62 57. Decrease in SQSTM1 level can be 

interpreted as autophagy activation, while the opposite could indicate autophagy blockage (and 

accumulation of substrates)57. However, changes in protein level could also be a result of 

overproduction due to stresses such as oxidative stress57. Therefore, to ensure that changes in the 

adaptor protein level are not due to transcriptional changes, it is important to measure the mRNA 

levels. Alternatively, pulse-labeling of p62 tagged with a fluorescent marker, such as HaloTag, can 

help avoid this issue, as this method allows the tracking of a population of p62 protein made within 

a specific period of time and measurement of its turnover rate, which is indicative of the turnover 

rate of autophagosomes58. 

1.6.3 Other methods to measure autophagy  

Cyto-ID 

The Cyto-ID fluorescence spectrophotometric assay enables the estimation of autophagy flux by 

measuring Cyto-ID-stained autophagic compartments. As a live-cell compatible dye, Cyto-ID 

offers an alternative to mRFP-GFP-LC3 systems for monitoring autophagy using live-cell imaging 

techniques. As claimed by the manufacturer, Cyto-ID offers greater sensitivity and reduced 

variability in quantifying autophagic compartments and flux when compared to traditional markers 

59. 
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mRFP-GFP-LC3 Tandem Fluorescent Protein Quenching Assay 

GFP (pKa=5.9) fluorescence quenches in acidic compartments, such as lysosomes (pH 4-5), while 

mRFP (pKa=4.5) can remain stable in lysosomes. The mRFP-GFP-LC3 probe exploits this pH 

sensitivity to provide a visible readout for tracking autophagosome (yellow, GFP and mRFP) to 

autolysosome (red, mRFP only) conversion. Increased yellow and red puncta indicate autophagy 

induction, while yellow-only accumulation suggests late-stage blockade. RFP-only puncta require 

both GFP quenching and RFP stability, so their increase may reflect either enhanced flux or 

reduced lysosomal degradation. The mTagRFP-mWasabi-LC3 variant improves detection as 

mWasabi (pKa=6.5) quenches more efficiently than GFP60. 

1.7 Cargo Selectivity of Autophagy 

Autophagy can be defined into two types based on cargo selection. The first is non-selective bulk 

autophagy, which indiscriminately sequesters and degrades parts of the cytoplasm. Alternatively, 

the cell can promote selective autophagy specifically degrades cellular components, such as 

mitochondria61, endoplasmic reticulum62, invasive pathogens63,64, aggregated proteins65 and 

many other cytosolic components52.  

1.7.1 Non-selective Autophagy (Bulk Autophagy) 

Initial characterization of autophagy identified its role as a bulk degradation pathway activated in 

response to nutrient starvation. This non-selective form, termed bulk autophagy, primarily serves 

to recycle cellular macromolecules during nutrient deprivation through the relatively non-selective 

degradation of cytoplasmic components (cargos). Through this mechanism, cells can maintain 

essential metabolic processes and survive acute periods of nutritional stress by recycling existing 

cellular materials66,67,68, metabolically active cells such as rat hepatocytes have been observed to 
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turn over around 2%-3% of the cytosol per hour through autophagy24. This process is particularly 

crucial during development, as different ATG protein knockouts usually result in neonatal 

lethality, or death shortly after birth in mice.  

1.7.2 Selective Autophagy  

Selective autophagy refers to the targeted autophagic degradation of specific cellular cargos, in 

contrast to bulk autophagy, which degrades portions of the cytosol without distinguishing the 

content within. Some common types of selective autophagy include degradation of the 

mitochondria (mitophagy), lysosomes (lysophagy), ER (ER-phagy), protein aggregates 

(aggrephagy), invading pathogen (xenophagy) and many more61,69,70. Selective autophagy 

signaling can be categorized into two major classes based on their targeting mechanisms: 

ubiquitin-dependent and ubiquitin-independent pathways71. Both mechanisms utilize receptor 

proteins to achieve the selectivity in cargo capture. 

1.7.2.1 Ubiquitin-dependent autophagy 

Ubiquitin-dependent pathways require first the ubiquitination of the target substrates. Once the 

substrate is ubiquitinated, receptors such as p62, NBR1, NDP52, etc., recognize and bind to these 

ubiquitin modifications. In addition to ubiquitin binding, these receptors also contain a LC3 

interacting region (LIR) and therefore bridge the ubiquitinated cargo to the lipidated LC3 present 

on the forming autophagosomes. facilitating selective cargo degradation71,72 (Fig.4). In addition to 

recognition of ubiquitinated cargo, the selective autophagy receptors are also regulated through 

PTMs. For example, p62 can be ubiquitinated on lysine residues 7 and 420, these ubiquitination 

events both enhance the cargo-targeting ability of p62 and serve to promote selective autophagy. 
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Similarly, phosphorylation of mitophagy receptors NDP52 and OPTN also enhance their ability to 

bind ubiquitin chains present of damaged mitochondria, positively regulating mitophagy73,74,75.  

1.7.2.2 Ubiquitin-independent autophagy 

Selective autophagy can also degrade cargos independent of ubiquitin. This is done with the help 

of specific cargo-recognizing receptors linking the cargo to the autophagosome through binding 

both the cargo and lipidated LC3 proteins, facilitating the formation of the autophagosomal 

membrane around the cargo76. Example of an ubiquitin-independent selective autophagy pathway 

is ER-phagy through the ER-phagy receptor FAM134B. FAM134B is an ER transmembrane 

protein with a C-terminal LIR domain, therefore capable of recruiting ER fragments to 

autophagosomes. FAM134B have been found to be crucial in maintaining ER homeostasis through 

its regulation of ER-phagy. Another common mode of cargo-recognition in ubiquitin-independent 

selective autophagy is through the detection of surface lipid and sugar moieties. For example, 

glycoproteins exposed through damaged salmonella containing vesicles are recognized by 

galectin-8, which are in turn detected by NDP52, leading to salmonella being targeted and 

degraded by the xenophagy machinery. 
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Figure 4. Selective autophagy Ubiquitin-Dependent and Independent Pathways. In the 

ubiquitin-dependent mechanism (A), the target organelle interacts with receptors through a 

polyubiquitinated chain (UB). The receptor protein attaches to the Ub chain on the damaged 

organelle through its ubiquitin-binding domain (UBD) and binds to the LC3-II protein of the 

autophagosome via LC3-interacting regions (LIR). In contrast, the ubiquitin-independent 

mechanism (B) involves receptors on the damaged organelle that directly bind the cargo to LC3 

on the autophagosome.  

This thesis will focus on the mechanistic diversity of selective autophagy pathways in mammalian 

systems, with a specific focus on two forms of autophagy: xenophagy: the selective autophagic 

degradation of intracellular pathogens, and ER-phagy: the targeted elimination of endoplasmic 

reticulum components. 

1.8 Xenophagy  

The fundamental role of innate immunity as a self-defence system in all eukaryotes begins with 

recognition of invading pathogens through pathogen recognition receptor proteins with the ability 
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to bind to pathogen components, which then trigger downstream innate immunity signaling. There 

has been a growing appreciation for the contribution of autophagy to the innate immune pathways. 

Autophagy can serve as a part of the innate immune responses by degradation of intracellular 

pathogens. The targeting of bacterial and viral pathogens by autophagy is called xenophagy (from 

Greek for eating of others)77 Bacterial invasion of a mammalian cell stimulates xenophagy and 

lead to the formation of autophagosomes around targeted bacteria, then the autophagosome 

delivers the bacteria to the lysosome for degradation78.  

The first observation of autophagy triggered by microbial infection was made in 1984 when 

Rikihisa observed increased rate of autophagosome formation in polymorphonuclear leukocytes 

of guinea pigs under Rickettsiae infection. Pathogen degradation by autophagy was first observed 

in a study with a mutant strain of Listeria monocytogenes (delta Acta), where the mutant bacteria 

were observed to be captured in autophagosomes for degradation79. The ability of autophagy to 

target and eliminate wildtype bacteria was first demonstrated for Streptococcus pyogenes, also 

known as group A Streptococcus (GAS). In nonphagocytic cells that were infected with GAS, the 

bacteria escaped from the initial uptake vesicle to the cytosol and were then surrounded by 

autophagosome-like structures called GAS-containing autophagosome-like vacuoles (GcAVs)80. 

Additionally, a study by Gutierrez et al., showed that autophagy induction restrains intracellular 

survival of Mycobacterium tuberculosis, however, as a survival mechanism, M. tuberculosis have 

been shown to block autophagosome maturation when infecting macrophages 81. Since this 

discovery, many studies also observed that pathogenic bacteria have evolved strategies to escape 

or subvert xenophagic activity by inhibiting autophagy pathways at various stages. Some of the 

bacteria that have been shown to inhibit autophagy include, Salmonella, Mycobacteria, Shigella, 

Listeria monocytogenes, and Rickettsia conorii. These strategies usually include bacterial removal 
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of post-translational modifications which promote targeting to the autophagosome 82,83,84, or 

blockage of autophagosome-lysosome fusion85.  

1.9 ER-phagy  

The endoplasmic reticulum (ER) is an essential and dynamic organelle that plays a crucial role in 

the synthesis, folding, and modification of secretory and membrane proteins, calcium homeostasis, 

and innate immunity86,87,88. It is composed of a contiguous structure of interconnected network of 

smooth tubules and rough sheets89. To maintain its homeostasis, the ER can mark regions for 

degradative turn-over by ER-phagy or impede misfolded protein accumulation via activation of 

the unfolded protein response90. ER-phagy is promoted by ER-phagy receptors, which interact 

with both the ER and LC3 family members on the autophagosomal membrane to activate self-

digestion programs 91,92. This form of selective autophagy is crucial for maintaining ER 

homeostasis and preventing the accumulation of damaged or excess ER, which can lead to cellular 

stress and disease 93. 

The selectivity of autophagic degradation of the ER is determined by ER-phagy receptors, 

including the family with sequence similarity 134 member B (FAM134B), SEC62 homolog, 

preprotein translocation factor (SEC62), reticulon 3 (RTN3), cell cycle progression 1 (CCPG1), 

atlastin GTPase 3 (ATL3), and testis expressed 264 (TEX264)94. These proteins are responsible 

for coupling ER fragments to autophagic membranes, which ultimately leads to the turnover of the 

ER in response to stress, as well as the degradation of ER protein aggregates by the lysosome94.  

This process is mediated by specific ER-phagy receptors in response to specific stresses 94,95. The 

first and most well-characterized ER-phagy receptor in mammals is FAM134B, also known as 

Reticulophagy Regulator 1 (RETREG1)96. FAM134B is an ER membrane protein that localizes to 
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ER sheets and contains two domains: the reticulon homology domain (RHD) and the LC3 

interaction domain (LIR)97 .The RHD enhances the binding of the ER membrane, while the LIR 

stabilizes LC3 or GABARAP to autophagic vesicles, LC3/GABARAP proteins are involved in 

cargo recruitment, engulfment and autophagosome closure98. This unique structure is essential for 

FAM134B to regulate ER-phagy activity effectively99. 

1.10 Autophagy and human health 

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 cancer100, neurodegeneration101, 

cardiovascular diseases102 and immune diseases103.  

1.10.1 Autophagy in metabolic syndromes  

Metabolic syndrome is generally defined as a cluster of metabolically related health conditions, 

including abdominal obesity, high blood pressure, elevated blood sugar, high triglycerides, and 

low High-density lipoprotein (HDL) cholesterol that occur together, increasing the risk of heart 

disease, stroke, and type 2 diabetes. It is primarily driven by insulin resistance, poor diet, lack of 

physical inactivity, and genetics. Diagnosis requires at least three of these risk factors104. Defects 

in autophagy can exacerbate metabolic derangements, leading to insulin resistance and 

contributing to conditions such as type-II diabetes and obesity105. Insulin resistance is a 

pathological state characterized by diminished cellular responsiveness to insulin in key metabolic 

tissues—primarily skeletal muscle, adipose tissue, and liver—leading to dysregulated glucose and 

lipid metabolism.106. In muscle, impaired insulin signaling reduces GLUT4-mediated glucose 

uptake, while adipose tissue releases excess free fatty acids (FFAs) and proinflammatory cytokines 
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(e.g., TNF-α, IL-6) that further disrupt insulin receptor signaling and promote ectopic fat 

deposition107. Molecular mechanisms involve defects in the PI3K/Akt/mTOR pathway, 

mitochondrial dysfunction, and chronic inflammation. 

Metabolic syndrome-like conditions have been observed in autophagy-deficient mice put under an 

over-nutrition diet, which were far more likely to develop insulin resistance, liver steatosis, 

expansion of adipose tissue, and a much higher body weight when compared with wild-type 

mice105. It is understood that chronic excessive calorie intake in these mice led to glucolipotoxicity, 

which induced metabolic stress in the pancreatic β-cells, the liver, and adipose tissue, often in the 

form of mitochondrial dysfunction, ER stress, and oxidative stress105. The same stressors that 

autophagy responds to. Therefore, autophagy impairment results in the accumulation of damaged 

organelles and protein aggregates, leading to the inability to maintain a homeostatic cellular 

environment 102. When manifested at the tissue or organ level, this results in reduced insulin 

secretion in pancreatic β-cells, adipocyte dysfunction, and the onset of non-alcoholic fatty liver 

disease due to increased lipid deposits in the liver105. All these conditions contribute to the 

development of insulin resistance, which would then exacerbate glucolipotoxicity, creating a 

detrimental feedback loop. While normal autophagy activity would act to reduce the 

aforementioned metabolic stressors, thereby preventing the formation of the detrimental feedback 

loop105.  

1.10.2 Autophagy in gut health  

Autophagy in the intestinal tissues have been shown to be important in the regulation of 

inflammatory responses and defence against pathogenic bacteria108. In an environment rife with 

microbiota, normal autophagy activity has been shown to keep inflammation in check by 

suppressing pro-inflammatory T-cell signaling. Inflammatory bowel disease (IBD) is a chronic 
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syndrome that affects the intestinal tract, influenced by both genetic and environmental factors. 

Autophagy have been shown to be strongly linked to the pathogenesis of IBDs such as Crohn’s 

disease and ulcerative colitis108, 109. 

Crohn’s disease (CD) is a chronic inflammatory bowel disease usually affecting various separate 

segments of the gastrointestinal tract, with a greatly heterogeneous symptom profile. At any time 

between early childhood and late adulthood, the onset of the disease can occur. Both genetic and 

environmental factors are involved in the development of the disease. The current model of 

Crohn’s disease pathogenesis suggests that intestinal microbiota-based stimulation in genetically 

predisposed individuals results in defective inflammatory responses, which leads to chronic 

inflammation of the gastrointestinal tract. Therefore, investigating pathogen-host interactions and 

the complex network of signalling cascades would be important in the search for new treatment 

options. Genome-wide association studies (GWAS) have detected high susceptibility regions of 

the genome that are associated with or contribute to CD pathogenesis.108. Several of the proteins 

involved in xenophagy induction (ATG16L1and IRGM) and pathogen detection (NOD2 and 

TLR4) were among the genes detected108. As the gut microbiota becomes more extensively 

researched, multiple studies have highlighted the importance of autophagy in maintaining 

intestinal health and shaping microbiota composition.108. Research has shown that mice with 

dysregulated autophagy have altered gut microbial diversity, leading to a reduction of beneficial 

bacteria species such as Akkermansia muciniphila110. Conversely, gut microbiota have also been 

shown to influence autophagy activity in various organs of the body through secreted 

metabolites.108. Shedding new light onto the previously unknown pathway of autophagy 

regulation. 
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1.11 Statement of Research Problem, Rationale, and Hypothesis 

Autophagy is a critical cellular process that maintains cellular homeostasis by eliminating 

damaged organelles, misfolded proteins, and pathogens. Dysregulation of autophagy has been 

implicated in a wide range of diseases, including metabolic syndrome, bacterial infections, and 

neurodegenerative disorders. Due to limitations in existing tools, accurate measurement of 

autophagy induction remains challenging, particularly in rare cell populations or in vivo 

conditions. Additionally, autophagy has long been implicated in playing important roles in 

metabolic regulation and pathogen defence, as perturbations such as iron overload or bacterial 

infections lead to disruption in autophagy pathways, resulting in disease progression. 

Understanding the details of these mechanisms could provide new therapeutic targets for 

conditions such as insulin resistance and bacterial infections. 

Hypothesis: 

We hypothesize that the phosphorylation of ATG16L1 serves as a reliable and specific biomarker 

for autophagy induction, enabling accurate measurement of autophagy rates in diverse 

physiological and pathological contexts. Furthermore, we propose that chronic iron overload 

disrupts autophagy by inhibiting mTORC1-UVRAG signaling, leading to impaired autophagic-

lysosome regeneration and contributing to insulin resistance in metabolic syndrome. Additionally, 

we hypothesize that bacterial pathogens, such as Salmonella Typhimurium, evade host innate 

immunity by targeting the ER-phagy receptor FAM134B, thereby inhibiting ER-phagy and 

promoting intracellular survival. 
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2.2 Abstract 

Autophagy is a degradative program that maintains cellular homeostasis.  Autophagy defects have 

been described in numerous diseases.  However, analysis of autophagy rates can be challenging, 

particularly in rare cell populations or in vivo, due to limitations in currently available tools for 

measuring autophagy induction.  Here, we describe a novel method to monitor autophagy by 

measuring phosphorylation of the protein ATG16L1. We developed and characterized a 

monoclonal antibody that can detect phospho-ATG16L1 endogenously in mammalian cells. 

Suitable for Western blot, immune-fluorescence and IHC, phospho-ATG16L1 levels directly 

correspond to autophagy rates.  Importantly, phospho-ATG16L1 is only present on newly-forming 

autophagosomes. Therefore, its levels are not affected by prolonged stress or late-stage autophagy 

blocks, which can confound autophagy analysis.  Moreover, we show ATG16L1 phosphorylation 

is a conserved signalling pathway activated by numerous autophagy-inducing stressors.  Taken 

together, this phospho-antibody represents an exciting new tool to study autophagy induction.  

 

 

 

 

 

 

  



28 
 

2.3 MAIN 

Macroautophagy (hereafter referred to as autophagy) is a degradative pathway that is potently 

upregulated in response to intrinsic or extrinsic cellular stressors.1.  Autophagy is driven by the 

formation of a double-membraned vesicle called an autophagosome.  Autophagosomes can 

sequester harmful elements in the cytoplasm and deliver them to the lysosome for degradation.1. 

Starvation also potently increases autophagosome formation, recycling macromolecules to fund 

essential biosynthetic pathways. 2,3.  Autophagosome formation is driven by a highly conserved 

set of autophagy-related (ATG) proteins, including a serine/threonine kinase and a ubiquitin-like 

E3 enzyme.4.  Study of the autophagy pathway often involves analysis of outputs that are 

downstream of these two enzymes.1. 

UNC-51-like kinase (ULK1), a serine/threonine kinase, serves as the catalytic component of the 

autophagy-promoting protein kinase complex consisting of ATG13L, FIP200 (or RB1CC1) and 

ATG1015-10.  Mammals possess two ULK homologs, ULK1 and ULK2, which have largely 

overlapping targets and roles in promoting autophagy11.  Hereafter, ULK1 and ULK2 will 

collectively be referred to as ULK. In the absence of stress, ULK complexes are inhibited through 

direct phosphorylation by the mammalian target of rapamycin complex 1 (mTORC1)8-10.  Under 

stress, ULK is released from mTORC1-inhibition and acts by phosphorylating downstream targets 

to promote the first steps of autophagosome formation8-10.    Recruitment of the E3-like enzyme 

consisting of ATG16L1/ATG5-12 to the autophagosomal membrane is dependent on the FIP200 

subunit of the ULK complex12,13. The ATG16L1 subunit is responsible for targeting the enzyme 

complex to nascent autophagosomes14, while ATG5-12 recruits microtubule-associated protein 1-

light chain (LC3) to the complex. ATG16L1-containing complexes are essential for autophagy and 
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are referred to as E3-like due to the mechanistic similarities in the conjugation of LC3 to 

phosphatidylethanolamine (PE) with the ubiquitin conjugation cascade. 

LC3B is the most studied member of the LC3/GABARAP family15,16.  Functionally, LC3B is 

involved in cargo recruitment, engulfment and autophagosome closure.  However, LC3B is best 

known for its use to monitor autophagy rates17.  This is due to the fact that lipidated LC3B is 

readily identifiable as a lower migrating band by western blot or a punctate structure by 

immunofluorescence (IF).  The ability to measure autophagosomes through lipidated LC3B 

(hereafter referred to as LC3B-II) has resulted in the inclusion of LC3B-II measurement in the 

majority of studies on the autophagy pathway17.  However, analysis of the autophagy pathway 

using LC3B-II must be performed carefully as decreases in autophagosome clearance often result 

in increased LC3B-II levels, which incorrectly indicates an elevation of autophagy rates17. 

Conversely, under stress conditions rapidly degraded LC3B-II sometimes fails to accumulate, 

thereby masking increased autophagy rates17. To overcome these obstacles, LC3B-II analysis is 

often performed in the presence of inhibitors of autophagosome clearance18.  However, use of such 

drugs can be problematic in vivo, or introduce confounding effects if used for an extended duration 

in vitro.  Despite these drawbacks, LC3B-based autophagy analysis has enabled a tremendous 

expansion of our knowledge of the autophagy pathway to date. 

Analysis of autophagy adaptors is another common approach to examine autophagy rates18.  

Autophagy adaptors recruit specific cargo to the autophagosomal membrane through interaction 

with LC3B18 and, as a result, are degraded along with the cargo.   The best characterized autophagy 

adaptor is p62 (also known as sequestosome-1), which is rapidly cleared by autophagy in response 

to several stressors18. However, autophagy analysis using p62 comes with important caveats: 1) 

p62 is transcriptionally regulated by stress19,20 and in disease states21,22, affecting protein levels 
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independently of autophagy flux, 2) different stressors can preferentially utilize specific autophagy 

adaptors23-25, which can be problematic if the adaptor is not known, and 3) after an initial decrease, 

the levels of autophagy adaptors remain lowered under continued stress and provide limited 

information about changes in prolonged autophagy rates.  Despite these limitations, analysis of 

autophagy adaptors has been a very useful tool for autophagy researchers, which is often 

performed with LC3B-II analysis.  

In addition to analysis of LC3B and autophagy adaptors, other methods have been developed to 

monitor mammalian autophagy including: electron microscopy26, turn-over of long lived 

proteins27, BHMT cleavage28, or the use of specialized dyes or probes29,30.  However, analysis of 

p62 and LC3B remain the most commonly used methods to monitor autophagy.  Their popularity, 

despite the above-mentioned limitations, is largely due to their ease of use and the availability of 

high-quality reagents that can be applied to multiple assays.  We propose that an ideal method to 

monitor autophagy would couple these beneficial qualities but would also be specifically tied to 

autophagosome formation itself, rendering it insensitive to the accumulation of dysfunctional 

autophagosomes or skewing by the duration of autophagy activation.  An assay with these 

properties would address several of the most pressing deficiencies.  However, for comprehensive 

analysis of the autophagy pathway multiple lines of analysis will remain best practice. 

We identified a stress-sensitive signalling event that may be tied to newly forming 

autophagosomes.  We found that ULK phosphorylates ATG16L1 in response to infection at a 

conserved serine (S278)31.  Both ATG16L1 and ULK are essential for autophagy initiation in 

nearly all conditions, unlike individual members of LC3/GABARAP family or autophagy adaptors 

that have functional redundancies.  Therefore, the newly-discovered mechanistic link between 

ULK and the LC3-lipidating machinery may represent a common signalling event that is 
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stimulated upon autophagy induction, regardless of the stress or cargo.  Previous reports have 

shown that FIP200, an essential cofactor for ULK-kinase activity, can bind to ATG16L113,32.  This 

binding requires amino acids 229-242 of ATG16L1, which are not phosphorylated by ULK31.  

However, FIP200 binding with ATG16L1 may promote phosphorylation by the ULK-complex. To 

study this pathway, we partnered with Abcam to create a monoclonal antibody capable of detecting 

ATG16L1 phosphorylation on serine 278 (hereafter referred to as pATG16L1s278). Hybridomas 

were first screened by ELISA, then positive clones were tested in our lab for specificity and 

functionality in several assays. After two years of development, involving multiple rounds of 

hybridoma fusions and clonal screens, we identified a monoclonal antibody capable of detecting 

endogenous levels of the phospho-protein across multiple assays, which is now available to the 

research community. 

2.4 RESULTS 

Phosphorylation of ATG16L1 following bacterial infection has been shown to play a role in the 

defects related to Crohn’s-associated mutations of ATG16L131,33.  IKKα has been shown to 

phosphorylate ATG16L1 in vitro at serine 278 (S278).  However, in vivo ULK, not IKK  is 

responsible for ATG16L1 phosphorylation31. To further characterize this signaling, we developed 

a monoclonal antibody against pATG16L1s278.  Using ATG16L1 knockout (KO) or Wildtype (WT) 

cells we tested the specificity of pATG16L1s278 antibody in response to amino acid starvation, a 

potent inducer of autophagy. pATG16L1s278 was stimulated by starvation and could be detected 

endogenously by western blot in WT, but not KO cells (Fig. 1A).  Mutation of the S278, deletion 

of key autophagy genes, or pharmacological blockage of autophagy all disrupted ATG16L1 

phosphorylation, underscoring the specificity of the antibody (S1A-D). 
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Fig.1  Phosphorylation of ATG16L1 is a conserved indicator of autophagy induction, which 

is activated by multiple stimuli. a, Immunoblot of WT and ATG16L1 KO HCT116 cells either 

kept in nutrient-rich complete medium (NR) or starved with DMEM deficient in amino acids (-

AA) for 3 h. An empty lane demarcates WT and KO cell lines. Experiment was repeated three 

times (n = 3) independently with similar results. b, Representative immunoblot of Q7 mouse brain 

striatal cell lysates treated as indicated. Experiment was repeated three times (n = 3) independently 

with similar results. c, Amino acid sequence proximal to serine 278 of human ATG16L1 aligned 

to indicated species displaying high degree of conservation. The 278 serine residue is marked in 

red. Additional conserved serine and threonine residues are marked in blue. 
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We next tested whether ATG16L1 phosphorylation is induced by autophagy-inducing stressors in 

addition to infection and amino acid withdrawal31. We observed increased ATG16L1 

phosphorylation in response to i) mTOR-inhibition, ii) glucose withdrawal, iii) cytokine depletion, 

iv) reactive oxygen species, and v) mitochondrial uncoupling (Fig. 1B and S1E-F).  Increased 

pATG16L1s278 levels correlated with autophagy induction, confirmed by p62 clearance, and 

increased LC3B-II (Fig. 1B).   As this antibody was generated from a highly-conserved region of 

ATG16L1 (Fig. 1C), it was capable of detecting ATG16L1 phosphorylation in 8 cell lines of 

different species and tissue origins (Fig. S1G).  The induction of pATG16L1s278 in multiple cell 

types under diverse stressors lead us to further determine if pATG16L1s278 levels could be used as 

a method to measure autophagy induction.  

We next sought to determine if our antibody was suitable for IF and how it compared to other 

established autophagy markers. Specificity of our antibody was verified by the absence of 

pATG16L1s278 staining in cells: treated with VPS34 inhibitor, with ATG16L1 deleted, reconstituted 

with ATG16L1(S278A) (Fig. 2A, S2A).  While WT-cells showed strong pATG16L1s278 staining 

that colocalized almost completely (97%) with total-ATG16L1.  Strikingly, we found that 

pATG16L1s278 was almost exclusively punctate when compared to diffuse and punctate pattern of 

total ATG16L1 (Fig. 2A). We postulated that pATG16L1s278 may be selectively associated with 

autophagosomes due to its exclusive punctate staining.  To verify our hypothesis, we analyzed 

pATG16L1s278 colocalization with LC3B and its sensitivity to starvation.  Co-staining of 

endogenous pATG16L1s278 and LC3B revealed a partial colocalization and upregulation of puncta 

with both antibodies (Fig. 2B, S2B).  
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Fig. 2: pATG16L1 can be analyzed by immunofluorescence and is recruited to the expanding 

autophagosomal membrane. a, HCT116 WT and ATG16L1 KO cells were treated with the 

indicated treatments for 2 h. Endogenous ATG16L1 (green), pATG16L1 (white) and DNA (blue) 

were stained. Representative images are shown (scale bars, 10 µm). b, Endogenous pATG16L1 

(red), LC3B (green) and DNA (blue) were stained in Q7 cells incubated in either complete medium 

or amino acid-deficient DMEM for 1 h. Representative images are shown (scale bars, top row, 

10 µm; bottom row, 3 µm). Quantification of one representative experiment is shown, 

independently repeated three times (n = 3) with similar results. Measure of center represents mean 

value and error bars represent standard deviation. Statistical analysis was performed using two-

sided Student’s t-test; asterisks denote P < 0.05. c, Endogenous pATG16L1 (red), p62 (green) and 

DNA (blue) were stained in Q7 cells incubated in either complete medium or amino acid-deficient 

DMEM for 1 h. Representative images are shown (scale bars, top row, 10 µm; bottom row, 2 µm). 

Quantification of one representative experiment is shown, independently repeated three times 

(n = 3) with similar results. Measure of center represents mean value and error bars represent 

standard deviation. Statistical analysis was performed using two-sided Student’s t-test; asterisks 

denote P < 0.05. d, Endogenous pATG16L1 (red), LC3B (green), p62 (white) and DNA (blue) were 

stained in Q7 cells incubated in either complete medium or amino acid-deficient DMEM for 1 h. 

Representative images are shown (scale bars, top row, 10 µm; bottom row, 3 µm). Quantification 
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of one representative experiment is shown, independently repeated three times (n = 3) with similar 

results. Measure of center represents mean value and error bars represent standard deviation. 

Statistical analysis was performed using two-sided Student’s t-test; asterisks denote P < 0.05. e, 

MEFs transiently expressing GFP-tagged WIPI1 were incubated in either complete medium or 

amino acid-deficient DMEM for 1 h. Endogenous pATG16L1 and LC3B were stained and 

analyzed along with GFP by AiryScan high-resolution fluorescent microscopy. Four representative 

images corresponding to different stages of autophagosome expansion are shown. Experiment was 

repeated three times (n = 3) with similar results. For consistency pATG16L1 was pseudocolored 

red, LC3B green and GFP-WIPI1 white (scale bars, 2 µm). f, Simplified schematic of 

autophagosome biogenesis with respect to the roles of WIPI1/2, ATG16L1, LC3 and p62. 

 

To confirm the autophagosomal nature of pATG16L1s278 puncta, we also analyzed colocalization 

between pATG16L1s278 and p62.  Consistent with our previous observations, we detected 

pATG16L1s278/p62 double-positive puncta primarily in amino acid starved cells (Fig. 2C, S2C).  

Triple staining revealed a higher degree of colocalization between p62 and LC3B than either 

protein had for pATG16L1s278 (Fig. 2D, S2D).  As p62 and LC3B remain on fully formed 

autophagosomes this raises the possibility that pATG16L1s278 associates with the autophagic 

membrane prior to autophagosome closure.  The possibility of selective localization of 

pATG16L1s278 to newly-forming autophagosomes is particularly interesting as these structures 

could provide a direct readout for the rate of autophagy initiation. 

To decipher the stage at which pATG16L1s278 promotes autophagosome biogenesis, we performed 

high-resolution confocal microscopy on cells transiently expressing GFP-WIPI1. GFP-WIPI1 was 

previously found exclusively on expanding autophagosomal structures and not on mature 

autophagosomes34. We were able to observe distinct patterns of co-staining, which may be 

attributed to different stages of autophagosome biogenesis.  For example, we observed puncta that 

exhibited colocalization between pATG16L1s278/WIPI1, pATG16L1 s278/LC3B, and 
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pATG16L1s278/WIPI1/LC3B (Fig. 2E).  However, we did not observe any WIPI1/LC3B in the 

absence of pATG16L1 s278 (Fig. 2E).  

To look at pATG16L1s278 on autolysosomes we co-stained lysosomal marker LAMP1 with 

pATG16L1s278, but found very little lysosomal localization of pATG16L1s278 (Fig. S2E). Similar 

observation was made in eGFP-mCherry-LC3B reporter cells (Fig. S2F). Taken together these data 

suggest a working model of autophagosomal initiation where pATG16L1s278 is targeted to newly 

forming autophagosomes, promoting LC3B-lipidation and dissociating along with WIPI-proteins 

upon autophagosomal maturation (Fig. 2F).   

Interestingly, ATG16L1 phoshporylation is not required for autophagy induction. In mutant 

ATG16L1 reconstituted cells, we observed similar autophagy induction (Fig. S2G) and no 

difference in total ATG16L1 colocalization with GFP-WIPI2 (Fig. S2H). However, this does not 

relate to the utility of pATG16L1s278 to monitor autophagy, as both LC3B and p62 are similarly 

not essential for autophagy35,36.  

The localization of pATG16L1s278 to newly-forming autophagosomes indicates that it should be 

insensitive to blockages in autophagosome clearance.  A persistent problem in autophagy research 

is that blockade of autophagosomal turnover leads to accumulation of LC3B-positive vesicles, 

resembling a potent induction of autophagy17.  To test if pATG16L1s278 levels are altered by 

accumulation of mature autophagosomes, we treated cells with bafilomycin A1 (Baf A1), an 

inhibitor of autophagosome turnover, under nutrient rich conditions and analyzed LC3B and 

pATG16L1S278 using IF.  As expected, LC3B puncta were dramatically increased under Baf A1 

treatment, despite no increase in the overall rate of autophagy (Fig. 3A).  However, we observed 

that pATG16L1s278 staining was indistinguishable between Baf A1 treated cells and untreated, 

consistent with the actual rate of autophagy induction under nutrient rich conditions (Fig. 3A).  
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pATG16L1s278 levels by western blot similarly did not increase with Baf A1 (Fig. S3A). Together, 

these findings indicate that pATG16L1s278 can discriminate between autophagy induction and 

autophagosome accumulation. 
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Fig. 3: pATG16L1 level provides a reliable measurement of autophagy rates independent of 

late-stage autophagy block and directly reflects autophagic vesicle formation. a, Q7 cells were 

incubated in complete medium in the presence or absence of Baf A1. pATG16L1, LC3B and DNA 

were stained and analyzed by immunofluorescence. Representative images are shown (scale bars, 

top row, 20 µm; bottom row, 10 µm). Quantification of one representative experiment is shown, 

independently repeated three times (n = 3) with similar results. Measure of center represents mean 

value and error bars represent standard deviation. Statistical analysis was performed using two-

sided Student’s t-test; asterisk denotes P < 0.05. b, Q7 cells were incubated in either complete 

medium or HBSS in the presence of Baf A1. Cell lysates were collected at the time points indicated 

and immunoblotted. Quantification of western blot protein relative intensities normalized against 

the NR sample from three independently repeated experiments (n = 3) is shown. Measure of center 

represents mean value and error bars represent standard deviation. Statistical analysis was 

performed using two-sided Student’s t-test; asterisk denotes P < 0.05. c, Q7 cells were incubated 

in either complete medium or HBSS. Cell lysates were collected at the time points indicated and 

immunoblotted. Quantification of western blot protein relative intensities normalized against the 

NR sample from four independently repeated experiments (n = 4) is shown. Measure of center 

represents mean value and error bars represent standard deviation. Statistical analysis was 

performed using two-sided Student’s t-test; asterisk denotes P < 0.05. d, Q7 cells were incubated 

in either complete DMEM or HBSS for 240 min. Cells were then fixed, agarose-embedded, 

sectioned and analyzed by electron microscopy. White arrows denote autophagosomes. Scale bars, 

top row, 2 μm; bottom row, 0.5 μm. Quantification of one representative experiment is shown, 

independently repeated three times (n = 3) with similar results. Measure of center represents mean 

value and error bars represent standard deviation. Statistical analysis was performed using two-

sided Student’s t-test; asterisk denotes P < 0.05. e, Representative immunoblot from duplicate set 

of cells treated with the same conditions as Fig. 2d. Experiment was independently repeated three 

times (n = 3) with similar results. 

To compare the kinetics of pATG16L1s278 induction to established markers of autophagy flux we 

performed western blot measuring LC3B-II and pATG16L1 levels under starvation with inhibitors.  

We constantly observed a correlation between the peak signals for LC3B-II and pATG16L1 (Fig. 

3B, S3B), indicating that analysis of ATG16L1 phosphorylation could be used as a substitute to 

LC3B-II analysis with flux inhibitors.   Repeated in the absence of Baf A1 to measure the clearance 

of p62, we observed a potent decrease in p62 protein levels and a concomitant increase in 

ATG16L1 phosphorylation, consistent with autophagy induction (Fig. 3C, S3C).  However, these 

two methods of monitoring autophagy gave slightly different information at early and late time 
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points.  After 40min starvation we observed a dramatic increase in pATG16L1s278 levels and a 

statistically insignificant reduction in p62 levels (Fig. 3C, S3C).  This is consistent with an early 

point in the autophagic flux, where several new autophagosomes are being formed (pATG16L1s278 

high) but only few have fused with the lysosome to degrade p62 (Fig. 2F).  However, beyond 

120min starvation p62 levels remain low making it difficult to determine changes in autophagy 

flux after the initial clearance of autophagy adaptors.  As a consequence, the increase we see 

pATG16L1s278 and LC3B-II levels around 3-4 hours (Fig. 3B-C) is not observable by p62 

clearance.  Moreover, stress-induced degradation of p62 has been described to correlate with an 

upregulation of its transcription37, potentially confounding autophagy analysis unlike 

phosphorylation/dephosphorylation, which is rapid and reversible making it the ideal indicator for 

autophagic activity. These data indicate the potential for a unique advantage of analyzing 

autophagy through phosphorylation of ATG16L1, which is not sensitive to the duration of 

starvation.   

We next analyzed autophagosome formation at the time points with peak pATG16L1S278 levels 

using fluorescent LC3B-reporter lines (Fig. S3D), endogenous pATG16L1s278 staining (Fig. S3E), 

and an autophagosome-specific live cell stain CytoIDtm (Fig. S3F), which showed that 

autophagosome formation correlated with pATG16L1S278 levels.  Next, we analyzed 

pATG16L1s278 levels from duplicated samples using western blot and electron microscopy (EM) 

under starvation.  We observed an increase in autophagic vesicles in EM images (Fig. 3D), which 

correlated with an increase in pATG16L1s278 levels by western blot (Fig. 3E).   Together, our 

findings establish pATG16L1s278 as a robust indicator of autophagic rate, independent of late stage 

autophagy block, with the potential to provide a more accurate readout and/or simpler readout of 

autophagy induction than widely-used markers such as p62 and LC3B. 
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We also examined the possibility of using other mTORC1 and ULK targets as potential readouts 

of autophagy induction. mTORC1-mediated S6K phosphorylation was rapidly lost after starvation, 

rendering it much less informative than pATG16L1s278 (Fig. S4A). mTORC1 assays were also 

more vulnerable to disruption by other factors than pATG16L1s278 (Fig. S4B). ULK 

phosphorylation of ATG13 was induced under starvation; however, it was far less consistent in 

measuring autophagy when compared to pATG16L1s278 (Fig. S4C).  

We next asked if pATG16L1s278 levels could be monitored in vivo from histological sections.  Mice 

were either fed ad libitum or starved for 16 hours, which was previously shown to activate 

autophagy in skeletal muscle38.  Cryopreserved muscle sections showed punctate pATG16L1s278 

staining when compared to secondary antibody alone, indicating immunoreactivity (Fig. 4A).  

More importantly, we observed that the number of puncta per cell increased significantly in starved 

muscles indicating that pATG16L1s278-induction is detectable by IHC (Fig. 4A, S5A).  LC3B-

staining in cryopreserved samples was increased across starvation samples but did not achieve 

statistical significance (Fig. 4A, S5A).  Consistent with the cryopreserved samples, paraffin-

formalin samples displayed pATG16L1s278 as a punctate pattern that was absent in controls (Fig. 

4B).  Additionally, punctate pATG16L1 staining was increased in starved sections compared to 

controls (Fig. 4B, S5B).  LC3B staining was also increased in starved samples (Fig. 4B, S5B).  

Notably, using this protocol LC3B staining gave more reliable staining than cryopreserved samples 

consistent with a previously report describing optimal LC3B immunohistological staining39.  

While we are using an LC3B antibody that has previously been validated for IHC, other antibodies 

may give improved results or require alternate tissue preparation protocols. We next sought to 

determine if pATG16L1s278 was suitable for IHC of liver or brain.   Successful IHC of the brain 

and liver required transcardial perfusion with PBS and PFA to reduce background staining and 
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allow interpretation of pATG16L1s278 staining.  We found that staining of both liver and 

hippocampal sections yielded a specific and punctate staining pattern for ATG16L1s278 (Fig. 4C-

D). We then stained pATG16L1S278 in fixed slices of the hippocampus from adult Atg5flox/flox mice. 

As previously described Atg5 was specifically removed from dividing NPCs in the hippocampus 

of the Atg5flox/flox mice40. Staining of these sections showed that the Atg5-null NPCs were void of 

pATG16L1 when compared to the surrounding tissue (Supplementary Video 1).  Taken together, 

these results show that pATG16L1s278 staining is compatible for autophagy analysis using 

immunohistochemistry. 
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Fig. 4: pATG16L1 is compatible with IHC staining of tissue samples to measure autophagic 

activities in vivo. a, Tissue sections from quadriceps of either fed or starved mice were 

cryopreserved and sectioned into 10-µm-thick slices. Staining was done using the indicated 

primary antibodies, followed by incubation with fluorophore-conjugated secondary antibody. 

Samples stained with secondary antibody alone are shown to provide a baseline of background 

fluorescence. Representative confocal microscopy images from a total of three biological 

replicates (n = 3) are shown (scale bars, 10 µm). b, Tissue sections from quadriceps of either fed 

or starved mice were fixed with 10% formalin, paraffin embedded and sectioned into 4-µm-thick 

slices. Staining was performed using the indicated primary antibodies, followed by incubation with 

fluorophore-conjugated secondary antibody. Samples stained with secondary antibody alone are 

shown to provide a baseline of background fluorescence. Representative confocal microscopy 

images from a total of five biological replicates (n = 5) are shown (scale bars, 10 µm). c, Mouse 

liver tissue sections were stained with pATG16L1 antibody. Secondary-only images are shown to 

distinguish specific pATG16L1 staining. Representative images are shown from a total of five 

biological replicates (n = 5) (scale bars, top row, 10 µm; bottom row, 5 µm). d, Mouse brain 

hippocampus tissue sections were stained with pATG16L1 antibody. Secondary-only images are 

shown to distinguish specific pATG16L1 staining. Representative images are shown from a total 

of four biological replicates (n = 4) (scale bars, top row, 10 µm; bottom row, 5 µm). 

 

2.5 Discussion 

Here, we identified a novel method for monitoring mammalian autophagy utilizing measurement 

of the direct signalling between two essential enzymes involved in autophagosome formation. The 

selective presence of pATG16L1s278 on newly-forming autophagosomes indicates this signalling 

event is tightly tied to the biology of autophagosome formation, and therefore to the rate of 

autophagy induction.  In a well-defined system, pATG16L1s278 levels largely follow the rate of 

LC3B-II. However, in the absence of lysosomal inhibitors pATG16L1s278 consistently yielded a 

more reliable result, likely due to the closer relationship between pATG16L1s278 and autophagy 

induction than LC3B-II. The reliability of this assay will likely be of even greater benefit in more 

technically challenging experimental systems, where target cells may be rare, or drugs impractical. 

The monoclonal pATG16L1s278 antibody characterized here is capable of endogenously detecting 
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autophagy induction in multiple tissues and species across several common assays making it a 

robust method that can be easily adopted in most experimental situations.  

Additionally, the analysis of pATG16L1s278 may open new avenues for research into the 

mechanisms of autophagy induction and regulation.  pATG16L1s278 analysis may aid in 

demarcating the mechanisms and stages of autophagosomal membrane expansion.  Moreover, we 

identified a single phosphorylation site in a conserved stretch of serine and threonine residues on 

a region of ATG16L1 that has not been well characterized.  Based on high throughput mass 

spectrometry data that have been deposited, we have found that other sites in region are also 

phosphorylated.  It is quite possible that other regulatory events, either activating or inhibiting, are 

acting in this region of ATG16L1 and controlling the rate of autophagy initiation.   

Lastly, we must reiterate that the use of pATG16L1s278 alone has the potential to be misleading in 

specific conditions that we have not yet determined, but likely exist.  Therefore, employment of 

multiple methods of autophagy analysis will remain the best approach to study of the autophagy 

pathway. However, the use of pATG16L1s278 nonetheless represents an exciting new tool for 

autophagy researchers to utilize in the continued interrogation of the autophagy pathway. 

2.6 Materials and Methods 

Cell Culture 

HeLa, RPE1, COS-7, Q7, L6, HCT116, MEF and MDCK cells were obtained from American 

Type Culture Collection (ATCC; Rockville, MD). Cells were cultured at 37°C in a humidified 5% 

CO2 atmosphere. HCT116 ATG16L1 knockouts were generated using CRISPR/Cas9 targeting 

exon 1. Guide RNA sequence: 5’ AAACCCGCTGGAAGCGCCACATCTC 3’. HCT116 

ATG16L1 KO reconstituted cells were generated using the same guides.  WT2 cells were 
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generated by stable reconstitution of VHL in the 786-0 background as previously described41. 

ATG5 and ATG7 knockout MEFs were generated using CRISPR/Cas9 and has been previously 

described42. FIP200 knockout MEFs were a generous gift from Jun-Lin Guan (University of 

Cincinnati). All cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% Bovine Calf Serum (BCS - VWR Life Science Seradigm), with the 

exception of L6 cells which were grown in alpha modified Eagle’s medium (AMEM) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS).  eGFP-mCherry-LC3B stable 

MEF cells was generated from infection of wild-type MEFs with a lentivirus containing the 

transgene. A stable polyclonal population was obtained through puromycin (1 g/ml) selection 

for stable integration of the transgene.  

Mammalian expression plasmids 

GFP-WIPI2 DNA plasmid was a gift from Dr. Proikas-Cezanne and has been described 

previously43. Transfection was performed with polyethylenimine (PEI, 4:1 v/w ratio to DNA) and 

cells were used for experiment 48 hours post transfection. 

Phospho-antibody development  

Phospho-peptide flanking S278 of ATG16L1 was used to immunize 4 rabbits. Sera were screened 

against in vitro phosphorylated ATG16L1. Hybridomas were made from the most reactive rabbit. 

Hybridoma supernatants were screened for reactivity against phospho-peptide, recombinant 

phospho-protein, and endogenous phospho protein. Clones that were successful in all phases of 

screening were then tested for reactivity in IF. A single clone (211) from the second hybridoma 

fusion was reactive in all assays. This antibody has now been cloned and is commercially available 

(ab195242). 
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Antibodies 

Anti-phospho-S6 (4858), S6 (2317), phospho-S6 kinase (108D2), were purchased from Cell 

Signalling Technology. Anti-ATG16L1 (ab187617), anti-ATG13 (ab201467), anti-S6 kinase 

(ab32529) were purchased from Abcam. Anti-LC3B (NB100-2220) was from Novus Biological. 

Anti-p62 (GP62-C) was obtained from Progen Biotechnik. Anti-β-actin (A5441), vinculin 

(V9131) were from Sigma-Aldrich. Anti-phospho-ATG13 was a custom antibody obtained from 

Millennium Pharmaceuticals. For immunofluorescence microscopy, anti-LAMP1 (ab25630) was 

purchased from Abcam, anti-LC3B (PM036), anti-p62 (M162-3) and anti-ATG16L1 (PM040) 

were purchased from MBL. For immunohistochemistry, anti-LC3B (PM036) from MBL was used 

to stain LC3B. 

Autophagy induction & inhibition 

Cells were plated at desired confluence the night before treatment. At 1 hour prior to starvation 

treatment, cells were replenished with fresh media. Starvation was performed using HBSS media 

(Multicell #311-513-CL), DMEM without amino acid, DMEM without glucose, or DMEM 

without serum. Torin-1 (200nM, Tocris Bioscience) was added to cells for 2 hours to achieve 

mTORC inhibition. H2O2 (75µM, Fisher H325-500) was added to cells for 1 hour to induce 

ATG16L1 phosphorylation. Carbonyl cyanide m-chlorophenylhydrazone (CCCP. 100µM, Abcam 

ab141229) was added to cells for 5 hours to induce ATG16L1 phosphorylation. For samples 

treated with bafilomycin A1 (200nM, Cayman Chemicals), bafilomycin A1 was applied 15 

minutes before treatment with stressors. VPS34 inhibitor (100nm, Calbiochem 5326280001) was 

added to cells for 2hours (IF) to 3 hours(WB) to achieve inhibition of autophagy. 

Western blot 
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Cells were lysed directly with 1x Laemmil sample buffer. Samples were boiled at 95˚C for 10 

minutes and then resolved by SDS-PAGE on 6%-18% gradient polyacrylamide gels. After 

transferring onto a PVDF membrane, the portions containing pATG16L1 were blocked with 

blocking solution (Ab126587) diluted in 1x PBS for 30 minutes. All other membranes were 

blocked with 5% skim milk dissolved in TBST for 30 minutes. Earlier pATG16L1 blots in this 

manuscript used 5% skim milk as the blocking agent, but had significantly higher background. 

Use of Ab126587 is strongly recommended. pATG16L1 was detected with overnight incubation 

in primary antibody diluted at 1:2000 with 2.5% BSA at 4°C, followed by 5x TBST washes and 

incubation in 1:15000 diluted anti-rabbit HRP conjugated secondary antibody at room temperature 

for 45 minutes.  

Immunofluorescence (IF) microscopy 

IF was performed on IBIDI-treated coverslips, cut to 1cm2 (ibidi, cat. 10814) which were 

deposited into 6 or 12 well plates.  Cells were seeded onto coverslips 16 hours before treatment. 

After treatment, cells were rinsed with PBS then fixed in 4% paraformaldehyde in PBS for 15 

minutes.  Cells were then permeabilized with 50 µg/mL of digitonin in PBS for 10 minutes. 

Blocking was performed in 1% BSA and 2% serum in PBS for 30 minutes.  Cells were then 

incubated with primary antibodies in the blocking buffer for 1 hour at room temperature. Slides 

were then washed 3x with PBS, then incubated with secondary antibodies in blocking buffer for 

30 minutes. Slides were then washed 3x with PBS and mounted onto glass microscope slides with 

ProLong gold anti-fade (Invitrogen). Epifluorescent images were captured with inverted Zeiss 

AxioObserver.Z1. High-resolution images were captured using Zeiss LSM 880 AxioObserverZ1 

Confocal Microscope with AiryScan. Images were deconvoluted with AutoQuant x3.1 and 3D 

structures were constructed using Imaris. 
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Quantification of Immunofluorescence microscopy 

Colocalization and average numbers of puncta per cell were determined by blinded manual 

counting of puncta from representative epifluorescent images. Quantification was performed on 3 

independent experiments with at least 30 cells counted per treatment condition. Statistical analysis 

was performed with student’s T-test. 

Cyto-ID Autophagy Detection Kit assay 

Cells were plated on ibidi 8 well -Slide (Ibidi, cat. 80826) overnight and subjected to the 

indicated treatments. Cells were then incubated in DMEM without phenol red containing Cyto-ID 

autophagy detection stain (Enzo, ENZ-KIT175-0050) for 30 minutes, then washed with PBS, 

reincubated with either complete DMEM without phenol red or HBSS.  Images were acquired and 

deconvolved using an environmental chamber control microscope (DeltaVision Elite-Olympus 

IX-71 with FemtoJet Microinjector). 

Immunohistochemistry (IHC) 

Mice and tissue extraction 

Muscle samples were harvested from CD1 wildtype mice that were either fed ad libitum or starved 

for 16 hours. Both groups of mice were provided with drinking water. Mice were sacrificed in the 

following morning after 16 hours; quadriceps muscle were harvested and immediately processed 

as described in the following sections. 

Brain and liver samples were from mice fed ad libitum. These organs were harvested from mice 

perfused with PFA. Mice were anesthetized and transcardially perfused with cold phosphate 

buffered saline (PBS, pH7.4) followed by 4% paraformaldehyde in PBS. Brains were removed 
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and post fixed for 1 hour in 4% paraformaldehyde and then transferred in cryoprotectant solution 

of 30% sucrose with 0.1% sodium azide in PBS. For brain section preparation brains were 

sectioned coronally into 30µm slices on a freezing microtome and stored in PBS with 0.1% sodium 

azide. 

Tissue processing 

Tissue samples were either: 1) Directly embedded in optimal cutting temperature compound 

(OCT) and snap frozen in liquid nitrogen-cooled isopentane bath. The frozen samples were 

sectioned into 10µm thick slices and mounted onto glass slides. Samples were then rinsed once 

with PBS and fixed in 4% PFA for 25 minutes. 2) Fixed in 10% formalin for 2 days. Then rinsed 

3 times with 30% sucrose 3 times. The samples were then dehydrated and paraffin embedded, 

sectioned into 4µm thick slices, and mounted onto glass microscope slides. Prior to staining, 

samples were rehydrated and deparffinized. Antigen-retrieval for both groups was performed in 

pH 9.0 EDTA solution, at 110°C for 12 minutes in a microwave processor (Histo5, Milestone). 

Antibody staining  

Samples were rinsed 3 times with PBS; treated with 3% H2O2 (in PBS) for 10 minutes; washed 3 

times with TbT; blocked with 5% BSA for 2 hours; stained with primary antibody overnight at 

4˚C (LC3 1:1000, p62 1:1000, pATG16L1 1:300); washed 3 times with TbT, incubated with 

secondary antibody (Alexa Fluor 555 anti-rabbit cat. A31572, 1:1000) for 1 hour; washed once 

with TbT; stained with DAPI (2mg/mL, Roche Diagnostics) for 10 minutes; washed 3 times with 

TbT; cover slip mounted with Fluoromount-G mounting solution (Invitrogen, 00-4958-02). All 

treatments were done at room temperature unless otherwise stated. 

Image acquisition for IHC 
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IHC Images were acquired using Zeiss LSM 800 AxioObserverZ1 Confocal Microscope. Video 

was made by the 3D reconstruction function.  

Quantification of Immunohistochemistry 

Average numbers of puncta per cell were determined by blinded manual counting of puncta from 

representative images. Quantification was performed across at least 3 unique field of views and at 

least 15 cells counted per treatment condition. 

Electron Microscopy 

Q7 cells were treated with the indicated treatments then fixed with EM grade 4% 

paraformaldehyde and 3.5% glutaldehyde overnight. The cells were then washed with PBS 3 times 

and embedded in 4% agarose. The agarose embedded cells were sectioned into 50 m thick 

sections on a vibratome, then silver-enhanced for EM imaging. Quantifications of autophagosomes 

numbers were done by blinded manual counting from at least 14 unique field of views and at least 

7 cells were counted per sample. 

Statistics 

All error bars in the bar graphs represented standard deviation. The error bars of the whisker plot 

in Fig. 3B and 3C represented max and min data points. Statistical significance were determined 

by two tailed, two-sided Student’s t-test, with p values < 0.05 defined as significant (denoted by 

asterisks in graphs) and p > 0.05 defined as not significant (n.s.). 

Data Availability Statement 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 
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Supplementary Figure 1. pATG16L1 is ULK-dependent, sensitive to upstream disturbance 

autophagy and can be detected across a range of species by western blot. (A) Representative 

full length immunoblots of HCT116 cells of the indicated genotype incubated in the indicated 

treatments for 3 hours. Experiment was repeated 3 times (n=3) independently with similar results. 

(B) Immunoblot of FIP200 knockout or wild-type mouse embryonic fibroblasts (MEFs) incubated 

in the indicated treatments for 3 hours. Experiment was repeated 3 times (n=3) independently with 

similar results. (C) Immunoblot of L6 cells incubated in the indicated treatments for 1 hour. 

Experiment was repeated 3 times (n=3) independently with similar results. (D) Immunoblot of L6 

cells WT2 cells incubated in complete media in the presence or absence of carbonyl cyanide 

mchlorophenylhydrazone (CCCP) for 5 hours. Experiment was repeated 3 (n=3) times 

independently with similar results. (E) Immunoblot of wild-type, ATG5 knockout, and ATG7 

knockout MEFs incubated in the indicated treatments for 3 hours. Experiment was repeated 3 times 

(n=3) independently with similar results. (F) Immunoblot of wild-type MEFs incubated in the 

indicated media, in the presence or absence of VPS34 inhibitor (Calbiochem, 100nm) for 3 hours. 

Cell lysates were resolved by SDS-PAGE and immunoblotted using the indicated antibodies. 

Experiment was repeated 3 times (n=3) independently with similar results. (G) Immunoblot of 8 

cell lines of different species and/or tissue origins, as labeled, were incubated in indicated treatment 

for 2 to 4 hours. Experiment was repeated 3 times (n=3)  independently with similar results. 
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Supplementary Figure 2. pATG16L1 is not present on autolysosomes and not essential for 

autophagy. (A) HCT116 ATG16L1 knock-out cells reconstituted with either OLLAS tagged wild-

type or S278A ATG16L1 were treated with the indicated treatments for 2 hours. OLLAS (green), 

pATG16L1 (white) and DNA (blue) were stained. Representative images are shown (scale bars: 

10µm). Experiment was repeated 3 times (n=3) independently with similar results. (B) Enlarged 

multicell view of Fig. 2B showing all channels merged. Experiment was independently repeated 3 

times (n=3) with similar results (C) Enlarged multicell view of Fig. 2C showing all channels 

merged. Experiment was independently repeated 3 times (n=3) with similar results. (D) Enlarged 

multicell view of Fig. 2D showing all channels merged. Experiment was independently repeated 

3 times (n=3) with similar results.  (E) Wild-type MEFs were incubated in DMEM or amino acid 

deficient media for 2 hours in the presence of Bafilomycin A1 (200nm). The specified proteins 

were stained and representative immunofluorescent images are shown. Quantification of one 

representative experiment is shown, independently repeated 3 (n=3) times with similar results. 

Measure of center represent mean value and error bars represent standard deviation. Statistical 

analysis was performed using two-sided Student’s T-test, asterisk denote p<0.05. (F) mCherry-

eGFP-LC3 knockin MEFs were incubated in complete DMEM or amino acid deficient media for 

240 minutes. pATG16L1 (white) was stained and representative immunofluorescent images are 

shown. White arrows in enlarged view #1 indicate autolysosomes (mCherry singlepositive puncta) 

absent of pATG16L1 signal. White arrows in enlarged view #2 indicate autophagosomes 

(mCherry-eGFP double-positive puncta) colocalized with pATG16L1. Quantification of one 

representative experiment is shown, independently repeated 4 (n=3) times with similar results. 

Measure of center represent mean value and error bars represent standard deviation. Statistical 

analysis was performed using two-sided Student’s T-test, asterisk denote p<0.05. (G) Wild-type 

and ATG16L1 S278A mutant HCT116 cells were incubated in DMEM or amino acid deficient 

media for 2 hours. LC3B was stained and representative immunofluorescent images are shown. 

Quantification of one representative experiment is shown, independently repeated 3 times with 

similar results. Measure of center represent mean value and error bars represent standard deviation. 

Statistical analysis was performed using two-sided Student’s Ttest, asterisk denote p<0.05. (H) 

GFP-WIPI2 was transiently expressed in HCT116 cells stably expressing either wild-type or 

S278A mutant ATG16L1. Cells were starved in amino acid deficient media for 2 hours. ATG16L1 

(red) was stained and analyzed with GFP signal (green). Representative immunofluorescent 

images are shown. Quantification of one representative experiment is shown, independently 

repeated 3 times (n=3) with similar results. Measure of center represent mean value and error bars 

represent standard deviation. Statistical analysis was performed using two-sided Student’s T-test, 

asterisk denote p<0.05.  
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Supplementary Figure 3. pATG16L1 level provides a reliable measurement of autophagy rates 

independent of late stage autophagy block and directly reflects autophagic vesicle formation. 

(A) Immunoblot of Q7 cells incubated in complete media in the presence or absence of Baf A1. 

Cell lysates were collected at the time points indicated. Cells were treated with Torin-1 for 2 hours 

as a positive control for induction of ATG16L1 phosphorylation. Experiment was repeated 3 times 

independently with similar results. (B) Q7 cells were incubated in either complete media or HBSS 

in the presence of Baf A1. Cell lysates were collected at the time points indicated and 

immunoblotted. Representative immunoblot is shown, experiment was independently repeated 3 

times. (C) Q7 cells were incubated in either complete media or HBSS without Baf A1. Cell lysates 

were collected at the time points indicated and immunoblotted. Representative immunoblot is 

shown, experiment was independently repeated 4 times. (D) mCherry-eGFP-LC3 knockin MEFs 

were incubated in DMEM or amino acid deficient media for the specified time. mCherry (red) and 

GFP (green) signals were analyzed and representative immunofluorescent images are shown. The 

number of autophagosomes (GFP, mCherry dual-positives) and autolysosomes (mCherry signal 

only) per timepoint were quantified separately from one representative experiment, repeated 3 

times with similar results. Measure of center represent mean value and error bars represent 

standard deviation. Statistical analysis was performed using two-sided Student’s T-test, asterisk 

denote p<0.05.  (E) mCherry-eGFP-LC3 knockin MEFs were incubated in DMEM or amino acid 

deficient media for the specified time. Endogenous pATG16L1 (white) was stained and 

representative immunofluorescent Representative images are shown. The number pATG16L1 

puncta per timepoint was quantified from one representative experiment, repeated 3 times with 

similar results. Measure of center represent mean value and error bars represent standard deviation. 

Statistical analysis was performed using two-sided Student’s T-test, asterisk denote p<0.05. (F) 

Wild-type MEFs were incubated in either complete DMEM or HBSS and stained at specified 

timepoints with Cyto-ID Autophagy Detection Kit 2.0 (Enzo).. Representative live cell images are 

shown. The number of stained vesicles (green) for each timepoint were quantified from one 

representative experiment, repeated 2 times with similar results. Measure of center represent mean 

value and error bars represent standard deviation. Statistical analysis was performed using two-

sided Student’s T-test, asterisk denote p<0.05.  
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Supplementary Figure 4. pATG16L1 is a better marker of autophagy than general readouts 

of mTOR or ULK activity. (A) Immunoblot of wild-type MEFs incubated in DMEM (NT) or 

Hank’s Balanced Salt Solution (HBSS) for the indicated period of time. Experiment was 

independently repeated 3 times with similar results. (B) Immunoblot of wild-type MEFs incubated 

in DMEM and treated with salmonella (ST) and/or Torin-1 (200nm) as indicated for 1 hour. 

Experiment was independently repeated 3 times with similar results. (C) Immunoblot of wild-type 

MEFs incubated in DMEM (NR) or Hank’s Balanced Salt Solution (HBSS) with Bafilomycin A1 
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(Baf A1, 200nm) for the indicated period of time. Experiment was independently repeated 3 times 

with similar results.  

 

Supplementary Figure 5. pATG16L1 is compatible with immunohistochemistry staining of 

tissue samples to measure autophagic activities in vivo. (A) Quantification of LC3B and 

pATG16L1 puncta for Fig. 4A. n=3/group. Statistical analysis was performed using twosided 

Student’s T-test with p<0.05. (B) Quantification of LC3B and pATG16L1 puncta for Fig. 4B. 

n=5/group. Statistical analysis was performed using two-sided Student’s T-test with p<0.05.  

 

Supplementary Video 1 Brain hippocampus tissue sections of wildtype and Atg5flox/flox mice 

were stained with pATG16L1S278. GFP and RFP signals were enhanced with anti-GFP/RFP 

antibodies. GFP expression is indicative of cells knocked out of Atg5. 3D model of the cell was 

constructed using the 3D reconstruction function in Imaris based on GRP and RFP signals.  N=2 

animals/group. Representative cell from one conditional Atg5 KO mouse sample is shown in the 

video.  
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Chapter 3: Iron overload inhibits late stage autophagy flux 

leading to insulin resistance. 
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3.2 Abstract 

Iron overload, a common clinical occurrence, is implicated in the metabolic syndrome although 

the contributing pathophysiological mechanisms are not fully defined. We show that prolonged 

iron overload results in an autophagy defect associated with accumulation of dysfunctional 

autolysosomes and loss of free lysosomes in skeletal muscle. These autophagy defects contribute 

to impaired insulin‐stimulated glucose uptake and insulin signaling. Mechanistically, we show that 

iron overload leads to a decrease in Akt‐mediated repression of tuberous sclerosis complex (TSC2) 

and Rheb‐mediated mTORC1 activation on autolysosomes, thereby inhibiting autophagic‐

lysosome regeneration. Constitutive activation of mTORC1 or iron withdrawal replenishes 

lysosomal pools via increased mTORC1‐UVRAG signaling, which restores insulin sensitivity. 

Induction of iron overload via intravenous iron‐dextran delivery in mice also results in insulin 

resistance accompanied by abnormal autophagosome accumulation, lysosomal loss, and decreased 

mTORC1‐UVRAG signaling in muscle. Collectively, our results show that chronic iron overload 

leads to a profound autophagy defect through mTORC1‐UVRAG inhibition and provides new 

mechanistic insight into metabolic syndrome‐associated insulin resistance. 
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3.3 Introduction 

Iron is an essential element involved in multiple cellular processes such as erythropoiesis, 

mitochondrial respiration, and growth/differentiation 1. The total amount of labile iron must be 

precisely regulated and in circulation iron typically exists bound to transferrin (TF) 4. However, 

when iron exceeds TF capacity, iron homeostasis becomes imbalanced 6 and non‐TF bound iron 

contributes to pathophysiological processes, including insulin resistance and diabetes 7. 

Interventions to reduce iron have been reported to improve insulin sensitivity and delay the onset 

of type 2 diabetes mellitus  (T2DM). These include use of chelators 11, blood‐letting 14, and iron 

restriction diet 17. However, the molecular mechanisms linking iron overload (IO) to T2D are 

poorly understood. Cellular labile iron, which contains chelatable redox‐active Fe2+/Fe3+, has 

been implicated in iron‐mediated cellular toxicity by increasing oxidative stresses. Excess 

accumulation of intracellular iron leads to the generation of reactive oxygen species (ROS) and 

tissue damage 2. 

We have previously shown that autophagy plays an important role in regulating insulin sensitivity 

and metabolism in skeletal muscle 19. Autophagy is a stress‐sensitive cellular degradative process 

capable of clearing and recycling potential substrates such as damaged mitochondria and protein 

aggregates 20. Indeed, autophagy is generally considered to play a protective role against T2D, 

recycling nutrients to maintain energy homeostasis and remove damaged organelles 21. IO has been 

described to regulate the activity of both AMP‐activated protein kinase (AMPK) and mTOR 

complex 1 (mTORC1) 23, which are both established upstream regulators of the autophagy 

pathway 25. However, the potential mechanisms linking IO‐mediated autophagy to insulin 

resistance remain to be elucidated. 
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Here, we established in vitro and in vivo models to examine direct effects of IO on autophagy flux 

in skeletal muscle and its significance in insulin resistance. We describe a mechanistic link between 

chronic IO and autophagy dysfunction, which alters insulin sensitivity in skeletal muscle. We 

identified the regulation of mTORC1 by IO as a double‐edged sword that initially leads to transient 

autophagy activation, but ultimately causes an autophagy defect through loss of autophagic‐

lysosome regeneration (ALR), a newly discovered membrane recycling mechanism that to date 

has not been identified as a contributor to pathophysiology 27. The data presented here provide new 

mechanistic knowledge to enhance our understanding of the pathogenic mechanisms of IO, which 

may have widespread consequences in insulin resistance, metabolic dysfunction, and beyond. 

3.4 Results 

Iron overload (IO) induced insulin resistance in L6 cells 

Skeletal muscle is a primary consumer of glucose, yet the effects of IO on glucose uptake and 

insulin sensitivity are not known. Therefore, we first sought to determine whether IO induces 

insulin resistance in rat L6 skeletal myoblasts. An experimental model of IO was established by 

treating cells with ferrous labile iron for up to 24 h. The extent of IO was then determined via dose 

and temporal analysis using biochemical intracellular iron measurement (Fig 1A). The 

concentration selected for subsequent use, 250 μM, is intended to mimic IO and is consistent with 

iron concentrations used in the literature for other cell types 28. Conventional iron overload 

response 5 by skeletal muscle cells was monitored by using an iron response element (IRE)‐driven 

reporter construct tagged with cyan fluorescence protein (CFP) transfected in L6 cells as well as 

the use of fluorescence‐based indicators of iron levels (IP‐1). We observed that iron treatment for 

24 h increased the expression of CFP and fluorescence of iron probe 1 (IP‐1) without adversely 

affecting viability (Figs 1B and EV1A). Analyzing increased intracellular iron via quenching of 
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the iron‐sensitive fluorescent probe phen green SK (PGSK), we confirmed elevated iron in our 

model and that it could be effectively blocked by the iron chelator, 2,2′ di‐pyridyl (DPD; Fig 1C). 

We further tested iron‐responsive transcription by performing qPCR against ferritin (FTH and 

FTL, H‐heavy and L‐light chain), ferroportin (SLC40A1), and Tfr1 (transferrin receptor 1, TFRC). 

Iron treatment for 24 h significantly increased the expression of ferritins and ferroportin and 

decreased the expression of Tfr1 (Fig 1D). Transcriptional changes aligned with protein levels 

indicating that iron treatment significantly increased ferritin heavy chain and decreased TfR1 

expression (Fig 1E). Together, these results indicate that our in vitro IO model in skeletal muscle 

line recapitulates the key hallmarks of IO 30. We next analyzed insulin sensitivity after IO by 

measuring glucose uptake and phosphorylation of insulin signaling molecules (IRS‐1 Y612 and 

AKT T308) after insulin stimulation. Iron treatment for 24 h significantly reduced glucose uptake 

following insulin stimulation (Fig 1F). Additionally, insulin‐stimulated phosphorylation of IRS‐1 

and AKT was significantly reduced after 24‐h iron treatment (Fig 1G). Furthermore, we 

determined that insulin resistance was due to intracellular iron accumulation since DPD 

significantly reduced the intracellular iron accumulation at 24‐h iron treatment and restored 

insulin‐stimulated glucose uptake and insulin signaling phosphorylation (Fig EV1B–E). Taken 

together, our results indicate that IO directly caused insulin resistance in skeletal muscle. 

https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0001
https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0001
https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0001ev
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Figure 1. Validation of iron overload (IO) model and insulin resistance induction after IO in 

L6 muscle cells.  A. Ferrozine‐based intracellular iron concentration measurement in L6 cells after 

temporal analysis of iron treatment at 100 or 250 μM for multiple time points. *P < 0.05 (unpaired 



73 
 

Student's t‐test versus each time points with FeSO4, 100 μM). B. Representative confocal 

microscope images of L6 cells stained with IP‐1 (iron probe 1) or transfected with IRE‐CFP (iron 

regulatory element) reporter after iron treatment (FeSO4, 250 μM) for 24 h. C. Representative 

confocal images of L6 cells using iron‐sensitive fluorescent PGSK dye after iron treatment 

(250 μM, 24 h) with iron chelator DPD (500 μM). D. Relative gene expressions—ferritin heavy 

chain (FTH), ferritin light chain (FTL), ferroportin (SLC40A1, transferrin receptor 1 (tfr1, 

TFRC)—normalized to 18S rRNA expression after iron treatment (FeSO4, 250 μM) for 24 h. 

*P < 0.05 (unpaired Student's t‐test versus basal). E. Representative Western blot images and 

quantification of ferritin (heavy chain) and Tfr1 (indicated with arrowhead) over GAPDH after 

iron treatment (250 μM, 24 h). *P < 0.05 (unpaired Student's t‐test versus basal). F. Glucose 

uptake of L6 cells with insulin stimulation (10 or 100 nM, 20 min) after iron treatment (250 μM, 

1 or 24 h). *P < 0.05 (one‐way ANOVA with multiple comparisons). G. Representative Western 

blot images and quantification of phospho‐IRS1 (Y612) and phospho‐AKT (T308) over GAPDH 

with insulin stimulation (10 or 100 nM, 5 min) after iron treatment (250 μM, 24 h). *P < 0.05 (one‐

way ANOVA with multiple comparisons). #P < 0.05 (unpaired Student's t‐test versus iron with 

insulin 100 nM). 

Data information: All experiments were repeated five times. Data are expressed as means ± SEM. 

Scale bar = 20 μm. 
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Prolonged iron treatment causes autophagy flux defects in skeletal muscle cells 

We have previously established that autophagy is an important regulator of insulin sensitivity in 

skeletal muscle 19. Thus, we analyzed the temporal effect of iron treatment on autophagosome 

production and fusion with lysosomes by imaging L6 cells stably expressing LC3B‐eGFP‐

mCherry. In this assay, eGFP fluorescence was quenched by low pH after autophagosome fusion 

with the lysosome, whereas mCherry is not 31. We observed a rapid increase in the number of 

autophagosome puncta after iron treatment, which was corroborated by Western blot analysis of 

LC3B that showed the lipidated form of LC3B (LC3‐II) was significantly increased after iron 

treatment (Figs 2A and B, and EV2A). Consistent with our analysis of LC3B, we found that p62 

puncta formation and protein clearance were rapidly increased by iron treatment (Figs 2C, 

and EV2B and C). Surprisingly, while we observed p62 protein levels decreased significantly at 

early time points after iron treatment, we found they were significantly stabilized at 24 h 

posttreatment (Fig 2C). p62 stabilization under prolonged iron treatment potentially indicates a 

blockage of autophagic flux at later time points. To further analyze autophagy flux, we quantified 

the accumulation of lipidated LC3B in the presence of a late‐stage autophagy inhibitor (CQ, 

chloroquine). At 4 h after iron treatment, LC3‐II significantly increased with CQ, indicating an 

induction in autophagy (Fig 2D). However, 24 h after iron treatment LC3‐II levels were elevated 

but unchanging, indicating a lack of autophagy flux despite the presence of a large pool of 

autophagosomes (Fig 2E). We also observed autophagosomes under prolonged IO were 

morphologically abnormal, with a mean diameter nearly three times those in the untreated samples 

(Fig 2F and G). Enlarged LC3‐positive vesicles are often observed in autophagy‐deficient 

backgrounds including cells with knock outs in ULK1/2 (Fig EV2D and E), Beclin‐1 32, FIP200 33, 

and ATG14L1 34. We next performed live cell imaging to analyze autophagosome mobility that, in 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0019
https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0031
https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0002
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addition to autophagosome number, is positively correlated with autophagic flux 35. As expected, 

amino acid starvation increased autophagosome motility to 78 nm/s compared to 44 nm/s in 

untreated samples indicating an increase in autophagy rates. In contrast, autophagosomes observed 

in cells with IO were nearly static, moving an average of 6.4 nm/s (Fig 2H, Movie EV1). 

Ultrastructural analysis by transmission electron microscopy (TEM) showed that chronic IO 

resulted in a striking accumulation of enlarged vesicles, characteristic of autolysosomes (Fig 2I). 

To further characterize the blockage of autophagy that accompanies insulin resistance under 

chronic IO, we sought to determine whether lysosomal fusion with autophagosomes was inhibited 

at this time point 31. We immuno‐stained for endogenous LC3B and LAMP1 and observed large 

dual positive structures, which indicated that lysosomal fusion was not inhibited in the 

accumulated autolysosomes under prolonged IO (Fig 2J). This was confirmed by additional 

markers for both autophagosomes and lysosomes (Fig EV2F). Moreover, we found that chronic 

IO did not inhibit the proteolytic activity of lysosomal enzymes (β‐glucosidase and cathepsin B) 

that were still active in autolysosomes under chronic IO, indicating that autophagy defects were 

not caused by an inhibition of lysosomal fusion or lysosomal enzyme activity (Fig EV2G–I). 

However, we also observed that under IO there was a precipitous loss of “free” lysosomes (defined 

as LAMP1‐positive, LC3B‐negative), with nearly all LAMP1 staining detected on 

autophagosomes (Figs 2J, and EV3A and B). Taken together, our data indicate that IO overload 

results in a temporary increase in autophagy rates, followed by an accumulation of non‐functional 

autolysosomes and autophagy inhibition. 
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Figure 2. Iron treatment transiently induced autophagy yet led to flux inhibition at 24‐h iron 

treatment 

A. Representative confocal microscope image of L6 cells stably expressing tandem fluorescent‐

eGFP‐mCherry LC3B treated with iron (FeSO4, 250 μM) for the indicated time points (4, 8, 24 h). 

B. Quantification of mean LC3B puncta per cell from (A). Experiments were repeated three times, 

and one representative experiment is presented here. *P < 0.05 (one‐way ANOVA with 

Dunnett's post hoc test versus basal). C. Representative Western blot images and quantification of 

p62 to actin in L6 cells after iron treatment (FeSO4, 250 μM) at multiple time points. *P < 0.05 

(multiple unpaired Student's t‐test versus basal). D. Representative Western blot images and 

quantification of LC3B‐II to GAPDH in L6 cells after 4‐h iron treatment stimulated with 

chloroquine (CQ, 30 μM). *P < 0.05 (unpaired Student's t‐test versus control, basal, or iron 

without CQ). E. Representative Western blot images and quantification of LC3B‐II to GAPDH in 

L6 cells after 24‐h iron treatment stimulated with CQ 30 μM. *P < 0.05 (unpaired student's t‐test 

versus control, basal, or iron without CQ). F. Representative confocal microscope z‐stack image 

of mCherry‐LC3B L6 cells after iron treatment (250 μM, 24 h). G. Quantification of LC3B puncta 

size from (F). Experiments were performed three times, and one representative experiment is 

presented here. *P < 0.05 (unpaired Student's t‐test compared to basal). H. Quantification of 

autophagosome motility from live cell microscopy (Movie EV1) from mCherry‐LC3B L6 cells 

under basal, iron (250 μM, 24 h), and starvation (amino acid free) condition. Experiments were 

performed three times, and one representative experiment is presented here. *P < 0.05 (unpaired 

Student's t‐test compared to iron 24 h). I. Representative TEM images of autophagosome and 

autolysosomes in L6 cells after iron treatment (250 μM, 24 h). J.Representative confocal 

microscope images of eGFP‐mCherry‐LC3B L6 cells with LysoTracker Deep Red after iron 

treatment (250 μM, 24 h). 

Data information: Data are expressed as means ± SEM. Western blot and confocal image analysis 

were performed three times. Scale bar (confocal microscope) = 10 μm. Scale bar (electron 

microscope) = 1 μm. 
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IO inhibits reactivation of mTOR following autophagosome degradation 

The nature of the lysosomal and autophagosomal defects described above could be consistent with 

attenuation of the recently described membrane recycling event termed ALR 37. ALR is essential 

to sustain prolonged periods of autophagic induction 37. ALR is an mTOR‐dependent process 

where membrane from the spent autophagosome is extruded, followed by scission to form 

protolysosomes that then mature into new lysosomes. mTORC1 promotes this scission after being 

activated by nutrients generated from the degradation of autophagic cargo. Importantly, this 

function of mTORC1 acts to promote autophagy under prolonged stress through the production of 

lysosomes and is independent of the autophagy‐suppressive effects mTORC1 exerts under basal 

conditions 37. Therefore, we next sought to monitor mTORC1 activity in iron‐treated samples. 

Temporal analysis of mTORC1 target phosphorylation (p‐S6K T389 and p‐ULK1 S757) upon FBS 

withdrawal showed a partial rescue at 8 h that was absent in the iron‐treated samples (Fig 3A and 

B). This result indicates that IO may prevent reactivation of mTORC1 from nutrients generated by 

the autolysosomes.We next tested whether maintenance of mTORC1 activation under chronic IO 

was sufficient to rescue the autophagic defects observed. To do so, L6 cells were transiently 

transfected with a Myc‐tagged RHEB (Ras homolog enriched in brain) GTPase, which contained 

the Q64L mutation to remain GTP bound and can directly maintain mTORC1 activity 39. 

Transfected cells were treated with iron for 24 h and then stained with anti‐LC3B antibodies to 

identify autophagosomal aggregates and anti‐Myc antibodies to mark cells transfected with Myc‐

RHEB mutant. We found that cells with forced activation of mTORC1 exhibited a dramatic 

absence of large autolysosome accumulation under chronic iron treatment (Fig 3C, Box1) when 

compared to cells that were not transfected under the same conditions (Fig 3C, Box2). We next 

generated stable cell lines over expressing RHEB mutant (RHEB Q64L L6) and compared to wt 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0037
https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0037
https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0037
https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0003
https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0039
https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0003
https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0003


79 
 

(wild‐type) cells after treating with iron. As a control, we tested intracellular iron levels in RHEB 

Q64L and wt cells after 24‐h iron treatment and found them comparable (Fig 3D). After 24‐h iron 

treatment, wt cells developed autophagosomal aggregates and compromised LC3B‐free lysosomal 

pools as previously observed. Conversely, RHEB Q64L cells did not accumulate large 

autophagosomes and total lysosomal content was comparable with/without iron treatment (Fig 3E 

and F). Ultrastructure analysis by TEM further confirmed that RHEB Q64L stable cells did not 

develop abnormal autophagosomal structures after iron treatment, when compared to control 

(Fig 3G). To examine the functional significance of these observations, we tested if maintenance 

of mTORC1 activity affected IO‐induced insulin resistance. In RHEB Q64L cells, we observed 

improved insulin signaling (p‐IRS‐1 Y612 and p‐AKT T308) under IO (Fig 3H and I). Taken 

together, these data suggest that loss of mTORC1 activity during chronic IO is responsible for 

autophagy defects and insulin resistance. 
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Figure 3. Iron treatment impaired mTOR restoration following autophagosome degradation 

and enforced mTOR reactivation reversed autophagy defects and insulin resistance 

A. Representative Western blot images of phospho‐ULK1 (S757), phospho‐S6Kp70 (T389), total 

S6K, and GAPDH after iron treatment (FeSO4, 250 μM) for multiple time points. B. Quantification 

of mTORC1 activity analyzed through phosphorylation of S6K T389 to total S6k and ULK1 S757 

to GAPDH after iron treatment (FeSO4, 250 μM) for multiple time points. *P < 0.05 (multiple 

unpaired Student's t‐test versus control at each time point). C. Representative epi‐

immunofluorescent images of L6 cells transfected with myc‐RHEB Q46L and immuno‐stained 

against LC3B and myc after iron treatment (FeSO4, 250 μM) for 24 h. D. Ferrozine‐based 

colorimetric measurement of intracellular iron in wild‐type (wt) L6 and RHEB‐Q64L L6 cells after 

iron treatment (50 or 250 μM) for 24 h. E. Representative confocal images of wt L6 and RHEB‐

Q64L L6 cells pulsed with LysoTracker Deep Red and immuno‐stained against LC3B after iron 

treatment (250 μM, 24 h). F. Quantification of LC3B‐free lysosome numbers in (E). Experiments 

were repeated three times, and one representative experiment is presented here. *P < 0.05 

(multiple unpaired Student's t‐test versus basal in wt and RHEB Q64L cells). G. Representative 

TEM images of wt L6 and RHEB‐Q64L cells after iron treatment (250 μM, 24 h). H, I. 

Representative Western blot images and quantifications of phospho‐IRS1 (Y612, indicated by 

arrowhead) and AKT (T308, indicated by arrowhead) to GAPDH in wt and RHEB‐Q64L L6 cells 

stimulated with insulin (100 nM, 5 min) after iron treatment (250 μM, 24 h). *P < 0.05 (multiple 

unpaired Student's t‐test versus basal in wt and RHEB Q64L cells). 

Data information: All experiments were performed three times. Data are expressed as 

means ± SEM. Scale bar (confocal microscope) = 10 μm, (electron microscope) = 5 μm, and (epi‐

immunofluorescent microscope) = 25 and 5 μm. 
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IO‐induced insulin resistance and autophagy defects are reversed upon iron withdrawal 

In the clinic, IO‐induced insulin resistance can be improved by iron‐restricted diets or iron 

chelation therapy 17. Therefore, we examined whether IO‐induced insulin resistance could be 

rescued by withdrawing iron from treatment medium following iron treatment for 24 h. 24‐h 

withdrawal resulted in alleviation of IO, by significantly reducing intracellular iron levels as 

indicated by PGSK and ferrozine‐based colorimetric assay (Fig 4A and B). The recovery from IO 

occurred concurrently with insulin sensitivity restoration. Phosphorylation of insulin signaling 

molecules after insulin stimulation significantly recovered after 24‐h withdrawal (Fig 4C and D). 

We next analyzed the effects of iron withdrawal after iron overload on autophagosome and 

lysosomal populations. We observed that iron withdrawal after chronic IO resulted in clearance of 

accumulated autolysosomes and a restoration of LC3B‐negative lysosomes (Fig 4E and F). Iron 

overload has been described to inhibit the targeting of ferritin to autophagosomes. Therefore, we 

looked at ferritin protein levels under IO and after iron wash off. As expected, ferritin was 

stabilized by chronic IO consistent with a block in autophagic clearance and was cleared 

significantly by 24 h after media replacement without excess iron (Fig 4G). Taken together, our 

data show that iron removal results in clearance of abnormal autophagosomes, restoration of 

lysosomes, and increased insulin sensitivity. 
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Figure 4. Restoration of lysosomal pools following iron withdrawal reversed insulin 

resistance A. Representative confocal microscope images of L6 cells pulsed with PGSK dye after 

iron treatment (250 μM, 24 h) followed by 24‐h iron withdrawal. B. Ferrozine‐based colorimetric 

measurement of intracellular iron in L6 cells after iron treatment (250 μM, 24 h) followed by 24‐

h withdrawal. *P < 0.05, #P < 0.05 (multiple unpaired Student's t‐test versus basal or iron). C, D. 

Representative Western blot images and quantification of phospho‐IRS1 (Y612) and phospho‐

AKT (T308) to GAPDH in L6 cell iron treatment (250 μM, 24 h) followed by 24‐h withdrawal. 

*P < 0.05, #P < 0.05 (multiple unpaired Student's t‐test versus basal or iron). E. Representative 

epi‐immunofluorescent microscope images of L6 cells immuno‐stained against LC3B and LAMP1 

after iron treatment (250 μM, 24 h) followed by 3‐h withdrawal. F. Quantification of 

autophagosome‐free lysosomes in (E). Experiments were performed three times, and one 

representative experiment is presented here. Red line indicates median. *P < 0.05, #P < 0.05 

(multiple unpaired Student's t‐test versus basal or iron). G. Representative Western blot images 

and quantification of ferritin to vinculin in L6 cells after iron treatment (250 μM, 24 h) followed 

by withdrawal for 4 or 24 h. *P < 0.05, #P < 0.05 (multiple unpaired Student's t‐test versus basal 

or iron). 

Data information: All experiments were performed three times. Data are expressed as 

means ± SEM. Scale bar = (confocal microscope, A) 10 μm and (epi‐immunofluorescent 

microscope) = 20, 10, and 5 μm. 
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Chronic IO blocks mTORC1 reactivation on autolysosomes and signaling to UVRAG 

We next sought to determine the mechanism underlying IO‐induced autophagic defects. We 

previously determined that forced mTORC1 activation was sufficient to block autolysosome 

accumulation (Fig 3C and G). Therefore, we first sought to characterize the effects of prolonged 

IO on regulatory phosphorylation of mTORC1. L6 cells were treated with iron for 24 h or 24 h 

plus iron withdrawal. mTORC1 was monitored by phosphorylation at S2448, which correlates 

with mTORC1 activity 42. We observed mTORC1 phosphorylation was greatly diminished at 24‐

h IO and recovered after 4 h of iron withdrawal (Fig 5A). mTORC1 phosphorylation at S2448 is 

dependent on localization to the lysosome or autolysosome for activation by the RHEB‐GTPase 

activity, which is in turn regulated by tuberous sclerosis complex (TSC)‐AKT signaling 44. We 

stained cells for endogenous mTOR and LC3B and found that mTOR was localized to 

autolysosomes under prolonged IO, indicating localization defects are likely not the cause of 

mTORC1 activity loss (Fig EV4A). Therefore, we next looked at the effect of IO on AKT‐

mediated inhibition of TSC2. We observed a decrease in inhibitory phosphorylation of TSC2 under 

IO, which was dramatically reversed upon wash off (Fig 5B). However, when iron withdrawal 

media was supplemented with AKT inhibitor, mTORC1 was not re‐activated upon iron removal 

(Fig 5B). Together, these data demonstrate that IO results in a decrease in AKT‐mediated 

repression of TSC2, resulting in a potent repression of RHEB and mTORC1.The lysosomal loss, 

mTORC1 inhibition, and autophagy defect we observe under IO are all consistent with a defect in 

ALR. mTORC1 promotes ALR through scission of the autolysosome activity via direct 

phosphorylation of UVRAG, a component of the VPS34 lipid kinase complex 38. Phospholipid 

production by UVRAG‐containing VPS34 complexes is essential for the scission of the 

autolysosomal membrane. mTORC1‐mediated phosphorylation of UVRAG on serine S550 was 
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monitored in L6 cells transfected with FLAG‐UVRAG that were treated with iron as indicated 

followed by immunoprecipitation of FLAG‐UVRAG‐containing VPS34 complexes (Fig 5C). 

Interestingly, at 4‐h iron treatment we saw a slight increase in mTORC1‐mediated UVRAG 

phosphorylation, which indicates that mTORC1 can be activated at the autolysosome even when 

global mTORC1 activity (as measured by S6K phosphorylation) is low (Fig 3A). This is consistent 

with the relatively normal functioning of autophagosomes and lysosomes that we observe at this 

time point (Fig 2C and D). However, at 24‐h iron treatment we observed a dramatic loss in 

mTORC1‐mediated phosphorylation of UVRAG (Fig 5C), indicating mTORC1 is incapable of 

efficiently promoting ALR under chronic iron treatment despite an overabundance substrate 

(mature autolysosomes). Additionally, the removal of iron resulted in a partial recovery of 

mTORC1‐mediated UVRAG phosphorylation, indicating that IO‐induced stress was responsible 

for the loss of ALR signaling (Fig 5C). We then used Torin1, a well‐established mTOR inhibitor 46, 

and found that in its presence recovery of UVRAG signaling was completely abolished, 

confirming that mTORC1 ALR signaling is regulated by IO (Fig 5D). Based on the recovery of 

mTORC1 signaling to UVRAG upon iron withdrawal, we hypothesized that treatment of cells with 

Torin1 would be sufficient to block lysosomal recovery following iron withdrawal. To validate our 

hypothesis, we monitored lysosomal number and trafficking using cells transfected with RFP‐

LAMP1 to determine whether inhibition of mTORC1 was sufficient to ablate the rescue of 

lysosomes upon iron withdrawal after chronic IO. RFP‐LAMP1 was present on enlarged 

autolysosomes similar to endogenous LAMP1 (Fig EV4B). Under basal conditions, the number of 

lysosomes ranged from 100 to 300 per cell, and continuously trafficked and underwent fusion 

events (Fig 5E). On the other hand, iron treatment significantly reduced the number of lysosomes 

(Fig 5E) and the motility of LAMP1 particles was reduced significantly (Fig 5F and G, Movie 
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EV2). The lysosomal pools were significantly recovered near basal levels after 4‐h withdrawal. 

However, as predicted the addition of Torin1 abolished recovery of lysosomal pools and lysosomal 

motility following iron withdrawal (Fig 5E and F). Collectively, these data demonstrate that 

prolonged IO results in lysosomal loss due to ablation of mTORC1 reactivation on autolysosomes 

caused by alterations in AKT‐TSC‐RHEB signaling (Fig 5H). 
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Figure 5. Molecular mechanisms underlying IO‐induced mTOR activity suppression 

A. Representative Western blot images and quantification of phospho‐mTOR S2448, total mTOR, 

and actin in L6 cells after iron treatment (250 μM, 24 h) followed by withdrawal for 4 h. 

Experiments were performed three times. *P < 0.05, #P < 0.05 (multiple unpaired Student's t‐test 

versus basal or iron). B. Representative Western blot images of phospho‐mTOR S2448, total 

mTOR phospho‐TSC2 T1462, total TSC2, phospho‐AKT S473, total AKT, and actin in L6 cells 

after iron treatment (250 μM, 24 h) followed by withdrawal for 4 h with or without MK2206 (AKT 

inhibitor). C. Representative Western blot images of phospho‐UVRAG S550 and total UVRAG in 

L6 cells transfected with FLAG‐UVRAG and FLAG pulldown after iron treatment (250 μM, 4 

and 24 h) followed by withdrawal for 1 and 3 h. D. Representative Western blot images of 

endogenous phospho‐UVRAG S550 and total UVRAG expression in L6 cells after iron treatment 

(250 μM, 24 h) followed by withdrawal for 4 h with or without torin1 (200 nM). E, F. Live cell 

imaging analysis of L6 cells transfected with LAMP1‐RFP from Movie EV2: lysosomal number 

(E) and speed (F) in L6 cells after iron treatment (250 μM, 24 h) followed by withdrawal for 4 h 

with or without Torin1 (200 nM). Experiments were performed three times, and all biological and 

technical replicates are plotted here. Red line indicates median. *P < 0.05, #P < 0.05, $P < 0.05 

(one‐way ANOVA with multiple comparisons). G. Representative confocal images of time‐lapse 

captures of lysosomes at 6‐s intervals for 30 s. White and yellow arrows mark positions of two 

representative LAMP1 puncta over 30 s, and the traces of puncta were shown as lines in final 

panel. H. Schematic diagram of mTOR signaling regulation by IO. 

Data information: Data are presented as mean ± SEM. Scale bar = 10 μm. 
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Induction of IO in mice and development of insulin resistance following IO 

As in previous studies which have adopted injections to induce IO 48, we delivered iron 

intravenously at 15 mg/kg, a dose with minimal toxicity 50, via three injections at 2‐h intervals 

(Fig 6A). Twenty‐four hours after first administration, animals were sacrificed, and tissue iron 

accumulation examined with Perls Prussian Blue Staining. As expected, a robust increase in 

hepatic iron staining and more modest increase in skeletal muscle iron content was apparent 

(Fig 6B). Western blotting indicated that skeletal muscle ferritin levels increased while TfR1 levels 

decreased significantly in IO mice (Fig 6C and D). IO mice exhibited signs of peripheral insulin 

resistance, as shown upon examination of glucose handling via insulin and glucose tolerance tests 

(Fig 6E–H). To directly investigate changes in skeletal muscle insulin sensitivity, we examined 

insulin‐stimulated phosphorylation of IRS‐1 (Y612) and AKT (T308) and observed significantly 

attenuated insulin‐induced phosphorylation in IO mice (Fig 6I and J). Collectively, these data 

indicate that our intravenous iron injection regimen recapitulated key aspects of iron‐induced 

insulin resistance in skeletal muscle from our L6 cell culture model. 
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Figure 6. Development of acute iron overload (IO) in vivo model and validation of IO and 

insulin resistance in skeletal muscle 

A. Schematic diagram of iron‐dextran injections’ experimental plan. B. Prussian Perl blue staining 

in liver and skeletal muscle after iron injections. C, D. Representative Western blot images and 

quantification of ferritin and Tfr1 (indicated by arrowhead) to tubulin in skeletal muscles 24 h after 

iron injections. *P < 0.05 (unpaired Student's t‐test versus control). E. Insulin tolerance test 24 h 

after iron injections. F. Glucose tolerance test (GTT) 24 h after iron injections. G.Quantification 

of area under curve in ITT (E). *P < 0.05 (unpaired Student's t‐test versus control). H. 

Quantification of area under curve for panel (F). *P < 0.05 (unpaired Student's t‐test versus 

control). I, J. Representative Western blot images and quantification of phospho‐IRS1 (Y612) and 

phospho‐AKT (T308) to GAPDH in skeletal muscles 24 h after iron injection followed by i.p. 

insulin injection. *P < 0.05 (unpaired Student's t‐test versus control). 

Data information: Results are presented as mean ± SEM. n = 6 males for ITT and GTT. n = 3 

males for Western blot analysis. Scale bar = 50 μm. 
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IO caused reduced lysosomal pools with reduced UVRAG signaling and inhibited autophagy 

flux 

To measure ALR events in vivo, we performed LC3B and LAMP1 immunofluorescence on tissue 

sections and observed a pronounced difference between the control and IO groups (Fig 7A). In 

control mice, there was a minimal complement of autophagosomes (LC3B puncta) yet numerous 

lysosomes (LAMP1 puncta), quantitatively 200–300 puncta per field of view (Fig 7B). In IO mice, 

the number of autophagosomes increased while the number of lysosomes decreased significantly 

to less than 100 puncta per field of view. TEM analysis of muscle tissue from the control group 

confirmed the predominant appearance of lysosomes as single membrane clear structures, with 

occasional observation of autophagosomes (Fig 7C). On the other hand, TEM analysis of muscle 

from iron group showed very sparse lysosomal content, with much smaller size than lysosomal 

structures observed in the control group. Also present in IO samples were tubular projections that 

are characteristic of reduced activity of UVRAG‐containing VPS34 complexes 38 (Fig 7C). We 

further analyzed autophagy flux and ALR by Western blotting of UVRAG phosphorylation, LC3B, 

and p62 expression. In iron‐treated mice, phosphorylation of UVRAG at S550 significantly 

decreased (Fig 7D), matching in vitro data (Fig 5C and D). Moreover, both LC3B‐II expression 

and p62 expression in the IO group increased, indicating impaired autophagy flux, compared to 

the control groups (Fig 7E and F). These changes were also observed in liver, indicating that IO‐

induced ALR defects are not limited to skeletal muscle and may have widespread highly significant 

pathophysiological implications (Fig EV5). Taken together, we have identified that IO induces an 

mTORC1 reactivation defect in skeletal muscle which leads to an ALR defect (Fig 8). This 

represents a new mechanistic link connecting disturbed iron homeostasis to insulin resistance and 

metabolic dysfunction. 

https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-fig-0007
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Figure 7. Evidence of ALR defects in skeletal muscles after acute IO 

A. Representative confocal microscope images of skeletal muscle tissue sections immuno‐stained 

against LC3B (Alexa 647) and LAMP1 (Alexa 555) B. Quantification of lysosomes (LAMP1 

puncta) in skeletal muscles 24 h after iron injections. *P < 0.05 (unpaired Student's t‐test versus 

control). C. Representative TEM images of skeletal muscle 24 h after iron injections. D. 

Representative Western blot images of phospho‐UVRAG S550 and total UVRAG in skeletal 

muscle 24 h after iron injections. E, F. Representative Western blot images and quantification of 

LC3‐B and p62 to tubulin in skeletal muscles 24 h after iron injections. *P < 0.05 (unpaired 

Student's t‐test versus control). 

Data information: Results are presented as mean ± SEM. n = 3 males. Scale bar (confocal 

microscope) = 20 μm. Scale bar (electron microscope) = 500 nm. 

 

 

Figure 8. Schematic diagram of IO‐mediated autophagy regulation 

Working model of autophagy regulation by IO. Acute IO leads to inhibition of mTORC1 leading 

to autophagy induction. Prolonged IO prevents ALR‐mediated production of new lysosomes 

through AKT‐TSC‐Rheb‐mTORC1‐UVRAG signaling defects. The lack of free lysosomes 

contributes to autophagy inhibition and insulin resistance in skeletal muscle. 
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3.5 Discussion 

IO is a devastating and complex condition that most notably arises in individuals with beta 

thalassemia that require frequent blood transfusions or those with hereditary hemochromatosis, 

while IO in metabolic syndrome is also a common finding 10. The pathophysiological mechanism 

underlying IO‐induced diabetes is complicated as both insulin deficiency and insulin resistance 

contribute 8. The causative relationship between IO and insulin secretion defects is well 

established 51, yet the precise mechanisms whereby iron can elicit insulin resistance are 

complicated and we believe that IO in skeletal muscle is underappreciated 13. Here, we used 

an in vitro model using L6 cells and translated this to analysis of mouse skeletal muscle using 

an in vivo model of iron overload. In both, we observed that skeletal muscle insulin sensitivity was 

significantly compromised after IO. We found that preventing excess free iron levels in L6 cells 

using an iron chelator could prevent IO‐induced insulin resistance and metabolic dysfunction, 

which is in keeping with the fact that clinical interventions to reduce free iron improved insulin 

sensitivity and can delay onset of T2D 11. 

We and others have recently focused on the role of autophagy in regulation of metabolism at 

various levels 19. For example, we have previously shown that stimulation of autophagy by 

adiponectin was of functional significance in improving insulin sensitivity and metabolism in 

skeletal muscle 19. Interestingly, IO‐induced insulin resistance has been described to involve 

reduced adiponectin expression in adipocytes. However, systematic IO did not always translate to 

insulin resistance because adipocytes could enhance iron excretion to avoid intracellular iron 

overload 55. 

The relationship between IO and autophagy has been examined, where acute IO was observed to 

stimulate autophagy 56. Indeed, this is in agreement with our own observations in that IO exposure 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0010
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for up to 8 h stimulates autophagy. This increase in autophagy is likely the result of a compensatory 

cellular response upon detection of cellular stress. Acute IO activation of autophagy is also 

consistent with the observed rapid inhibition of mTORC1, the single most potent repressor of 

autophagy in mammals that responds to a large number of stressors including nutrient starvation 

and ER stress 58. Yet, there are several problems with these conditions. First, acute IO does not 

reflect clinical reality of individuals that suffer from IO–chronic IO treatments and their 

pathophysiological effects are a more realistic case study. Second, initiation of autophagy is only 

the first step in a much more elaborate series of events that evolved to resolve stress and promote 

cell survival. Following autophagy, autophagosomes mature by fusing with lysosomes to degrade 

cargo and this is then followed by a third stage, whereby autolysosomal membranes are resorbed 

back into the endomembrane system, including reformation of lysosomes using a process now 

referred to as ALR. ALR is thus critical for cells to regain their degradative capacity and autophagic 

proficiency under prolonged stress. We now show for the first time that chronic IO causes 

autolysosomes to accumulate while depleting cells of free lysosomes, suggesting a defect in ALR. 

Importantly, we have determined that IO prevents the reactivation of mTORC1 on autolysosomes, 

thereby causing a precipitous loss of a distinct lysosomal compartment. Normally, degradation of 

autophagic cargo locally stimulates mTORC1 on matured autolysosomes, even when the majority 

of mTORC1 remains inactive and is not bound to lysosomes. This localized reactivation of 

mTORC1 then promotes lysosomal reformation from the spent autolysosomes 38. However, since 

IO prevents mTORC1 activation, lysosome reformation is impaired and lysosome numbers are 

depleted. Conversely, iron withdrawal restored mTORC1 activity, downstream UVRAG signaling, 

lysosomal numbers, and insulin signaling. Furthermore, forced activation of mTORC1 by 

expressing the constitutively active RHEB‐GTPase not only prevented autophagosome 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0058
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accumulation with minimal lysosomal loss, but also restored insulin sensitivity in cells exposed to 

IO. Together, these data strongly indicate that the block of mTORC1 activation on autolysosomes 

by IO is a contributor of insulin resistance. 

Overall, our study adds important new knowledge on a novel molecular mechanisms contributing 

to insulin resistance in response to IO and presents the first in vivo model to show an ALR 

defect 27. Mechanistically, we observed that chronic IO led to a decrease in Akt‐mediated 

repression of TSC2, resulting in a potent repression of RHEB and mTORC1, with consequent loss 

of ALR. Furthermore, our data indicate that mTOR‐UVRAG‐dependent lysosomal pool 

regeneration is an important contributor in maintaining autophagic flux and insulin sensitivity in 

skeletal muscle. Together, our data uncover a previously undocumented mechanism via which 

chronic IO limits autophagic capacity and leads to metabolic dysfunction. This observation may 

have implications in a wide range of disease states where cellular IO plays a pathogenic role. 

3.6 Materials and Methods 

Materials 

The cell culture medium [α‐minimal essential medium (α‐MEM)], fetal bovine serum (FBS), and 

antibiotics/antimycotic solution were purchased from Wisent (St Bruno, QC, Canada). 

Cytochalasin B (Sigma) and human insulin (Humulin) were purchased from Eli Lilly (Toronto, 

ON, Canada), and deoxy‐D‐[2‐3H] glucose was purchased from PerkinElmer (Woodbridge, ON, 

Canada). Ferrous Sulfate heptahydrates (FeSO4·7H2O, Cat#310077), Torin1 (Cat# 475991) 

Monoclonal Anti‐Vinculin (Cat#V9131), and beta‐actin antibody (Cat#A5441 clone AC‐15) were 

purchased from Sigma‐Aldrich (Ottawa, ON, Canada). AKT inhibitor MK‐2206 was purchased 

from Selleck Chemicals. S6K (Cat#ab32529), LAMP1 (Cat#ab25630), and Alexa 647‐conjugated 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0027
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antibody (goat anti‐rabbit, Cat#ab15007) were purchased from Abcam (Cambridge, MA, USA). 

LC3B (Cat#2775), GAPDH (Cat#2118), tubulin (Cat#2148) antibodies, and phospho‐specific 

antibodies (phosphorylation sites) for AKT (T308, Cat#4056), phospho‐S6K (T389, Cat#9234), 

phospho‐ULK1 (S757, Cat#14202), mTOR (Cat#2983) phospho‐mTOR (S2448, Cat#2971), 

TSC2 (Cat#4308T) phospho‐TSC2 (T1462, Cat#3617T) phospho‐AKT (Ser473 Cat#4060), total 

AKT (Cat#4691), horseradish peroxidase‐conjugated secondary antibodies (anti‐rabbit‐IgG, Cat# 

#7074 and anti‐mouse‐IgG, Cat#7076) were purchased from Cell Signaling Technology (Beverly, 

MA, USA). UVRAG phospho‐specific (S550, Cat# S307D) and UVRAG antibody (Cat# S323D) 

were provided from MRC PPU at The University of Dundee. Anti‐transferrin receptor (Tfr1) 

monoclonal antibody (Cat#13‐6800 clone H68.4), phospho‐specific antibody for anti‐IRS‐1 

(Y612, Cat#44‐816G), Alexa 555‐conjugated antibody (donkey anti‐rat, Cat#A‐21434), 

Lipofectamine 2000 (Cat# 11668019), and ProLong Gold (Cat#P36930) were purchased from 

Thermo Fisher Scientific (Burlington, ON, Canada). Anti‐LC3B (Cat#PM036) and Anti‐p62 (Cat# 

M162‐3) were purchased from MBL. Anti‐ferritin heavy chain (Cat#NBP1‐31944) was purchased 

from Novus Biologicals. Anti‐Myc (Cat# 9E10) was purchased from Alzforum. LAMP1 (Cat#sc‐

19992, Santa Cruz) antibody and iron‐dextran dextran (a ferric hydroxide, Fe(OH)3, complex with 

low molecular weight dextran, Cat#9004‐66‐4) were purchased from Santa Cruz Biotechnology 

Inc. VECTASHIELD Antifade Mounting Medium with DAPI (Cat# H‐1200) was purchased from 

Vector Laboratories. Polyvinylidene difluoride membrane was from Bio‐Rad Laboratories, Inc 

(Burlington, ON, Canada), and chemiluminescence reagent plus was from PerkinElmer (Boston, 

MA). Concanamycin A was purchased from BioShop Canada Inc. (Cat# FOL202, Burlington, ON, 

Canada). All other reagents and chemicals used were of the highest purity available. 

Cell culture and generation of L6 cell line stably overexpressing gene of interest 
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L6 skeletal muscle cell line (ATCC® CRL‐1458™ tested mycoplasma free) was grown to 

confluency in α‐MEM supplemented with 10% [volume/volume (v/v)] FBS and 1% (v/v) 

antibiotic/antimycotic solution under a humidified atmosphere of 95% air and 5% CO2 at 37°C. 

During treatment or iron withdrawal, the cells were switched to medium containing 0.5% (v/v) 

FBS and 1% (v/v) antibiotic/antimycotic. During iron treatment, ferrous iron stock, prepared by 

dissolving ferrous sulfate heptahydrate (FeSO4·7H2O) in sterile distilled water at 10 mM, was 

dissolved in treatment medium at appropriate concentration. L6‐GLUT4 cells stably transfected to 

overexpress myc‐tagged GLUT4 were a gift from Dr Amira Klip, The Hospital for Sick Children, 

Toronto. IRE‐CFP L6 cells stably transfected to overexpress IRE‐CFP were a gift from Dr.s’ James 

R Connor and Stephanie Patton, Penn State Hershey Medical Center, USA 62. eGFP‐mCherry‐

LC3B, eGFP‐mCherry‐p62 stables, and myc‐tagged RHEB Q64L mutant L6 cells were infected 

with lentivirus, and a stable polyclonal population was obtained through puromycin (1 μg/ml) 

selection for stable integration. 

Determination of intracellular iron 

Intracellular iron concentration was estimated by ferrozine‐based assay as described previously 63. 

Phen green SK (PGSK) diacetate dyes 64 were used to determine the degree of di‐valent ions. Iron‐

specific probe‐1 (IP‐1) 29 was a kind gift from Dr Christopher J. Chang, University of California, 

Berkeley, and was used to determine labile iron levels in cells. 

Gene expression analysis 

Quantitative polymerase chain reaction (qPCR) was performed as previously described 19. Total 

RNA was extracted with RNEasy Mini Kit (Qiagen, Toronto, Canada) and then converted to cDNA 

with GoScript Reverse Transcriptase (Promega). PCR cycle was performed with iTaq™ Universal 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0062
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SYBR® green mixture (Bio‐Rad) at following condition: 2 min at 95°C, followed by 40 cycles of 

15 s each at 95°C, 60°C, 72°C. Relative gene expression levels were normalized to 18S rRNA. 

Primers used in this study are summarized in Table 1. 

Table 1. Primers used in this study for PCR 

 

Western blotting 

Lysates were prepared as we described before 66. SDS–PAGE was performed, and proteins were 

transferred to PVDF membrane then incubated with blocking buffer (3% BSA or 5% skim milk in 

TBS‐T), washed with TBS‐T five times, and incubated with primary antibodies (1:1,000 in TBS‐

T 2% BSA) overnight at 4°C. Next, membranes were incubated in appropriate horseradish 

peroxidase‐conjugated secondary antibody (1:10,000 in TBS‐T 2% BSA or skim milk) for 1 h at 

room temperature. Quantitation of each specific protein band was determined by densitometric 

scanning with correction for the respective loading control. 

Insulin sensitivity test 

https://www.embopress.org/doi/full/10.15252/embr.201947911#embr201947911-tbl-0001
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Glucose uptake was determined by measuring uptake of 2‐deoxy‐d‐[3H] glucose exactly as 

described previously 67. L6‐GLUT4 cells were incubated with insulin (10 and 100 nM) for 20 min 

after treatment with or without iron as described. Phosphorylation of IRS1 (Y612) and AKT (T308) 

was determined in cells incubated with insulin (10 or 100 nM) for 5 min after appropriate 

treatment. 

Transmission electron microscope (TEM) 

TEM was performed as described previously 66. Briefly, samples were fixed in fixative (2% 

formaldehyde, 2% glutaaldehyde in 0.1 M sodium cacodylate buffer) for 2 h at room temperature. 

After washing three times with sodium cacodylate buffer, samples were fixed in 1% osmium 

tetroxide for 1 h at room temperature. After dehydration with ascending concentration of ethanol 

in series (50–100%), cells were embedded in Spurr's epoxy resin. Thin sections (60–80 nM) were 

cut with ultramicrotome and mounted on copper mesh grids. The sections were then contrasted 

with 1% uranyl acetate and lead citrate and examined with a FEI CM100 TEM and Kodak 

Megaplus Camera. 

In vitro autophagy analysis 

Activity of the autophagy pathway was monitored by Western blot and immunofluorescence‐based 

puncta quantification of LC3B. Flux assay was performed by measuring levels of LC3B‐I and 

LC3B‐II from cell lysates after appropriate treatment co‐treated with lysosomal inhibitor 

(chloroquine, 30 μM). LC3B immunofluorescence was performed as described previously 32. 

Briefly, cells were fixed, permeabilized, and blocked with PBS solution containing 1% BSA and 

2% goat serum. After blocking, cells were incubated with blocking solution containing LC3B 

(Cat#PM036, MBL, conjugated with Cy3 Alexa Fluor 555 1:1,000) and mouse anti‐LAMP1 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0067
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(Cat#A11029, 1:500). Cells were incubated with anti‐mouse Alexa Fluor 488 secondary antibody 

(Cat#ab25630, Thermo Fisher Scientific, 1:200) at room temperature for 1 h. After incubation, 

cells were mounted with DPAI after washes. Deconvoluted images were captured with an Apotome 

enabled Zeiss AxioObserver.Z1. For live cell imaging, L6 cells stably expressing eGFP‐mCherry‐

LC3B or eGFP‐mCherry‐p62 were seeded into ibidi chambers and treated with iron (FeSO4, 

250 μM) or starvation medium (without amino acid). Treatments were carried out in FluorBright™ 

phenol red‐free DMEM (Invitrogen) supplemented with GlutaMAX. Images were acquired and 

deconvolved using an environmental chamber control (DeltaVision Elite‐Olympus IX‐71 with 

FemtoJet Microinjector) microscopy. 

Lysosome dynamics analysis 

L6 cells were co‐transfected with LAMP1‐RFP and LC3‐GFP using Lipofectamine 2000 as per 

manufacturer's specifications. Following 8 h of transfection, cells were incubated in treatment 

medium then imaged live. During live cell imaging, cells were maintained in an environment set 

to 5% CO2 and 37°C. We used a Quorum Diskovery spinning disk confocal microscope system 

equipped with a Leica DMi8 microscope and connected to an Andor Zyla Megapixel sCMOS 

camera. Microscope and acquisition settings were controlled using Quorum Wave FX powered by 

MetaMorph software (Quorum Technologies, Guelph, ON). For time‐lapse imaging and 

determination of lysosomal dynamics, images were acquired every 3 s for 3 min. For 

determination of lysosomal numbers, images were acquired along the z‐plane at a defined interval 

of 0.3 μm. 

For image analysis, lysosomal numbers were unbiasedly determined using particle detection tools 

in Volocity 6.3.0 software (PerkinElmer). Lysosomal numbers were determined in at least 15 cells 

per condition per experiment, where we repeated each experiment at least three independent times. 
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For lysosomal track analysis, movies were analyzed using particle detection tools in Imaris 

(Bitplane) image analysis software. Lysosome particles were defined as having a minimum of 

0.5 μm in diameter and tracked using the software's autoregressive motion track analysis function. 

To minimize mis‐tracking of particles, tracks were restricted to particles that moved a maximum 

distance of 1 μm between frames and with no more than a maximum gap distance of three frames. 

This analysis was completed for at least 6 cells per trial per condition with more than 100 tracks 

per cell. Track mean speed and displacement, which is defined as the distance between start and 

endpoints, were calculated. 

Cathepsin activity assay 

We used Magic Red Cathepsin L Kit (Bio‐Rad Technologies, Cat# ICT941) and performed 

experiments as follows. After 24‐h IO treatment, IO and control cells were incubated with 1× 

magic red cathepsin L reagent, concurrently or in the absence of 1 μM ConA, for 1 h, prior to live 

cell imaging. Using spinning disk confocal microscopy, confocal slices were acquired with a 0.3‐

micron interval between slices. For image analysis, the total magic red fluorescence for MR‐

positive puncta was determined and compared to the control counterpart. 

Lysosomal β‐glucosidase activity assay 

L6 cells were plated on ibidi 8‐well m‐Slide (Ibidi, Cat# 80826) overnight and treated with iron 

(FeSO4, 250 μM) for 24 h. Cells were then incubated in AMEM containing the β‐glucosidase 

substrate (5 μM) for 1 h (Marker Gene Technologies, Cat# M2775). Then, cells were washed 3 

times with PBS prior to the addition of Opti‐Klear™ Live Cell Imaging Buffer. Images were 

acquired and deconvolved using an environmental chamber control (DeltaVision Elite‐Olympus 

IX‐71 with FemtoJet Microinjector) microscopy. 
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Cyto‐ID autophagy detection assay 

L6 cells were plated on ibidi 8‐well m‐Slide (Ibidi, Cat# 80826) overnight and treated with iron 

(FeSO4, 250 μM). Cells were then incubated in AMEM without phenol red containing Cyto‐ID 

autophagy detection stain (Enzo, ENZ‐KIT175‐0050) for 30 min with/without iron and then 

washed with PBS. Images were acquired and deconvolved using an environmental chamber 

control (DeltaVision Elite‐Olympus IX‐71 with FemtoJet Microinjector) microscopy. 

Iron overload animals, glucose tolerance tests (GTT), and insulin tolerance tests (ITT) 

Animal facilities met the guidelines of Canadian Council on Animal Cars, and the York University 

Animal Care Committee approved the experimental protocols. Animals were fed ad libitum on 

regular chow diet and kept in temperature and humidity control rooms (21 ± 2°C, 35–40%) with a 

daily 12:12‐h light–dark cycle. Groups (n = 6) of 2‐month‐old C57/BL6 male mice were 

randomized into two groups and injected with iron‐dextran intravenously (15 mg/kg, diluted in 

PBS to make 150 μl injection volume) three times at 2 h of interval or with only PBS as control. 

After 24 h postfirst injection, GTT and ITT were performed, without blinding, as described 

previously 68. For phosphorylation of insulin signaling molecule analysis, mice were injected with 

4 units of insulin per kg before sacrifice. 

Tissue immunofluorescence 

Paraffin‐embedded sections were deparaffinized and rehydrated with descending concentrations 

of ethanol and then brought into double distilled water. The antigens were retrieved in citrate buffer 

pH 6.0 in autoclave for 15 min. After three washes with PBS, sections then were permeabilized 

with Triton X‐100 (0.3% Triton X‐100 in PBS) and blocked with 2% BSA and 5% goat serum in 

PBS for 90 min. Sections were incubated with LAMP1 (Santa Cruz) and LC3B (MBL) at 1:100 in 

https://www.embopress.org/doi/full/10.15252/embr.201947911#core-embr201947911-cit-0068
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2% BSA in PBS, followed by Alexa secondary antibody‐conjugated fluorophores (Alexa 555 

donkey anti‐rat and Alexa 647 goat anti‐rabbit). Sections were mounted on coverslips with 

ProLong Gold and VECTASHIELD antifade mounting medium with DAPI, and images were 

captured with Zeiss LSM 700. The number of LAMP1 puncta was determined by setting pre‐set 

threshold “momentum” in ImageJ and counted the puncta (> 0.6 μm diameter, > 0.35 circularity) 

per field of views. 

Statistical analysis 

Data are expressed as mean ± standard error mean (SEM) from at least three separate experiments. 

The differences between groups were analyzed using Prism 5.0 (GraphPad Software Inc., San 

Diego, CA, USA) with one‐way analysis of variance (ANOVA) followed by Student's t‐test, 

with P < 0.05 considered as statistically significant. Quantification of endogenous lysosome and 

autophagosome number was performed using Perkin Elmer Volocity software for unbiased 

identification and quantification of objects. Vesicle numbers and individual vesicle sizes were 

identified from a minimum of nine representative cells, with a minimum of 40 vesicles per 

condition. Samples were compared using Student's t‐test. Autophagosome mobility was 

determined by blinded vesicle tracking using a minimum of 11 time points to track an average of 

10 autophagosomes per sample. Mean velocity was calculated for each autophagosome, and 

sample sets across multiple conditions were compared using Student's t‐test. 
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3.7 Supplementary Material 

 

Figure EV1. Prevention of IO‐induced insulin resistance in L6 cells with iron chelator A. 

MTT viability assay in L6 cells after iron treatment (FeSO4, 250 μM) for 24 h. B. Time course 

measurement of intracellular iron concentration in L6 cells after iron treatment (250 μM) with iron 

chelator DPD (500 nM) for multiple time points. #P < 0.05 (unpaired Student's t‐test versus iron 

at each time points). C. Glucose uptake of L6 cells with insulin stimulation (100 nM, 20 min) after 

iron treatment (250 μM, 24 h) with DPD (500 nM). *P < 0.05, #P < 0.05 (one‐way ANOVA test 

with multiple comparisons). D. Representative Western blot images of phosphor‐IRS1 Y612, 

phosphor‐AKT T308, and GAPDH expression. E. Quantification of phosphor‐IRS1 Y612 over 

GAPDH and phosphor‐AKT T308 over GAPDH in L6 cells with insulin stimulation (100 nM, 

5 min) after iron treatment (250 μM, 24 h) with DPD (500 nM). *P < 0.05 (unpaired Student's t‐

test versus basal without insulin), #P < 0.05 (unpaired Student's t‐test versus iron with insulin). 

Data information: All experiments were performed three times. Results are represented as 

mean ± SEM. 
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Figure EV2. Chronic IO resulted in accumulation of abnormal autophagosomes despite 

normal proteolytic activity 

A. Representative Western blot images and quantification of LC3B‐II to GAPDH in L6 cells after 

iron treatment (FeSO4, 250 μM) for multiple time points. Experiments were performed three times. 

*P < 0.05 (multiple unpaired Student's t‐test compared to basal). B. Representative epi‐fluorescent 

images of p62 puncta in L6 cells stably expressing mCherry‐eGFP p62, after iron treatment 

(250 μM) at time points indicated. C. Representative Western blot images and quantification of L6 

transfected with HA‐p62 after iron treatment (250 μM) at time points indicated. Experiments were 

performed three times. *P < 0.05 (multiple unpaired Student's t‐test compared to 0 h of iron). D. 

Representative epi‐fluorescent images of MEF cells (wild type, and ULK1 and ULK2 dKO) 

immuno‐stained against LC3B. E. Quantification of LC3B puncta size from (D). Experiments were 

performed three times, and one representative experiment is presented here. *P < 0.05 (unpaired 

Student's t‐test compared to wt). F. Representative epi‐fluorescent images of autophagosomes 

(Cyto‐ID) and lysosome (LysoTracker) in L6 cells after iron (FeSO4, 250 μM) for 24 h. G. 

Representative epi‐fluorescent images of beta‐glucosidase (GlucGreen) and lysosome 

(LysoTracker) in L6 cells after iron (FeSO4, 250 μM) for 24 h. H. Representative confocal 

microscope images of L6 cells pulsed with Magic Red L after iron treatment (250 μM, 24 h) with 

1 μM concanamycin A. I. Quantification mean fluorescence intensity from magic red signals in 

3D puncta in (H). Experiments were performed three times, and all biological and technical 

replicates are plotted here. *P < 0.05 (one‐way ANOVA with multiple comparisons). 

Data information: Data are expressed as means ± SD. Scale bar (B, H) = 20 μm. Scale bar (D, F, 

G) = 20, 10, and 5 μm. 
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Figure EV4. Molecular mechanisms underlying iron‐mediated mTOR suppression and 

restoration of lysosomal pools after iron withdrawal 

A. Representative epi‐fluorescent microscope images of L6 cells immuno‐stained against LC3B 

and mTOR after iron treatment (250 μM, 24 h) followed by withdrawal for 4 h. B. Representative 

confocal images of L6 cells transfected with LC3‐GFP and LAMP1‐RFP after 24‐h iron treatment 

(250 μM). 

Data information: Scale bar (confocal microscope) = 10 μm and scale bar (epi‐immunofluorescent 

microscope) = 20, 10, and 5 μm. 
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Figure EV5. ALR defects in liver after iron overload 

A, B. Representative Western blot and quantification of ferritin and Tfr1 to GAPDH in liver 24 h 

after iron injections. P < 0.05 (unpaired Student's t‐tests versus control). C. Confocal microscope 

images of liver tissue sections immuno‐stained with against LC3B (Alex 647) and LAMP1 (Alexa 

555). D, E. Representative Western blot images and quantification of phospho‐UVRAG S550 to 

total UVRAG in liver 24 h after iron injections. 

Data information: n = 3 males. Scale bar = 20 μm. 



113 
 

Movie EV1. Real time analysis of autophagosomes using LC3B-mCherry  

Representative video of autophagosomes in L6 cells expressing mCherry-LC3B in Basal (Left) 

after amino acid-free media (Middle) or after iron treatment (250 µM, 24 h, Right). Treatments 

were carried out in phenol red-free DMEM buffered with GlutaMAX.  Images were acquired every 

15 sec for 15 min. 

Movie EV2. Real time analysis of lysosomes using RFP-LAMP1 

Representative videos of lysosomes in L6 cells expressing LAMP1-RFP after iron treatment 

(FeSO4, 250 µM) and withdrawal with or without Torin1 (200 nM). First Panel – Basal, Second 

Panel – Iron, Third Panel – Iron WD 4hr, Fourth Panel – Iron WD + Torin1 4hr. Images were 

acquired every 3 sec for 30 sec, movie showing 2 frames per second. 

 

Find the video through this link https://doi.org/10.15252/embr.201947911 
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4.2 ABSTRACT  

Macroautophagy/autophagy is a key catabolic-recycling pathway that can selectively target 

damaged organelles or invading pathogens for degradation. The selective autophagic degradation 

of the endoplasmic reticulum (hereafter referred to as ER-phagy) is a homeostatic mechanism, 

controlling ER size, the removal of misfolded protein aggregates, and organelle damage. ER-phagy 

can also be stimulated by pathogen infection. However, the link between ER-phagy and bacterial 

infection remains poorly understood, as are the mechanisms evolved by pathogens to escape the 

effects of ER-phagy. Here, we show that Salmonella enterica serovar Typhimurium inhibits ER-

phagy by targeting the ER-phagy receptor FAM134B, leading to a pronounced increase in 

Salmonella burden after invasion. Salmonella prevents FAM134B oligomerization, which is 

required for efficient ER-phagy. FAM134B knock-out raises intracellular Salmonella number, 

while FAM134B activation reduces Salmonella burden. Additionally, we found that Salmonella 

targets FAM134B through the bacterial effector SopF to enhance intracellular survival through 

ER-phagy inhibition. Furthermore, FAM134B knock-out mice infected with Salmonella presented 

severe intestinal damage and increased bacterial burden. These results provide mechanistic insight 

into the interplay between ER-phagy and bacterial infection, highlighting a key role for FAM134B 

in innate immunity.  
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4.3 INTRODUCTION 

Macroautophagy (hereafter autophagy) is an intracellular catabolic-recycling pathway that 

promotes survival in response to a diverse range of stress conditions including nutrient starvation 

or invasive pathogens111. Autophagic cargo can include proteins, lipids, damaged organelles, or 

even intracellular pathogens. These cytoplasmic components are sequestered inside double-

membrane vesicles called autophagosomes. Fully formed autophagosomes then fuse with 

lysosomes leading to the degradation of the sequestered cargo by resident hydrolytic enzymes. 

The basic macromolecules obtained from cargo degradation are subsequently transported back to 

the cytoplasm for reutilization. Autophagy levels are regulated by several Atg (autophagy-

related) proteins, involved in all steps of the autophagic process from initiation to lysosomal 

fusion112. Autophagosome cargo selection is often tightly regulated, specifically targeting 

damaged cellular components or invasive intracellular pathogens for degradation113. Selective 

autophagy is achieved by autophagy receptors that link the cargo targeted for degradation with 

the growing autophagosomal membrane. Autophagy receptors usually contain LC3-interacting 

regions (LIR), an evolutionary conserved sequence that binds to members of the 

Atg8/LC3/GABARAP family114. During autophagy initiation LC3 is lipidated and covalently 

bound to the growing autophagosomal membrane. Thus, by interacting with LC3, autophagy 

receptors selectively tether cargo to the sequestering autophagosome (Fig. 1A) 113,114. The 

selective autophagic degradation of the endoplasmic reticulum (ER), termed ER-phagy, has been 

shown to be necessary to mitigate ER stress and maintain ER homeostasis. ER-phagy controls 

ER size and morphology, as well as inducing the degradation of misfolded protein aggregates 

that can be toxic for the cell113,115. Several ER-phagy cargo receptors have been described, 

including FAM134B116 and TEX264117,118, among others115. Recent reports have begun to 
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describe the different molecular mechanisms by which ER-phagy receptors are regulated in the 

promotion of ER-phagy119–121. The first ER-phagy receptor identified, FAM134B, is an ER 

transmembrane protein containing a reticulon-homology domain that allows it to sense and 

induce ER membrane curvature and budding through protein clustering122,123. FAM134B activity 

requires its oligomerization, which is highly regulated by post-translational modifications, 

including phosphorylation and acetylation, and is a requisite step in FAM134B-driven ER-

phagy119,120,124. Interestingly, FAM134B has also been implicated in the cellular response against 

viral infection. FAM134B-dependent ER-phagy has been shown to limit SARS-COV-2, Ebola, 

Zika and dengue virus replication125–128. Moreover, multiple pathogens have developed strategies 

to inhibit ER-phagy by specifically hijacking or cleaving FAM134B126,127,129. Targeting 

FAM134B leads to ER remodeling, which is thought to benefit invading viruses, creating a 

favorable environment for replication127,129. However, the links between ER-phagy and bacterial 

infection; as well as the mechanisms pathogens have evolved to evade the effects of ER-phagy 

remain poorly understood. In this study, we identified a novel mechanism of bacterial-mediated 

inhibition of ER-phagy. Specifically, we found that Salmonella enterica serovar Typhimurium 

(Salmonella), inhibits ER-phagy by specifically targeting the activity of the ER-phagy receptor 

FAM134B, leading to a pronounced increase in Salmonella burden after invasion. Salmonella 

was chosen due to its well characterized intracellular growth cycle, membrane remodeling 

ability, capacity to avoid lysosomal/autophagic clearance, as well as continuing to be a major 

cause of foodborne infections worldwide130,131.  We show that Salmonella infection prevents 

FAM134B oligomerization, which is required for efficient ER-phagy. Conversely, Salmonella-

mediated ER-phagy blockage could be bypassed by promoting FAM134B oligomerization, 

which recovered ER-phagy levels. We provide evidence that Salmonella targets FAM134B 
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through the bacterial effector SopF, preventing oligomerization and ER-phagy activation. 

Furthermore, in vivo analysis of FAM134B knock-out (KO) mice infected with Salmonella 

revealed intestinal damage and increased bacterial levels in the spleen, intestine and feces. Our 

results provide new mechanistic insight into the interplay between ER-phagy and bacterial 

infection, highlighting a key role for FAM134B in innate immunity. 

4.4 RESULTS 

Salmonella Typhimurium infection blocks ER-phagy 

To investigate the possible impact of Salmonella infection on ER-phagy, we generated a HEK293A 

cell line stably expressing a previously published doxycycline-inducible ER-phagy reporter 

containing an ER signal sequence, followed by the fluorescent proteins RFP and GFP, and the ER 

retention sequence KDEL (ss-RFP-GFP-KDEL)117. Upon doxycycline treatment and ER-phagy 

induction, the fluorescent ER-associated reporter is sequestered inside autophagosomes and 

cleaved upon lysosome fusion. Unlike GFP, RFP is relatively resistant to lysosomal pH and 

hydrolases132.  As such, a ~25-KDa fragment corresponding to RFP can be detected by western 

blot upon activation of ER-phagy. Similarly, the same reporter can be used to measure ER-phagy 

by fluorescent microscopy due to the quenching of GFP fluorescence at lysosomal acidic pH (Fig. 

1A).  As a result, ER-phagy also can be monitored as an increase in RFP positive structures 

(lysosome associated ER-phagy probe) compared to the dual positive probe signal. We tested the 

reporter by activating ER-phagy through amino acid starvation117 or Torin-1 (a potent autophagy 

inducer) treatment. As a negative control, we confirmed that ss-RFP-GFP-KDEL did not get 

cleaved in autophagy-deficient FIP200 KO cells (Supp Fig. 1A).  
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Amino acid starvation for 6 hr is sufficient to induce ER-phagy. To determine if Salmonella 

infection impacted ER-phagy, we added Salmonella to the amino acid starvation media for the 

final 1 or 3 hrs of starvation. Infection with Salmonella for either 1 or 3 hr significantly reduced 

the production of the free RFP fragment when compared to 6 hr of amino acid starvation in the 

absence of Salmonella (Fig. 1B and 1C), indicating inhibition of ER-phagy upon infection. RFP 

processing was inhibited by Salmonella when normalized to either actin (Fig. 1C) or total ss-RFP-

GFP-KDEL reporter (Supp Fig. 1B). We expanded our analysis of ER-phagy regulation by 

Salmonella in the HCT116 cell background, which were engineered to stabily express ss-RFP-

GFP-KDEL and observed a similar repression of ER-phagy (Supp Fig. 1C and Supp Fig. 1D). 

Moreover, both HEK293A and HCT116 cells expressing a HaloTag-based pulse-chase reporter for 

ER-phagy measurement133, showed decreased ER-phagy levels upon Salmonella infection, further 

corroborating a role for Salmonella in repressing ER-phagy (Supp Fig. 1E and Supp Fig. 1F). 

Interestingly, Salmonella infection failed to block non-selective autophagy as shown by the 

degradation of p62/SQSTM1, a cargo receptor regularly used as an index for general autophagic 

degradation and LC3B-II production, the faster electrophoretic form of LC3B that is produce 

during autophagy initiation by LC3B lipidation134,135 (Supp Fig. 1G and Supp Fig. 1H). Similarly, 

the general autophagy reporter mCherry-eGFP-LC3B134, showed no significant differences (RFP 

puncta formation) between infected and non-infected cells during starvation (Supp Fig. 1I and 

Supp Fig. 1J). Furthermore, the commercial autophagy detection kit, CYTO-ID, confirmed that 

non-selective autophagy was not inhibited by Salmonella infection during starvation, suggesting 

Salmonella specifically targets ER-phagy (Supp Fig. 1K). Importantly, Bafilomycin A1 (BafA1) 

treatment, a potent inhibitor of autophagosome maturation and cargo degradation, completely 

blocked free RFP production when cells were starved in the presence of Salmonella, indicating 
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that Salmonella did not increase the turnover rate of autolysosomes (Supp Fig. 1L). The ss-RFP-

GFP-KDEL probe can be used to visualize ER-phagy by fluorescence microscopy, where ER-

phagy induction is observable through detection of RFP puncta formation.  Infection with 

Salmonella resulted in a significant decrease in ER-phagy induction compared to cells that were 

not infected (Fig. 1D and 1E), which was consistent with our western blot analysis. Similar results 

were observed when we repeated the experiment using the ss-RFP-GFP-KDEL probe in HCT116 

cells (Supp Fig. 1M and Supp Fig. 1N), and the HaloTag-based ER-phagy reporter in HEK293A 

and HCT116 (Supp Fig. 1O and Supp Fig. 1P). We next measured the protein levels of endogenous 

ER-phagy cargo receptors known to be involved in starvation-induced ER-phagy, namely TEX264 

and FAM134B. Because these receptors link the ER to the autophagosome membrane they are 

ultimately degraded making their protein levels inversely correlated with ER-phagy levels116,117. 

We measured the endogenous level of each receptor during ER-phagy inducing conditions in the 

absence and presence of Salmonella and found both TEX264 and FAM134B levels to be 

significantly higher upon infection, indicating that their degradation is blocked upon Salmonella 

infection (Fig. 1F and 1G). Conversely, non-selective p62/SQSTM1 autophagic degradation was 

similar between infected and non-infected samples. Similar results were observed when these 

experiments were repeated in HeLa cells (Supp Fig. 1Q).  Additionally, Salmonella infection was 

also able to prevent the degradation of the ER-phagy receptors: FAM134A, FAM134C and 

RTN3L, further demonstrating the ability of Salmonella to block ER-phagy (Supp Fig. 1R and Fig. 

1S). Collectively, these findings indicate that Salmonella infection specifically inhibits ER-phagy, 

but not non-selective autophagy. 
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Fig. 1. Salmonella infection blocks ER-phagy. 

A) Schematic for ER-phagy and the ss-RFP-GFP-KDEL probe. During ER-phagy, ER-

bound FAM134B binds to LC3 family proteins through a LIR and is sequestered into 

nascent autophagosomes. ss-RFP-GFP-KDEL is processed by lysosomal hydrolases to 

generate a free RFP fragment. Lysosomal acidity quenches the GFP signal. LIR, LC3-

interacting region; ss, signal sequence (Created with BioRender.com). B) WT and 

FIP200 KO HEK293A cells stably expressing the ss-RFP-GFP-KDEL reporter were 

starved for AA for 6h; starved for 6h followed by ST infection for the final 1 or 3h in 

AA starvation media; or infected in nutrient rich media with ST for 1 or 3h. ER-phagy 

was measured by ss-RFP-GFP-KDEL processing. Non-selective autophagy activity 

was measured by LC3B lipidation and p62/SQSTM1 degradation. Phospho- and total 

S6K levels were determined to ascertain AA starvation. Actin was used as a loading 

control. AA, amino acids; ST, Salmonella Typhimurium; S.E, Short Exposure; L.E, Long 

Exposure. C) Normalized Free RFP-Actin ratio from WT cells in A). Error bars indicate 

the standard deviation of 3 independent experiments. ANOVA, ***P <0.001. NR, 

Nutrient Rich. D) Cells from B) were either AA starved for 6h or starved for 3h 

followed by ST infection for 3h in AA starvation media, fixed and imaged by confocal 

microscopy. Representative images are shown. ss-RFP-GFP-KDEL, yellow; Free RFP, 

red. Scale bar 5μm. E) Average number of RFP puncta per cell from D) were 

quantified. Error bars indicate the standard deviation of 5 independent 

experiments. The average number of RFP puncta was calculated from a minimum of 

100 cells. ANOVA, ***P <0.001. F) HEK293A WT cells were AA starved for 2h or 

starved for 2h in the presence of ST. Fam134B, Tex264, p62/SQSTM1 and Actin levels 

were determined by western blot. G) Normalized Fam134B-Actin, Tex264-Actin and 

p62/SQSTM1 ratios from F) were quantified. Error bars indicate the standard 

deviation of at least 5 independent experiments. ANOVA, ***P <0.001, ns, no 

significance. 
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FAM134B is targeted by Salmonella to block ER-phagy 

The ER-phagy receptor proteins FAM134B and TEX264 have been previously reported to be 

targeted by invasive pathogens to disrupt ER morphology and promote infection129. To investigate 

this possibility, we generated CRISPR KO cell lines of FAM134B and TEX264 (Supp Fig. 2A). As 

expected, deletion of FAM134B and TEX264 severely decreased ER-phagy (Fig 2A), which is in 

line with prior reports117. Consistent with our previous findings, WT cells infected with Salmonella 

showed a significant decrease in the levels of free RFP compared to uninfected cells during ER-

phagy inducing conditions. However, Salmonella infection failed to show a significant difference 

in ER-phagy levels between infected and uninfected FAM134B KO cells. In contrast, Salmonella 

was still capable of repressing ER-phagy in TEX264 KO cells (Fig. 2A and 2B). 

Immunofluorescence microscopy using the same experimental setup showed a dramatic decrease 

in RFP puncta formation when ER-phagy was induced in Salmonella-infected WT and TEX264 

KO cells. However, RFP puncta formation in FAM134B KO cells infected with Salmonella during 

ER-phagy induction failed to decrease to the same extent, displaying significant differences (Fig. 

2C and 2D).  To further analyze the requirement of FAM134B for Salmonella-mediated ER-phagy 

repression we created stable cell lines expressing an ER-phagy HALO reporter in WT and 

FAM134B KO cells. Using this reporter, we confirmed the inability of Salmonella to inhibit ER-

phagy in the FAM134B KO background (Supp. Fig. 2B), consistent with the proteolytic cleavage 

of our GFP-RFP-KDEL reporter (Fig. 2A).  These results suggest that Salmonella infection 

primarily targets FAM134B to inhibit ER-phagy.  

Next, we sought to determine if Salmonella-mediated ER-phagy inhibition impacted intracellular 

bacterial viability. To this end, we performed a colony-forming unit (CFU) assay in WT, FAM134B 

KO, TEX264 KO and FAM134B KO cells transfected with FAM134B WT. Analysis of Salmonella 
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viability at 4 hours post-infection revealed that FAM134B KO cells had significantly higher 

number of viable internalized bacteria, suggesting either a defect in the clearance of Salmonella or 

increased growth when compared to WT and TEX264 KO cells. Furthermore, FAM134B KO cells 

reconstituted with FAM134B recovered similar levels of Salmonella viability as parental cells (Fig. 

2E), indicating FAM134B, but not TEX264, is important for Salmonella growth and survival. 

ER-phagy receptors couple the ER to the autophagosomal membrane through LIRs (Fig. 1A). We 

next sought to determine if the impact of FAM134B on Salmonella growth was due to ER-phagy 

induction or another uncharacterized autophagy-independent function. To this end, we transfected 

FAM134B KO cells with either FAM134B WT or FAM134B LIR mutant and performed the ER-

phagy reporter RFP processing assay. Intriguingly, we observed no significant difference between 

infected and uninfected ER-phagy induced cells when the FAM134B LIR mutant was expressed. 

Conversely, cells expressing FAM134B WT showed a significant decreased in RFP production 

when infected with Salmonella (Fig. 2F and 2H). Consistent with our western blot analysis, we 

also observed that the decrease in the number of RFP puncta in the FAM134B LIR mutant cells 

triggered by Salmonella infection was not as pronounced as the one in infected cells expressing 

FAM134B WT (Fig. 2G and 2H). When we quantified Salmonella viability by CFU in HCT116 

cells, results showed that the expression of the FAM134B LIR mutation resulted in a significant 

increase in the number of Salmonella compared to cells expressing FAM134B WT (Supp Fig. 2C). 

Together, these findings suggest that FAM134B plays a crucial role in limiting Salmonella burden 

and that this role is connected to FAM134B ability to induce ER-phagy. 
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Fig. 2. FAM134B is targeted by Salmonella to block ER-phagy. 

 
A) WT, FAM134B KO, TEX264 KO and FIP200 KO HEK293A cells stably expressing the ss-

RFP-GFP-KDEL were either kept in nutrient rich media, starved for AA for 6h or starved 

for 3h followed by ST infection for 3h in AA starvation media. ER-phagy was measured by 

ss-RFP-GFP-KDEL processing. Actin was used as a loading control. AA, amino acids; ST, 

Salmonella Typhimurium. B) Normalized Free RFP-Actin ratio from cells in A). Error bars 

indicate the standard deviation of 7 independent experiments. ANOVA, *P <0.05; ***P 

<0.001; ns, no significance. C) Cells from A) were either AA starved for 6h, or AA starved 

for 3h, followed by ST infection for 3h in AA starvation media, fixed and imaged by 

confocal microscopy. NR, Nutrient Rich. Representative images are shown. ss-RFP-GFP-

KDEL, yellow; Free RFP, red. Scale bar 5μm. D) Average number of RFP puncta per cell 

from C) were quantified. Error bars indicate the standard deviation of 5 independent 

experiments. The averages were calculated from a minimum of 100 cells. ANOVA, ***P 

<0.001. E) WT, FAM134B KO, TEX264 KO and FAM134B KO cells transfected with WT 

FAM134B were infected with ST. Bacterial content was determined through a colony-

forming unit (CFU). Error bars indicate standard deviation. ANOVA, **P <0.01; ***P 

<0.001. F) FAM134B KO cells transfected with either FAM134B WT or FAM134B LIR 

mutant were kept in nutrient rich media, starved for AA for 6h or starved for 3h followed 

by ST infection for 3h in AA starvation media. ER-phagy was measured by ss-RFP-GFP-

KDEL processing. Actin was used as a loading control. G) Cells from F) were fixed and 

imaged by confocal microscopy. Representative images are shown. ss-RFP-GFP-KDEL, 

yellow; Free RFP, red; Fam134B, far red. Scale bar 5μm. H) Normalized Free RFP-Actin 

ratio from cells in F) and average number of RFP puncta per cell from G) were quantified. 

Error bars indicate the standard deviation of at least 5 independent experiments. The 

average number of RFP puncta was calculated from a minimum of 100 cells. ANOVA, ***P 

<0.001; ns, no significance. 
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FAM134B oligomerization is hindered by Salmonella infection 

FAM134B promotes ER membrane scission and ER-phagy through its ability to oligomerize119. 

Therefore, we hypothesized that Salmonella infection might prevent ER-phagy by repressing 

FAM134B oligomerization. To test this hypothesis, FAM134B-FLAG was immunoprecipitated 

(IP) after 3 hr of ER-phagy induction in the presence and absence of Salmonella infection. 

Consistent with previous reports, FAM134B oligomers were relatively resistant to denatured 

conditions and are observed by western blot in a distinct, slow migrating band119,124. Notably, 

Salmonella infection significantly reduced the formation of FAM134B oligomers (Fig. 3A). 

Similar results were observed when we repeated the experiment in HCT116 cells (Supp Fig. 3A). 

Furthermore, amino acid starvation-induced FAM134B puncta formation was dramatically 

reduced by Salmonella infection, revealing Salmonella blocks ER membrane scission, which is 

driven by FAM134B oligomerization (Fig. 3B). These results indicate Salmonella may block ER-

phagy by preventing the oligomerization of FAM134B. If Salmonella represses FAM134B by 

preventing oligomerization, then forcing FAM134B oligomerization would be predicted to bypass 

Salmonella-mediated ER-phagy reduction. To this end, we generated a FAM134B G216R mutant, 

a naturally occurring mutation that resides in FAM134B reticulon-homology domain and has been 

described to dramatically enhance FAM134B oligomerization119,136. We transfected either 

FAM134B WT or FAM134B G216R in FAM134B KO cells and measured ER-phagy through the 

RFP processing assay. As expected, cells transfected with FAM134B WT exhibited reduced ER-

phagy under stimulated conditions when infected with Salmonella (Fig. 3C and 3D). However, 

cells transfected with FAM134B G216R showed no significant difference in ER-phagy rates in the 

presence or absence of Salmonella, indicating that Salmonella inhibits ER-phagy upstream, or at 

the level, of FAM134B activation. Analysis of ER-phagy by immunofluorescence under the same 
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conditions, showed that FAM134B G216R largely prevented ER-phagy repression by Salmonella, 

compared to FAM134B WT (Fig. 3E and 3F). Additionally, Salmonella infection failed to decrease 

FAM134B G216R oligomerization (Supp Fig. 3B), showing a dramatic increase in self-interaction 

and oligomerization as previously reported119. Together, these experiments support a model in 

which Salmonella regulates ER-phagy through repression of FAM134B activity.  
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Fig. 3. FAM134B oligomerization is hindered by Salmonella infection. 

A) FAM134B KO HEK293A cells transfected with FAM134B-FLAG were starved for AA 

for 3h in the absence or presence of ST. FLAG was immunoprecipitated. Error bars 

indicate the standard deviation of 5 independent experiments. Student’s t-test, *** P 

<0.001. AA, amino acids; ST, Salmonella Typhimurium. B) WT cells were incubated 

with BafA1 and starved for AA for 3h in the presence or absence of ST. Fam134B 

puncta formation was observed by confocal microscopy. NR, Nutrient Rich; BafA1, 

Bafilomycin A1. Error bars indicate standard deviation of 5 independent experiments. 

The average number of Fam134B puncta was calculated from a minimum of 100 cells. 

Representative images are shown. Fam134B, red; DAPI, blue; ST, green. Scale bar 5μm. 

ANOVA, *** P <0.001. C) FAM134B KO cells were transfected with either FAM134B WT 

or FAM134B G216R and starved for AA for 6h or starved for 3h, followed by ST 

infection for 3h in AA starvation media. ER-phagy was measured by ss-RFP-GFP-

KDEL processing. Actin was used as a loading control. D) Normalized Free RFP-Actin 

ratio from cells in C). Error bars indicate the standard deviation of 5 independent 

experiments. ANOVA, ***P <0.001; ns, no significance. E) FAM134B KO were 

transfected with either FAM134B WT or G216R and starved for AA for 6h or starved 

for 3h followed by ST infection for 3h in AA starvation media. Representative images 

are shown. ss-RFP-GFP-KDEL, yellow; Free RFP, red; Fam134B, far red. Scale bar 5μm. 

F) Average number of RFP puncta per cell from E) were quantified. Error bars indicate 

standard deviation of 5 independent experiments. The average number of RFP 

punctuation was calculated from a minimum of 100 cells. ANOVA, ***P <0.001. 
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The Salmonella effector SopF blocks ER-phagy 

In order to promote invasion and replication, Salmonella expresses two type-III secretion systems, 

which deliver multiple bacterial effectors into the host cells137. We hypothesized that one of these 

effectors might be involved in Salmonella-mediated ER-phagy inhibition. To test our hypothesis, 

we repeated the ss-RFP-GFP-KDEL processing assay infecting them with different Salmonella 

effector mutants. Among the mutants tested, Salmonella defective for the phosphoinositide-

binding effector SopF showed the most complete and consistent loss of ER-phagy regulation (Supp 

Fig. 4A).  Analysis of ER-phagy by western blot and immunofluorescence in our reporter cells 

showed that SopF-deficient Salmonella was unable to supress ER-phagy compared to WT 

Salmonella infected controls under stimulated conditions (Fig. 4A-D). Together, these experiments 

indicate that SopF is necessary for Salmonella-induced ER-phagy repression. Next, we sought to 

determine if the expression of the SopF effector was sufficient to inhibit ER-phagy. To this end, 

ER-phagy reporter cells were transfected with FLAG-SopF or control vector.  We observed by 

western blot, that SopF expression was sufficient to inhibit ER-phagy under stimulated conditions 

(Fig. 4E and 4F).  Consistently, RFP puncta formation was significantly decreased in cells 

transfected with HA-SopF compared to control cells (Supp Fig. 4B and Supp Fig. 4C). 

Furthermore, SopF expression dramatically blocked endogenous Fam134B degradation by ER-

phagy under stimulated conditions (Supp Fig. 4D). Together, these data indicate the bacterial 

effector SopF is required for Salmonella to inhibit ER-phagy. 

Because forcing FAM134B oligomerization with the G216R mutant could bypass Salmonella-

mediated ER-phagy blockage, we sought to determine if SopF effects on ER-phagy could also be 

prevented by FAM134B G216R. Indeed, FAM134B KO cells co-expressing FLAG-SopF and 

FAM134B G216R were able to significantly induce ER-phagy when stimulated compared to cells 
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transfected with FLAG-SopF and FAM134B WT (Fig. 4G and 4H). These data suggest Salmonella 

targets FAM134B oligomerization through SopF. 

Recently, the crystal structure of SopF was solved revealing it to be a member of the ADP-

ribosyltransferase superfamily138. Indeed, SopF has been shown to catalyze the transfer of ADP-

ribose from nicotinamide adenine dinucleotide (NAD+) to the v-ATPase subunit ATP6V0C leading 

to the inhibition of bacterial autophagy, but not general autophagy or other types of selective 

autophagy138,139. To test if SopF could directly interact with and target FAM134B, we co-

immunoprecipitated FLAG-SopF and endogenous Fam134B, detecting a possibly transient 

interaction between both proteins (Fig. 4I). To further validate FAM134B and SopF interaction, 

we performed a TurboID assay, which relies on biotin-based proximity labeling and can detect 

transient interactions more reliably than co-IP. Briefly, SopF was tagged with a more promiscuous 

form of BirA, an Escherichia coli-derived biotin ligase. After incubation with biotin, proteins in 

the near vicinity of the TurboID-tagged SopF become biotinylated, enabling their identification 

after streptavidin pull-down140. We observed that FAM134B was dramatically enriched after 

streptavidin pull-down when TurboID-SopF was expressed compared to the TurboID control, 

indicating SopF comes in close proximity to FAM134B (Fig. 4J).  

SopF mutations preventing its binding to the N-ribose (E325A) or the nicotinamide (Y224A, 

Y240A) group of NAD+ largely blocked SopF ADP-ribosylation activity138. Consistently, SopF 

Y240A failed to prevent ER-phagy activation as observed by a significant increase in RFP 

production compared to SopF WT. (Fig. 4K and 4L). Additionally, SopF mutants E325A and 

Y224A also showed increased ER-phagy compared to SopF WT (Supp Fig. 4E and Supp Fig. 4F). 

Moreover, expression of SopF WT, but not the ADP-ribosylation mutant SopF Y240A, reduced 

the formation of FAM134B oligomers (Supp Fig. 4G). To test if SopF could ADP-ribosylate 
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FAM134B we used a pan-ADP-ribose binding reagent capable of detecting both mono and poly-

ADP ribosylation. A band was observed when FAM134B was IP in the presence of SopF, which 

was absent in the control IP, suggesting SopF may directly ADP-ribosylate FAM134B (Fig. 4M).  

Recent studies have reported the importance of FAM134B acetylation at Lys160 and 

phosphorylation at residues Ser149, Ser151 and Ser153 in promoting its oligomerization and ER-

phagy activation119,120. We hypothesized that one of the ways Salmonella could inhibit FAM134B 

oligomerization was by preventing these post-translational modifications. Mass spectrometry 

analysis of FAM134B in the absence of SopF, showed phosphorylation in Ser151, which was not 

detected when SopF was co-expressed (Supp Fig. 4H). Consistently, Salmonella infection 

significantly decreased both FAM134B Ser151 phosphorylation and Lys160 acetylation, in both 

nutrient rich and starvation conditions (Fig. 4O and 4P), indicating Salmonella directly targets 

FAM134B regulation and its ability to oligomerize. Further studies will be required to determine 

if Salmonella-mediated inhibition of FAM134B oligomerization is driven by SopF directly ADP-

ribosylating FAM134B or upstream regulators. Together these results indicate that SopF ADP-

ribosylation activity is required for ER-phagy inhibition.  
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Fig. 4. The Salmonella effector SopF blocks ER-phagy. 

A) WT HEK293A cells stably expressing the ss-RFP-GFP-KDEL reporter were starved for 
AA for 6h or starved for 3h followed by infection with ST WT or ST ΔsopF for 3h in AA 
starvation media. ER-phagy was measured by ss-RFP-GFP-KDEL processing. Actin was 
used as a loading control. NR, Nutrient Rich; AA, amino acids; ST, Salmonella 
Typhimurium. B) Normalized Free RFP-Actin ratio from cells in A). Error bars indicate the 
standard deviation of 5 independent experiments. ANOVA, ***P <0.001; ns, no 
significance. C) WT HEK293A cells stably expressing the ss-RFP-GFP-KDEL reporter were 
either AA starved for 6h or AA starved for 3h followed by ST WT or ST ΔsopF infection for 
3h in starvation media, fixed and imaged by confocal microscopy. Representative images 
are shown. ss-RFP-GFP-KDEL, yellow; Free RFP, red. Scale bar 5μm. D) Average number 
of RFP puncta per cell from C) were quantified. Error bars indicate standard deviation 
of 5 independent experiments. The average number of RFP punctuation was calculated 
from a minimum of 100 cells. ANOVA, ***P <0.001. E) WT cells from A) transfected with 
either FLAG-SopF or a mock plasmid were starved for AA for 6h or starved for 3h followed 
by infection with ST WT for 3h in AA starvation media. ER-phagy was measured by ss-RFP-
GFP-KDEL processing. Actin was used as a loading control. F) Normalized Free RFP-Actin 
ratio from cells in E). Error bars indicate the standard deviation of 3 independent 
experiments. ANOVA, ***P <0.001. G) HEK293A FAM134B KO cells stably expressing the 
ss- RFP-GFP-KDEL reporter were transfected with combinations of FAM134B WT, 
FAM134B G216R and FLAG-SopF and then starved for AA for 6h. Vinculin was used as 
loading control. H) Normalized Free RFP- Vinculin ratio from cells in G). Error bars 
indicate the standard deviation of 5 independent experiments. ANOVA, **P <0.01; ***P 
<0.001. I) HEK293A WT cells were transfected with FLAG-SopF or a mock plasmid. FLAG-
SopF was immunoprecipitated. J) WT HEK293A cells were transfected with either FLAG-
TurboID- SopF or FLAG-TurboID control plasmid. Cells were incubated with 50 μM Biotin 
for 1h and subjected to streptavidin pull-down. K) WT HEK293A cells stably expressing 
the ss-RFP-GFP-KDEL reporter were transfected with either FLAG-SopF WT, FLAG-SopF 
Y240A or a mock plasmid and starved for AA for 6h. ER-phagy was measured by ss-
RFP-GFP-KDEL processing. Actin was used as a loading control. L)Normalized Free 
RFP-Actin ratio from cells in K). Error bars indicate the standard deviation of 6 
independent experiments. ANOVA, ***P <0.001. M) FAM134B KO cells were transfected 
with FAM134B- FLAG and either HA-SopF or a mock plasmid and FLAG was 
immunoprecipitated. ADP-ribosylation was detected with a pan-ADP ribose binding 
reagent. O) HeLa cells transfected with FAM134B-FLAG were starved for 3h or infected 
with ST for 3h in starvation media. FLAG was immunoprecipitated. Fam134B Ser151 
phosphorylation and Lys160 acetylation were determined using specific antibodies. 
Tubulin was used as loading control. P) Normalized Phospho Fam134B-S151-Total 
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Fam134B and Ace-Fam134B-K160- Total Fam134B ratios from cells in O). Error bars 
indicate the standard deviation of 3 independent experiments. ANOVA, ***P <0.001. 

 

FAM134B restricts Salmonella growth 

To better understand the nature of FAM134B-mediated resistance to intracellular Salmonella, we 

next looked at the factors that could contribute to the FAM134B KO defect, such as bacteria vesicle 

escape, clearance, and growth. First, we infected WT and FAM134B KO cells with GFP Salmonella 

and quantified growth post-invasion for 4 hrs. To distinguish between external and internalized 

Salmonella, cells were stained with a LPS antibody before permeabilization, allowing selective 

labelling and exclusion of external bacteria in our quantifications. We observed a similar level of 

bacterial internalization in both WT and FAM134B KO at 1 hr (Fig. 5A), indicating similar levels 

of infection rate. Interestingly, we observed a significant difference in growth rate between WT 

and FAM134B KO beginning at 2 hr post infection that persisted through the remaining time points. 

Escape from Salmonella-containing vesicles (SCV) is known to increase the growth rate of 

intracellular Salmonella, which is significantly higher in the cytosol. However, SCV escape in WT 

cells typically occurs well after 4 hrs post infection141 and results in the growth of rod-shaped 

Salmonella that are more spread out than those growing in the SCV. Given the early timepoint of 

divergence in growth rates and the morphology of internalized Salmonella, it is highly unlikely 

that FAM134B KO defects are a result of early escape from the SCV. Nevertheless, we quantified 

the amount of cytosolic Salmonella compared to the total population using a chloroquine resistance 

CFU assay. Chloroquine accumulates in high concentration within endosomes, preferentially 

targeting vacuolar, rather than cytosolic Salmonella, rendering SCV-containing Salmonella 

transcriptionally inactive and non-replicative141. Consistent with other studies, we observed that 
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cytosolic Salmonella accounted for 10% of total bacteria in infected WT cells at similar time 

points141 (Supp. Fig. 5A). However there was no significant difference in cytosolic Salmonella 

between infected WT and FAM134B KO cells, indicating FAM134B is not involved in Salmonella 

escape from SCVs  (Supp. Fig. 5A). We next sought to measure the impact of FAM134B on 

autophagic bacterial clearance, termed xenophagy. To estimate the relative contribution of 

FAM134B in Salmonella clearance compared to other forms of autophagy, we performed a CFU 

assay in WT and FAM134B KO cells treated with the VPS34 inhibitor, VPS34-IN1. The class-III 

phosphatidylinositol-3-phosphate kinase complex, which is formed by the catalytic subunit 

PIK3C3/VPS34, among others, plays an essential role in autophagy activation142, thus, VPS34 

inhibition blocks general autophagy134. As expected, inhibiting VPS34 dramatically increased 

Salmonella levels in both WT and FAM134B KO cells. However, VPS34-IN1-treated FAM134B 

KO cells showed a significant increase in Salmonella burden compared to treated WT cells, 

suggesting FAM134B may have an additional role in preventing Salmonella growth, not directly 

related to xenophagy (Supp. Fig. 5B). Autophagosomal degradation of Salmonella is mediated by 

LC3 recruitment to bacteria and autophagy-deficient cells have been shown to be more permissive 

for Salmonella growth143. However, the impact of ER-phagy in Salmonella clearance is unclear. 

Strikingly, FAM134B KO cells contained less LC3B-positive Salmonella compared to WT cells, 

suggesting a role for FAM134B and ER-phagy in Salmonella clearance (Fig. 5B and 5C). LC3B 

targeting to Salmonella is modulated by various xenophagy adaptors such as TBK1, which is 

involved in phosphorylating different xenophagy receptors and recruiting them to the surface of 

Salmonella for degradation144. Interestingly, we found no significant difference in TBK1 

recruitment to Salmonella in WT and FAM134B KO cells (Supp Fig. 5C and Supp Fig. 5D), 
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suggesting FAM134B effects on Salmonella replication might be either downstream of TBK1, or 

not directly related to xenophagy. 

To determine if SopF is required for the suppression of LC3-positive puncta in FAM134B KO cells, 

we quantified the localization of LC3B to SopF-deficient Salmonella. We observed the previously 

reported increase of LC3B colocalization to ΔsopF Salmonella compared to WT Salmonella in our 

control cells145.  However, SopF deletion exerted no significant difference in LC3B colocalization 

in FAM134B KO cells (Fig. 5D and 5E). Similarly, SopF overexpression significantly increased 

WT Salmonella levels in control cells, while overexpression of SopF in FAM134B KO cells 

showed no significant difference in Salmonella viability compared to mock transfected FAM134B 

KO cells (Fig. 5F), further indicating that SopF effects on Salmonella growth are linked to 

FAM134B. Moreover, it reinforces our working model that SopF is inhibiting ER-phagy to 

influence ER morphology and promote intracellular Salmonella survival. This hypothesis was 

further corroborated by electron microscopy images showing increased ER area in cells stabily 

expressing SopF compared to control cells (Supp. Fig. 5E), indicating SopF-mediated inhibition 

of ER-phagy reconfigures ER morphology.  The mechanisms that specifically link FAM134B-

dependent ER-phagy to xenophagy are unclear at this time, however, these results suggest an 

additional, yet undiscovered, pathway linking FAM134B to Salmonella restriction.  
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Fig. 5. FAM134B restricts Salmonella growth. 

 

A) WT and FAM134B KO HEK293A cells were infected with ST for 1h followed by 

Gentamicin wash-off. Cells were fixed at indicated time points. ST, Salmonella 

Typhimurium. Representative images are shown. ST, green; LPS, far red; DAPI; blue. Scale 

bar 10μm. Error bars indicate standard deviation. The number of ST were calculated from 

a minimum of 100 cells. ANOVA, *P <0.05; **P <0.01; ***P <0.001. B) HEK293A WT and 

FAM134B KO cells were infected for 1h. Autophagic capture of ST was analyzed by 

immunostaining for LPS and LC3B. Representative images are shown. ST, green; LC3B, 

red; LPS, far red; DAPI; blue. Scale bar 5μm. C) Percentage of ST colocalizing with LC3B 

in WT and FAM134B KO cells from B). Error bars indicate standard deviation. The 

percentage of colocalization was calculated from a minimum of 100 cells. Student’s t test, 

***P <0.001. D) HEK293A WT and FAM134B KO cells were infected with either ST WT or 

ST ΔsopF for 1h. Autophagic capture of ST was analyzed by immunostaining for LPS and 

LC3B. Representative images are shown. ST, green; LC3B, red; LPS, far red; DAPI; blue. 

Scale bar 5μm. E) The ratio between the number of ST colocalizing with LC3B and total 

internalized ST from D) is presented. Error bars indicate standard deviation. LC3B-ST 

colocalization was calculated from a minimum of 100 cells. . ANOVA, ***P <0.001; ns, no 

significance. F) HEK293A WT and FAM134B KO were transfected with either FLAG-SopF 

or a mock plasmid followed by WT ST infection. Bacterial content was determined 

through colony forming unit (CFU). Error bars indicate standard deviation. ANOVA, **P 

<0.01; ns, no significance. 
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Infected FAM134B KO mice are more susceptible to Salmonella infection. 

We next sought to determine the pathophysiological effects of Salmonella-mediated inhibition of 

ER-phagy in vivo.  To this end, we performed oral gavage Salmonella infection of WT and 

FAM134B KO mice146 and analyzed bacterial burden and intestinal damage 5 days post infection. 

Histochemical analysis of hematoxylin and eosin (H&E) stained intestine samples of infected WT 

mice presented mucosa and submucosa infiltration, along with occasional damage (Fig. 6A). 

However, infected FAM134B KO mice showed severe wall, mucosa and submucosa infiltration, 

as well as marked necrotic damage, fibrin formation and edema. Following H&E, mucosa and 

submucosa samples were stained to detect Salmonella levels, which showed a significant increase 

in bacterial burden in FAM134B KO compared to WT cells (Fig. 6B and 6C). These results are 

consistent with our in vitro data, highlighting FAM134B role in restricting Salmonella growth. 

Infections were repeated as described above and WT and FAM134B KO Salmonella load was 

measured by CFU in feces, spleen, and intestine. Consistent with immunofluorescence analysis, 

we observed significantly higher levels of Salmonella in the tissue and feces of FAM134B KO 

mice (Fig. 6D, 6E and 6F). We next tried to determine if our previous results extended to primary 

macrophages, key agents involved in the innate and adaptive immune response against Salmonella 

infection. Thus, we measured FAM134B-mediated ER membrane scission in starved bone marrow 

derived macrophages (BMDM) obtained from WT mice that were infected with either Salmonella 

WT or ΔsopF. As expected, ER-phagy activation induced FAM134B puncta formation, which was 

significantly blocked by Salmonella WT, but not SopF defective Salmonella (Fig. 6G and 6H), 

recapitulating our results in endothelial cells. Finally, BMDM obtained from FAM134B KO mice 

displayed significantly more Salmonella than WT BMDM after infection (Fig. 6I), further 

underlining the importance of FAM134B in anti-bacterial response in multiple tissues and cell 
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types. Overall, our results indicate that FAM134B is an important factor in controlling bacterial 

infection in vivo. 
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Fig. 6. Infected FAM134B KO mice are more susceptible to Salmonella infection. 

A) WT and FAM134B KO C57BL/6J mice were infected with WT GFP ST through oral gavage 

and after 5 days, their small intestine was fixed and stained with H&E. (a) infiltration, (b) necrosis, 

(c) fibrosis, and (d) edema. Pathology scores of post infected tissues are presented. Error bars 

indicate standard deviation. ANOVA, *P <0.05; **P <0.01. ST, Salmonella Typhimurium. Scale 

bar 50μm. B) WT and FAM134B KO mice small intestine samples from A) were stained with DAPI 

and GFP to detect ST. ST, Red; DAPI, Blue. Scale bar: 5, 20 and 50 μm. C) The number of cells 

infected with ST from B) were quantified. Error bars indicate standard deviation, ST infection was 

calculated from a minimum of 350 cells. Student’s t test, ***P <0.001. D, E and F) WT and 

FAM134B KO mice were infected with ST through oral gavage and after 5 days their spleen, whole 

intestine and feces were collected. Bacterial content was determined through colony- forming unit 

(CFU). Error bars indicate standard deviation. Student’s t test, *P <0.05; **P <0.01. G) BMDM, 

bone marrow derived macrophages from WT mice were kept in NR media, AA starved for 2 hr or 

starve for 1 hr followed by ST WT or ST ΔsopF infection in starvation media for an additional 1 

hr. Starved samples were treated with BafA1. BMDM were then fixed and imaged by confocal 

microscopy. Representative images are shown. NR, Nutrient Rich; AA, amino acids, BafA1, 

Bafilomycin A1. Scale bar 5 μm. H) Average number of Fam134B puncta per cell from G) were 

quantified. Error bars indicate the standard deviation. Average Fam134B puncta formation was 

calculated from a minimum of 100 cells. ANOVA, ***P <0.001. I) BMDM from WT and 

FAM134B KO mice were infected with ΔinvA ST. Bacterial content was determined through 

colony-forming unit (CFU). Error bars indicate standard deviation. Student’s t test, *P <0.05. 
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4.5 DISCUSSION 

The ER is a dynamic and complex intracellular organelle with several critical functions involved 

in maintaining cell homeostasis and adapting to stress response147. The selective autophagic 

degradation of the ER, ER-phagy, aims to restore ER homeostasis through the degradation of 

portions of the ER and in turn regulate the size and morphology of the organelle. Recently, several 

studies have begun to uncover the link between ER-phagy and intracellular invasive pathogens. 

Here, we describe a novel mechanism by which the intracellular pathogen Salmonella enterica 

serovar Typhimurium specifically prevents the protein receptor FAM134B oligomerization in 

order to block ER-phagy and increase bacterial viability after infection (Fig. 7). 

We determined that Salmonella specifically targets FAM134B, but not TEX264, to block ER-

phagy and increase bacterial viability, which was intrinsically linked to FAM134B ability to induce 

ER-phagy. A previous report highlighted how invasive bacteria capitalize on transforming the ER 

morphology to improve their viability. Upon Legionella pneumophila infection, multiple ER 

regulatory proteins, including FAM134A, FAM134B, FAM134C, RTN4 and TEX264, are subject 

to phosphoribosyl-linked ubiquitination, triggering ER remodeling and membrane recruitment to 

bacterial containing vacuoles129. Further studies will be required to determine if other members of 

the FAM134 family or other proteins involved in the regulation of ER morphology and stability 

are also targeted by Salmonella. 

We also identified that Salmonella-mediated ER-phagy blockage is linked to the bacterial effector 

SopF, specifically its ADP-ribosylation activity. Previously identified as an anti-bacterial 

autophagy inhibitor, SopF specifically disrupts the interaction between v-ATPase and ATG16L1 

by ADP-ribosylating the v-ATPase subunit ATP6V0C138,139. In these experiments SopF was shown 

to inhibit anti-bacterial autophagy, but not canonical autophagy. However, ER-phagy was not 
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tested139. Thus, it is likely that SopF can ADP-ribosylate multiple targets to both prevent 

Salmonella clearance and promote Salmonella growth. Interestingly, SopF-mediated ER-phagy 

blockage could be bypassed by expressing FAM134B G216R mutant, which promotes FAM134B 

oligomerization. Conversely, Salmonella infection decreased both FAM134B Ser151 

phosphorylation and K160 acetylation, which positively regulate oligomerization; and mass 

spectrometry analysis confirmed SopF expression resulted in undetectable FAM134B Ser151 

phosphorylation. However, mass spectrometry failed to measure K160 acetylation and ADP-

ribosylation in both the presence and absence of SopF, possibly due to a paucity of protease sites 

and low peptide coverage for some areas of the protein. Thus, it is possible that SopF prevents 

FAM134B oligomerization by directly ADP-ribosylating FAM134B or indirectly by targeting 

upstream regulators of FAM134B involved in the formation of multi-protein clusters required for 

ER-phagy148.  

Finally, our in vivo results demonstrated the physiological importance of FAM134B in innate 

immunity. Infected FAM134B KO mice presented increased necrotic damage compared to infected 

WT mice. Additionally, Salmonella burden was increased in the spleen, intestine and feces of 

FAM134B deficient mice, as well as infected BMDMs, suggesting a yet uncharacterized but 

important role for FAM134B in the innate response against invading pathogens. Altogether, our 

data uncover a previously undiscovered mechanism by which Salmonella seeks to promote 

bacterial viability by targeting FAM134B-mediated ER-phagy and transform the host environment 

to suit their growth needs. We believe this study raises several important questions including the 

interplay between SopF targets in controlling Salmonella viability and the general ability of 

FAM134B-dependent restriction for other intracellular bacteria. 
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Chapter 1 Fig. 7. Model 

 

Fam134B oligomerization leads to membrane scission, Fam134B LIR binds to LC3-family bound 

isolation membranes that form autophagosomes and triggers ER remodelling and degradation by 

ER-phagy. Salmonella infection blocks Fam134B oligomerization via the bacterial effector SopF, 

hindering ER-phagy induction, which in turn promotes Salmonella viability. 
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4.6 MATERIAL AND METHODS 

Antibodies and reagents 

HA-HRP (Cat#2999), Fam134B (Cat#83414), and phospho‐S6K T389 (Cat#9234) antibodies 

were obtained from Cell Signaling Technology. Anti-LC3B (Cat#PM036 for immunofluorescence) 

antibody was purchased from MBL. Pan-ADP-ribose binding reagent (MABE1016), Beta-actin 

(Cat#A5441 clone AC-15) and Vinculin (Cat#V9131), Fam134C (Cat#HPA016492) antibodies, as 

well as doxycycline hyclate (Cat#24390-14-5), Chloroquine (Cat#C6628-25G) and VPS34 

inhibitor VPS34-IN1 (Cat#1383716-33-3) were obtained from Sigma. DYKDDDDK Epitope Tag 

(Cat#NBP1-06712 for WB), anti-Tex264 (Cat#NBP1-89866) and LC3/MAP1LC3B (Cat#NB100-

2220 for western blot) antibodies were purchased from Novus Biologicals. Anti-LPS FITC 

(Cat#sc-52223) and TBK1 (Cat#SC-398366) antibodies were purchased from Santa Cruz 

Biotechnology. LPS (Cat#ab128709), and Anti‐S6K (Cat#ab32529) were obtained from Abcam. 

Anti-RFP (Cat#600-401-379) was obtained from Cedarlane. Anti-p62 (Cat#GP62-C) was 

purchased from Progen. Anti-Tex264 (Cat#25858-1-AP), Fam134A (Cat#24650-1-AP) and anti-

Tubulin (Cat#66362-1-Ig) were purchased from Proteintech. Bafilomycin A1 was obtained from 

Tocris (Cat#133410U). Digitonin (Cat#10188-874) was obtained from VWR. Alexa Fluor 647 

(Mouse Cat#A21235, Rabbit Cat#A21244), Alexa Fluor 568 (Cat#A11036), HA tag monoclonal 

antibody (Cat#26183), Streptavidin-HRP (Cat#21130) and Reticulon 3 poly-clonal antibody 

(Cat#A302-860A) were purchased from Thermo-Fisher. Anti-phospho-Fam134B-Ser151 and anti-

Ace-Fam134B-Lys160 are not commercially available and have been previously described119,120. 

Anti-HALOTag® Monoclonal Antibody (Cat#G9211) and HALOTag® TMR Ligand 

(Cat#G8252) were purchased from Promega.  
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Cell culture 

HEK293A, HCT116 and HeLa cell lines were cultured in DMEM supplemented with 10% bovine 

calf serum (VWR Life Science Seradigm). Amino acid starvation medium was prepared based on 

the Gibco standard recipe, omitting all amino acids without the addition of non-essential amino 

acids and substitution with dialyzed FBS (Invitrogen). Doxycycline treatment of cells stably 

expressing ER-phagy probe was performed as previously described117. 

Transfection 

Transfections were performed using polyethylenimine (PEI, medistore uOttawa) or Polyjet DNA 

transfection reagent (Cat#SL100688) from FroggaBio. The samples were analyzed 48–72 h post-

transfection.  

Generation of knock-out cell lines using CRISPR/Cas9 

FAM134B and TEX264 KO lines were generated in the HEK293A and HCT116 background 

utilizing CRISPR/Cas9 using primers that were previously described117. FIP200 KO HEK293A 

cell line was generated using guide RNA sequence AGAGTGTGTACCTACAGTGC. 

Generation of stable cell lines 

WT and KO clones were infected with lentiviruses carrying ss-RFP-GFP-KDEL as previously 

described117. Similarly, cell lines stably expressing HALO-mGFP-KDEL were generated as 

previously described133. 

Plasmids 

Plasmids pEGFP-C1-SopF (#137734), pCW57-CMV-ssRFP-GFP-KDEL (#128257), pMRX-IB-

HaloTag7-mGFP-KDEL (#184904) and pMRX-INU-FLAG-FAM134B (#128260) were obtained 
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from Addgene. SopF cDNA from pEGFP-C1-SopF was subcloned into FLAG-pcDNA to generate 

FLAG-SOPF plasmids. FAM134B cDNA from pMRX-INU-FLAG-FAM134B was subcloned into 

c-FLAG-pcDNA to generate FAM134B-FLAG plasmids. All constructs were generated using fast-

cloning as previously described149. SopF cDNA from pEGFP-C1-SopF was cloned using Gibson 

assembly into pFLAG-TurboID C1 to generate pFLAG-TurboID-SopF. pFLAG-TurboID C1 was 

a gift from Dr. Laura Trinkle.  

Site-directed mutagenesis 

Primers used for making FAM134B LIR mutation 

Mutation Forward Reverse 

FAM134B LIR  GATGACGCTGCAGCAGCTGACCA

GTCAGAGCTGGATCAAATTGAGA

GTGAATTGGGACT 

TCAGCTGCTGCAGCGTCATCA

CCTTCTTCAGTGTCTGTGTCCT

CTTCTGGGATGGG 

FAM134B G216R  CATTCCTAGGGTTATACTCAGCTAT

CTACTGTTACTGTGTGCATT 

TGAGTATAACCCTAGGAATGTA

ACTTCCCAAGATCGTAAAAAA

TGTG 

SopF E325A  TTATATAGCGGCTCATATTCATGGT

GATGTATGTTTATTCAGAG 

ATATGAGCCGCTATATAATTCC

CTTCATAGCCTTTACCA 

Sopf Y224A  CCAATTGCTGCTGCACTGGACTTT

CTGAACGGTG 

GCAGCAGCAATTGGTCTGCTT

GTAGTGCTAAAAGTTCT 

Sopf Y240A  GGAGGTGCCAGCGCCGCTGGGAA

ATCATTTTTTG 

CGCTGGCACCTCCATTTTCAC

CGTTCAGAAAGTCC 
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Site-directed mutagenesis was performed as previously described150.  Specificity of mutagenesis 

was analyzed by direct sequencing. 

Bacterial strains 

Wild-type and ΔinvA (SL1344) Salmonella enterica serovar Typhimurium strains were a gift from 

Dr. Subash Sad (University of Ottawa). Salmonella ΔsopF, ΔpipB2 and ΔspiC strain (SL1344) and 

others were a gift from Dr. John Brumell (University of Toronto). Bacteria were grown in Luria-

Bertani (LB) broth (Fisher). 

Bacterial infection 

Salmonella was grown in 4 ml of LB broth at 37°C at 250 rpm. Overnight cultures 

of Salmonella were diluted 30-fold and allowed to grow until reaching an OD600 of 1.5, followed 

by centrifugation of 10,000 g for 2 min, and the resulting pellet was resuspended in 1 ml of 

phosphate-buffered saline (PBS). Bacterial stock was then diluted to multiplicity of infection 

(MOI) of 180 in DMEM supplied with 10% heat-inactivated bovine calf serum for infection or 

amino acid starvation media. Cells cultured in antibiotic-free medium were infected with 

Salmonella infection and maintained at 37°C in a 5% CO2 environment for the specified duration. 

Prior to analysis, cells were washed once with PBS and lysed directly using 1x denaturing SDS 

sample buffer. 

Western blot and immunoprecipitation 

Whole-cell lysates were prepared by direct lysis with 1x SDS sample buffer, followed by boiling 

for 10 minutes at 95°C and resolved by SDS–PAGE. Immunoprecipitation cells were harvested in 

mild lysis buffer (MLB) containing 10 mM Tris pH 7.5, 10 mM EDTA, 100 mM NaCl, 50 mM 

NaF, and 1% NP‐40, supplemented with protease and phosphatase inhibitor cocktails (including 
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EDTA from APExBIO). The lysates were then centrifuged at maximum speed for 10 minutes to 

remove cell debris. Anti-FLAG affinity gel beads (Sigma) were washed once with MLB and then 

incubated with cell lysates for 1.5 hours, followed by a single wash with MLB containing inhibitors 

and four quick washes with MLB alone. The beads were subsequently boiled in a 1x denaturing 

sample buffer for 10 minutes before being resolved by SDS–PAGE. Imaging was conducted using 

the ChemiDoc™ Touch imaging system (Bio-Rad). 

Immunofluorescence 

Cells were seeded onto IBIDI-treated coverslips and allowed to adhere overnight. Following 

treatments for Salmonella infection MOI of 70 was used for IF experiments, cells were fixed in 

4% paraformaldehyde in PBS for 15 minutes and then permeabilized with 50 μg/ml digitonin in 

PBS for 10 minutes at room temperature. Subsequently, cells were blocked using a blocking buffer 

(1% BSA and 2% serum in PBS) for 45 minutes, followed by incubation with primary antibodies 

in the same buffer for 1 hour at room temperature. After incubation, samples were washed three 

times in PBS and once in blocking buffer before being incubated in secondary antibodies for 1 

hour at room temperature. Slides were washed three times in PBS, stained with DAPI, and 

mounted. Imaging was conducted using a Zeiss LSM 800 AxioObserver Z1 Confocal Microscope. 

For staining bacterial localization (inside/outside), cells were first incubated with an anti-LPS 

antibody for 1hr and followed by secondary antibody incubation for 1hr in a blocking buffer before 

permeabilization. This was followed by three PBS washes between steps. Confocal microscopy 

images were analyzed using an automated protocol implemented in ImageJ software to minimize 

bias. The same protocol was consistently applied to each field of view and across all samples. An 

average of seven unique fields of view from representative experiments were selected for 

quantification. 



156 
 

Cyto-ID Autophagy Detection Kit assay 

Cells were seeded onto ibidi 8 well µ-Slides (Ibidi, cat. 80826) and allowed to adhere overnight. 

Subsequently, cells were subjected to amino acid starvation with or without Salmonella infection. 

Following treatment, cells were incubated in DMEM without phenol red containing Cyto-ID 

autophagy detection stain (Enzo, ENZ-KIT175-0050) for 30 minutes, then washed with PBS and 

re-incubated with either complete DMEM without phenol red or amino acid media. Images were 

acquired and deconvolved using an inverted epifluorescent Zeiss AxioObserver.Z1 microscope. 

Biotin-based proximity labeling TurboID assay  

Transfected cells with either FLAG-TurboID-SopF or FLAG-TurboID control were incubated with 

50μM biotin (Sigma, B4639) for 1 hour. Cells were then rinsed with PBS and lysed with high salt 

RIPA buffer (50 mM Tris pH 7.5, 500 mM NaCl, 1% NP-40, 0.5% deoxycholate), supplemented 

with protease and phosphatase inhibitor cocktails (including EDTA from APExBIO). Lysates were 

centrifugated at maximum speed for 10 minutes at 4°C and the supernatant was transferred to a 

new tube and diluted with an equal volume of no salt RIPA buffer (50 mM Tris pH 7.5, 1% NP-

40, 0.5% deoxycholate). Diluted samples were incubated with Streptavidin-agarose beads 

(Thermo Fischer, 20359) for 4 hours at 4°C. Beads were then pelleted at 1000 RPM for 2 minutes, 

washed 3 times with 250 mM salt RIPA buffer and eluted by adding a bead equivalent volume of 

2% SDS with 30 mM biotin, vortexed and incubated at 95°C for 10 min. 

Colony-forming unit assay  

Cell lines 

Cells were infected with Salmonella at a multiplicity of infection (MOI) of 180 for 1 hour. 

Subsequently, the infected cells were rinsed three times and treated with media containing 100 
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μg/ml Gentamicin for 0.5 hours, followed by a 4-hour incubation with media containing 50 μg/ml 

Gentamicin. After incubation, the samples were washed three times with PBS and then lysed using 

CFU buffer (0.1% Triton X-100 and 0.01% SDS in PBS). The lysates obtained were subjected to 

serial dilution (1:50, 1:75, and 1:100) and plated onto LB agar plates containing Streptomycin. The 

plates were incubated at 37°C for 16–18 h, and the colonies were counted to determine the number 

of CFU. 

Colony-forming unit assay  

BMDM 

Salmonella ΔinvA was used to quantify intracellular bacterial burden without the issue of cell death 

acting as a confounding variable. C57BL/6J WT and FAM134B KO BMDMs were seeded in 

triplicate at a density of 300,000 cells per well. Salmonella ΔinvA was cultured overnight at 37°C 

with shaking at 250 RPM in 5 mL of LB broth containing 100 µg/mL streptomycin. The following 

day, the optical density at 600 nm reached ~2.3, which represents a concentration of 9.2x109 

CFU/mL. Salmonella ΔinvA was then centrifuged at 9,500 RPM for 5 minutes. The resulting pellet 

was resuspended in 1 mL of R8 medium. 100 uL of resuspended Salmonella ΔinvA was added to 

650 µL of PBS and 250 µL of normal mouse serum (Jackson ImmunoResearch Laboratories) in a 

15 mL Falcon tube to facilitate bacterial opsonization. This was incubated with shaking at 37°C 

and 210 RPM for 25 minutes. Following incubation, the opsonized bacteria was centrifuged, 

washed twice with PBS, and resuspended in R8 medium. 

Salmonella ΔinvA was then added to BMDMs at an MOI of 10. Next, the plate was centrifuged at 

800 x g for 5 minutes and incubated at 37°C for 25 minutes. After the incubation, the cells were 

washed twice with PBS containing 50 µg/mL of gentamicin and incubated with R8 medium 

containing 50 ug/mL of gentamicin. After 1.5 hours, the media was replaced with R8 medium 
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containing a reduced concentration of gentamicin (10 µg/mL). Intracellular bacterial replication 

was quantified by lysing the BMDMs at desired time points using 300 µL of 1% Triton-X lysis 

buffer. Serial dilutions of the lysates were plated on LB agar containing 100 µg/mL streptomycin 

to quantify bacterial burden. Plates were incubated overnight at 37°C and CFU was counted the 

following day. 

Immunohistochemistry staining 

Samples were rinsed three times with PBS, treated with 3% H2O2 (in PBS) for 10 min, and washed 

three times with PBS. Blocked with protein block serum-free (catalog no. X0909 Dako) for 2 h, 

stained with primary antibody overnight at 4 °C (GFP 1:150 catalog no. Sigma #G1544 ), washed 

three times with PBS, incubated with secondary antibody (Alexa Fluor 555 anti-rabbit, catalog no. 

A31572, 1:1,000) for 1 h, washed once with PBS, stained with DAPI (2 mg ml−1, Roche 

Diagnostics) for 10 min, washed three times with PBS and cover slip-mounted with Fluoromount-

G mounting solution (Invitrogen, 00-4958-02). All treatments were done at room temperature 

unless otherwise stated. Images were acquired using a Zeiss LSM 800 AxioObserver Z1 Confocal 

Microscope. 

In vivo experiments 

WT and FAM134B KO C57BL/6J mice were subjected to a 3-hour fast from both food and water 

prior to the oral administration of 20 mg of streptomycin (Millipore Sigma) dissolved in 100 µL 

of ddH2O. 2 hours following the streptomycin treatment, food and water were reintroduced to the 

mice. The following day, mice were again fasted from food and water for 3 hours prior to receiving 

an oral dose of WT GFP Salmonella (1 × 108 CFU) in 100 µL of saline per mouse. Food and water 

were reintroduced 2 hours after the infection. 
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5 days post-infection, small intestines were harvested and fixed in 10% formalin for 2 days, then 

rinsed 3 times with 30% sucrose. The samples were then dehydrated and paraffin-embedded, 

sectioned into 4 µm thick slices and mounted onto glass microscope slides. Prior to staining, 

samples were rehydrated and deparaffinized. Antigen-retrieval for both groups was performed in 

pH 9.0 EDTA solution, at 110°C for 12 minutes in a microwave processor (Histo5, Milestone).  

For CFU assays, five days post mice infection, desired organs were collected and homogenized 

using frosted glass slides (Fisherbrand) and filtered through a 70 µm cell strainer. The filtered 

spleen cells were centrifuged at 500 x g for 5 minutes and resuspended in 10 mL R8 medium 

(RPMI 1640 media (Gibco, Thermo-Fisher Scientific Inc) supplemented with 8% FBS (Gibco) 

and 55 µM 2-mercaptoethanol (Gibco). Appropriate serial dilutions were made in PBS and 100 uL 

aliquots were plated onto LB agar plates containing 100 ug/mL of streptomycin. Plates were 

incubated overnight at 37°C and CFU were counted the following day. 

Mass-Spectrometry 

Two 15 cm plates expressing FAM134B-FLAG and either HA-SOPF or mock plasmid cultured to 

90-100% confluency were starved for amino acids for 1 h and subjected to immunoprecipitation. 

Beads were eluted with 100 μL Glycine 0.1M pH3 for 10 min with constant rocking and 

immediately neutralized with 10 uL 0.5M Tris-HCl pH 7.4 1.5M NaCl. Elutes were subjected to 

mass spectrometry analysis to identify post‐translational modifications. TCEP [Tris(2-

carboxyethyl)phosphine hydrochloride; Thermo Fisher Scientific] was added to the samples to a 

final concentration of 10mM. Samples were vortexed for 1 h at 37°C. Chloroacetamide (Sigma-

Aldrich) was added for alkylation to a final concentration of 55 mM. Samples were vortexed for 

another hour at 37°C. One microgram of trypsin was added, and digestion was performed for 8 h 

at 37°C. Samples were dried down and solubilized in 5% ACN-4% formic acid (FA). The samples 
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were loaded on a 1.5 ul pre-column (Optimize Technologies, Oregon City, OR). Peptides were 

separated on a home-made reversed-phase column (150-μm i.d. by 200 mm) with a 56-min 

gradient from 10 to 30% ACN-0.2% FA and a 600-nl/min flow rate on a Easy nLC-1200 connected 

to a Exploris 480 (Thermo Fisher Scientific, San Jose, CA). Each full MS spectrum acquired at a 

resolution of 120,000 was followed by tandem-MS (MS-MS) spectra acquisition on the most 

abundant multiply charged precursor ions for 3s. Tandem-MS experiments were performed using 

higher energy collision dissociation (HCD) at a collision energy of 34%. The data were processed 

using PEAKS X Pro (Bioinformatics Solutions, Waterloo, ON) and a Uniprot database. Mass 

tolerances on precursor and fragment ions were 10 ppm and 0.01 Da, respectively. Fixed 

modification was carbamidomethyl (C). Variable selected posttranslational modifications were 

acetylation (N-ter), oxidation (M), deamidation (NQ), phosphorylation (STY). The data were 

visualized with Scaffold 5.0 (protein threshold, 99%, with at least 2 peptides identified and a false-

discovery rate [FDR] of 1% for peptides). 

Transmission Electron Microscopy 

HEK293A cells were treated with the indicated treatments and fixed overnight in electron 

microscopy-grade 4% paraformaldehyde (EMS Cat#15713-s) and 3.5% glutaldehyde. To prepare 

the samples for electron microscopy, the cells were washed in PBS to eliminate the antifreeze 

solution. The samples are then treated with a mixture of 1.5% potassium ferrocyanide and 2% 

osmium tetroxide for 1 hour, followed by a ddH2O wash. Next, the cells undergo a 20 mins 

incubation in 10mg/mL TCH solution, another ddH2O wash, and a 30 mins treatment with 2% 

osmium tetroxide, followed by a final ddH2O rinse. The cells then undergo sequential 2 mins 

dehydration in increasing concentrations of ethanol, followed by 5 mins final dehydration in 

propylene oxide. The samples were then transferred to pans containing Durcupan resin and left 
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overnight until the samples sank. The following day, the samples are sandwiched between Aclar 

sheets coated with a thin resin layer and cured in a 55°C oven for 3 days. Finally, the samples are 

sectioned to 70nm thickness using an ultramicrotome with a diamond knife, mounted on 300-mesh 

copper grids (EMS cat #G300-Cu), and imaged using a Jeol JEM1400-Flash electron microscope 

at 80kV, with magnifications of 8000X and 15kX. 

Generation of murine bone marrow-derived macrophages 

WT and FAM134B KO C57BL/6J mice were euthanized following the guidelines set by the 

Canadian Council on Animal Care (CCAC). Bone marrow was harvested from the femur, tibia, 

and hip bones. The isolated bone marrow cells were plated onto petri dishes (Fisherbrand) that had 

been pre-coated with 5 ng/mL of macrophage colony-stimulating factor (BioLegend). The cells 

were then cultured in RPMI 1640 medium supplemented with 8% fetal bovine serum (Gibco) and 

50µg/mL of gentamicin (Gibco). After a 7-day incubation at 37°C and 5% CO2, the bone marrow-

derived macrophages were collected for subsequent experiments. 

Statistical analysis 

Error bars for western blot analysis represent the standard deviation between densitometry data 

collected using ImageJ software from at least three unique biological experiments. Statistical 

analyses were performed using GraphPad Prism 8. Statistical significance was determined using 

either Student’s t-test or ANOVA. Differences with a P value <0.05 or lower were considered 

significant. significant. *p<0.05, **p<0.01, ***p<0.001. The number of independent experiments 

(n), statistical measurements tests utilized, dispersion of measurements, and significance are 

described in the figure legends. Sample sizing for cellular imaging was chosen to be the minimum 
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number of independent experiments required for statistically significant results and are described 

in figure legends. 

Ethics compliance 

All procedures involving mice were conducted at the University of Ottawa animal facility, 

adhering strictly to the guidelines established by the Canadian Council on Animal Care (CCAC). 

The University of Ottawa Animal Care Committee approved all experimental protocols. 
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Supplementary Fig. 1. Related to Figure 1. 

A) ER-phagy measurement example by ss-RFP-GFP-KDEL processing. WT and FIP200 

KO HEK293A cells stably expressing the ss-RFP-GFP-KDEL reporter were either 

starved for AA or treated with Torin 1 for 6h. ER-phagy was measured by ss-RFP-GFP-

KDEL processing. Actin was used as a loading control. NR, Nutrient Rich; AA, Amino 

Acids; S.E, Short Exposure; L.E, Long Exposure. B) Normalized Free RFP-Total ss-RFP-

GFP- KDEL ratio from WT cells in Fig. 1A. Error bars indicate the standard deviation 

of 3 independent experiments. ANOVA, ***P <0.001. ST, Salmonella Typhimurium. C) 

WT HCT116 cells stably expressing the ss-RFP-GFP-KDEL reporter were starved for 

AA for 6h or starved for 6h followed by ST infection for the final 3h in AA starvation 

media. ER-phagy was measured by ss-RFP-GFP-KDEL processing. Vinculin was used 

as a loading control. D) Normalized Free RFP-Vinculin ratio from C). Error bars 

indicate the standard deviation of 4 independent experiments. ANOVA, **P <0.01. E) 

WT HEK293A and HCT116 cells stably expressing HaloTag (Halo)-mGFP-

KDEL were pulse-labeled for 20 min with 100 nM 

tetramethylrhodamine-conjugated ligand in nutrient-rich media and either kept in 

NR, starved for AA for 6h or starved for 6h followed by ST infection for the final 3h in 

AA starvation media. ER-phagy was measured by the Halo-based processing assay. F) 

Normalized HALO-Vinculin and HALO-Actin ratios from HEK293A and HCT116 cells, 

respectively in E). Error bars indicate the standard deviation of at least 3 independent 

experiments. ANOVA, **P<0.01; ***P <0.001. G) WT HEK293A were either kept in NR 

or starved for 2h in combination with ST infection and/or BafA1. Vinculin was used 

as a loading control. BafA1, Bafilomycin A1. H) p62-Vinculin and LC3B-II-Vinculin 

ratios from G). Error bars indicate the standard deviation of 5 independent 

experiments. ANOVA. ns, no significance. I) WT HEK293A cells stably expressing the 

general autophagy reporter mCherry-eGFP-LC3B were starved for 6 h or starved for 

3h followed by ST infection for 3h in AA starvation media. Representative images are 

shown. mCherry-eGFP- LC3B, yellow; Free mCherry, red; DAPI, blue. Scale bars, 5 μm. 

J) Average number of RFP puncta per cell from I). Error bars indicate standard 

deviation of 5 independent experiments. Average RFP puncta formation was 

calculated from a minimum of 100 cells. ANOVA. ns, no significance. K) WT HEK293A 

cells were either kept in NR, starved for AA in the absence or presence of ST or 

infected with ST in NR conditions. Non-selective autophagy was measured by CytoID. 

Autophagic vacuoles, green; Hoechst, blue. L) HEK293A WT and FIP200 KO cells 

stably expressing the ss-RFP-GFP-KDEL reporter were starved for AA for 6h in the 

presence or absence of BafA1 or starved for 3h followed by ST infection for 3h in AA 

starvation media with or without BafA1. ER-phagy was measured by ss-RFP-GFP-

KDEL processing. Non-selective autophagy activity was measured by p62/SQSTM1 
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degradation. Actin was used as a loading control. M) WT HCT116 cells stably 

expressing the ss-RFP-GFP-KDEL reporter were starved for AA for 6h or starved for 

3h followed by ST infection for 3h in AA starvation media. Representative images are 

shown. Scale bar 5 μm. N) Average number of RFP puncta per cell from M). Error bars 

indicate standard deviation of 5 independent experiments. Average RFP puncta 

formation was calculated from a minimum of 100 cells. ANOVA, ***P <0.001. O) WT 

HEK293A and HCT116 cells stably expressing HaloTag (Halo) mGFP-KDEL were 

pulse- labeled for 20 min with 100 nM tetramethylrhodamine-conjugated ligand in 

NR media and either kept in NR, starved for AA for 6h or starved for 6h followed by 

ST infection for the final 3h in AA starvation media. Representative images are shown. 

Ligand-Halo-mGFP-KDEL, yellow; ligand-Halo, red. Scale bar 5 μm. P) Average 

number of puncta per cell from O). Error bars indicate standard deviation of 5 

independent experiments. Average puncta formation was calculated from a minimum 

of 100 cells. ANOVA, ***P <0.001. Q) WT HeLa cells were AA starved for 2h or starved 

for 2h in the presence of ST. Vinculin was used as a loading control. R) WT HEK293A 

cells were AA starved for 2h or starved for 2h in the presence of ST. Vinculin was used 

as a loading control. S) Normalized Fam134A-Vinculin, Fam134C-Vinculin and Rtn3L- 

Vinculin ratios from R) were quantified. Error bars indicate the standard deviation of 

at least 3 independent experiments. ANOVA, *P<0.05, **P<0.01, ***P <0.001. 

 

 

 

 

 

 

 

 



170 
 

 

Supplementary Fig. 2. Related to Figure 2. 

A) Fam134B, Tex264 and Actin levels were determined by western blot in HEK293A WT, 

FAM134B KO and TEX264 KO cells B) HEK293A WT and FAM134B KO cells stably 

expressing HaloTag (Halo)-mGFP-KDEL were pulse-labeled for 20 min with 100 nM 

tetramethylrhodamine-conjugated ligand in nutrient-rich media and either starved for 

AA for 6h or starved for 6h followed by ST infection for the final 3h in AA starvation 

media. ST, Salmonella Typhimurium. C) HCT116 WT and FAM134B KO cells transfected 

with either FAM134B WT, FAM134B LIR mutant or a mock plasmid were infected with 

ST. Bacterial content was determined through colony-forming unit (CFU). Error bars 

indicate standard deviation. ANOVA, *P 

<0.05; ***P <0.001. 
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Supplementary Fig. 3. Related to Figure 3. 

 
A) HCT116 FAM134B KO cells transfected with FAM134B-FLAG were starved for AA for 

3h in the absence or presence of ST. FLAG was immunoprecipitated. Vinculin was used 

as a loading control. AA, amino acids; ST, Salmonella Thypimurium. S.E, Short Exposure; 

L.E, Long Exposure. B) HEK293A expressing FAM134B WT or FAM134B G216R were 

starved for AA for 3h in the absence or presence of ST. Actin was used a loading 

control. 
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Supplementary Fig. 4. Related to Figure 4 

 
A) Some of the mutants tested. WT HEK293A cells stably expressing ss-RFP-GFP-KDEL 

were starved for AA for 6h or starved for 3h followed by ST WT, 𝛥sopF, 𝛥pipB2 or 𝛥spiC 

infection for 3h in AA starvation media. Vinculin was used as a loading control. ST, 

Salmonella Typhimurium; NR, nutrient rich; AA, amino acids. B) WT HEK293 cells stably 

expressing ss-RFP-GFP-KDEL were transfected with HA-SOPF or a mock plasmid and 

starved for AA for 6h. Representative images are shown. ss-RFP-GFP-KDEL, yellow; Free 

RFP, red; HA, far red. Scale bar, 5 μm. C) Average number of RFP puncta per cell from B). 

Error bars indicate standard deviation of 6 independent experiments. Average puncta 

formation was calculated from a minimum of 100 cells. ANOVA, ***P <0.001. D) WT 

HEK293A cells expressing FLAG-SopF or a mock plasmid were AA starved for 2h. 

Fam134B, Actin and FLAG-SopF levels were determined by western blot. E) WT 

HEK293A cells stably expressing ss-RFP-GFP-KDEL were transfected with either FLAG-

SopF WT, E325A, Y224A, Y240A or a mock plasmid and then starved for AA for 6h. ER-

phagy was measured by ss- RFP-GFP-KDEL processing. Actin was used as a loading 

control. F) Normalized RFP-Actin ratio from E). Error bars indicate the standard 

deviation of 3 independent experiments. ANOVA, *P<0.05; **P<0.01; ***P <0.001. G) 

FAM134B KO cells transfected with FAM134B-FLAG and either GFP-SopF WT, GFP-SopF 

Y240A or a mock plasmid were starved for AA for 3h. FLAG was immunoprecipitated. 

H) Mass spectrometry analysis shows FAM134B phosphorylation at Serine 151 in WT 

cells but not SopF-expressing cells. 

 

 

 

 

 

 

 



175 
 

 



176 
 

 
Supplementary Fig. 5. Related to Figure 5 
 
A) WT HEK293A were infected with WT ST and the total and cytosolic ST content was 
determined through colony forming unit (CFU). Error bars indicate standard deviation. 
ANOVA, ***P <0.001; ns, no significance. ST, Salmonella Typhimurium. B) WT HCT116 
were infected with WT ST in the presence and absence of the VPS34 inhibitor, VPS34-
IN1. ST content was determined through CFU. Error bars indicate standard deviation. 
ANOVA, **P<0.01; ***P <0.001. C) HEK293A WT and FAM134B KO cells were infected 
with ST for 1h, fixed and imaged by confocal microscopy. Representative images are 
shown. ST, green; TBK1, red; DAPI, blue. Scale bar 5 μm. D) Number of TBK1 positive ST 
per cell from C). Error bars indicate standard deviation. Number of TBK1 positive ST was 
calculated from a minimum of 100 cells. Student’s t-test; ns, no significance. E) 
Representative transition electron microscopy images of HEK293A WT and SopF- 
expressing cells. Nucleus, n; Endoplasmic Reticulum; ER. Scale bar, 0.5 μm. Average ER 
area per cell is represented. Error bars indicate standard deviation. A minimum of 
5 cells were analyzed for each condition. Student’s t-test; *P<0.05. 

 

 

 

 

 

 

 

 

 

 

 

 



177 
 

Chapter 5: General Discussion  

5.1 An antibody for analysis of autophagy induction 

The characterization of pATG16L1278 as a marker for autophagy provided a new tool for 

researchers studying autophagy-related events. The phospho-protein based readout not only 

circumvents the limitations existing autophagy markers such as LC3B and p62, it also serves as a 

marker of early stage autophagosomes. pATG16L1278 is directly linked to the ULK1 complex and 

mTORC1 signaling pathway, which control autophagy initiation. ULK1, a serine/threonine kinase, 

is inhibited by mTORC1 under nutrient-rich conditions and activated during stress to promote 

autophagy16,151. Earlier work has shown that ULK1 phosphorylation of multiple downstream ATG 

proteins is essential for autophagy initiation12,13. The discovery of pATG16L1278 as a downstream 

target of ULK1 provides a new molecular link between ULK1 activation and the recruitment of 

autophagy machinery to nascent autophagosomes. 

The study also addresses the limitations of widely used autophagy markers, such as LC3B and 

p62. LC3B, particularly its lipidated form (LC3B-II), has been a gold standard for monitoring 

autophagy due to its association with autophagosomal membranes152,153. However, disruptions of 

the autophagy pathway can also lead to LC3B-II accumulation, leading to potentially false 

interpretation of autophagy154. Similarly, p62, an autophagy adapter protein, is degraded during 

autophagy, but its levels can be influenced by transcriptional regulation and stress-induced 

changes, complicating its use as a reliable marker155,156. pATG16L1278 is free of those caveats, 

since it is specific to newly forming autophagosomes and unaffected by late-stage autophagy 

blocks.  Thus, pATG16L1278 offers a more accurate representation of autophagic than the more 



178 
 

traditionally used markers. Additionally, in systems where LC3-II and p62 measurement are 

difficult, pATG16L1278 provide an alternative method for autophagy readout.  

Advanced imaging techniques were employed in this study, including high-resolution confocal 

microscopy and electron microscopy, to validate the localization of pATG16L1278 to nascent 

autophagosomes. This approach is consistent with previous studies that have used similar 

techniques to visualize autophagosome formation and dynamics157,158. For example, Koyama-

Honda et al. utilized live-cell imaging to track the recruitment of ATG proteins to autophagosome 

formation sites, providing insights into the temporal and spatial regulation of autophagy158. This 

study builds on the work by demonstrating that pATG16L1278 is specifically associated with 

expanding autophagosomal membranes, validating its property to be used as a marker for nascent 

autophagosomes. 

The findings of this study have significant implications autophagy-related research, as autophagy 

dysregulation have been linked to multiple human health conditions, such as neurodegenerative 

disorders, cancer, and metabolic diseases. For instance, in neurodegenerative diseases like 

Alzheimer's and Parkinson's, impaired autophagy has been linked to the accumulation of toxic 

protein aggregates159. The ability to monitor autophagy induction specifically, without the 

confounding effects of impaired autophagosome clearance, could provide new insights into the 

role of autophagy in these conditions. Similarly, in cancer, autophagy plays a dual role, acting as 

both a tumor suppressor and a survival mechanism for cancer cells under stress160. The use of 

pATG16L1278 as a marker could help clarify the role of autophagy in tumor progression and 

response to therapy. Looking ahead, the study opens several avenues for future research. One 

promising direction is the exploration of other phosphorylation sites on ATG16L1 and their 

potential roles in regulating autophagy. High-throughput mass spectrometry data suggest that other 
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serine and threonine residues in the same region as S278 may also be phosphorylated, raising the 

possibility of additional regulatory mechanisms161. Investigating these sites could provide a more 

comprehensive understanding of how ATG16L1 and other autophagy-related proteins are 

regulated during autophagy initiation. 

Lastly, pATG16L1278 based readouts can be combined with traditional methods including LC3B 

and p62 analysis to provide a more holistic view of autophagy flux. While pATG16L1278 is specific 

to autophagy induction, combining its analysis with markers that reflect later stages of autophagy 

(e.g., autophagosome-lysosome fusion) could help distinguish between different phases of the 

autophagy process. This would be particularly valuable in complex experimental systems, such as 

in vivo models or patient samples, where autophagy dynamics may vary widely. In summary, the 

study on pATG16L1278 represents a significant advancement in the field of autophagy research. 

By providing a tool that is specific to autophagy induction and unaffected by late-stage blocks, it 

addresses key limitations of existing markers and offers new opportunities for studying autophagy 

in health and disease. The findings build on and complement previous research on ULK1, 

mTORC1, and autophagy markers like LC3B and p62, while also opening new avenues for future 

investigation. There are some limitations of using pATG16L1278 as the sole marker for monitoring 

autophagy. For example, in paper 2 we were mainly interested in a process that occurred during 

late stage autophagy, while in paper 3 we were more interested in monitoring selective autophagy 

(ERphagy) rather than general autophagy. In both cases, pATG16L1278 was not the best tool for 

the autophagy analysis of interest. As the field continues to explore the complex regulation of 

autophagy, tools like pATG16L1278 will be invaluable for gaining deeper insights into this critical 

cellular process. 
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5.2 Iron overload inhibits late stage autophagy flux leading to insulin resistance 

Our investigation has provided mechanistic insights on how iron overload (IO) could lead to 

insulin resistance and metabolic syndrome through the perturbation of autophagy signaling. 

Specifically, we found that IO inhibited mTORC1-UVRAG signaling and autophagy through 

impairment of the autophagic-lysosome regeneration (ALR) process. This novel discovery adds to 

a growing body of evidence linking IO to metabolic dysfunction and metabolic syndrome. For 

instance, previous studies have demonstrated that IO exacerbates oxidative stress and 

mitochondrial dysfunction, which are key contributors to insulin resistance and beta-cell 

dysfunction in diabetes162,163. Elevated iron levels caused by IO can generate reactive oxygen 

species (ROS), resulting in damage to cellular components such as proteins, lipids, and DNA, 

leading to impaired insulin signaling and glucose metabolism. Additionally, IO has also been 

shown to disrupt adipocyte function, resulting in reduced adiponectin secretion and further 

exacerbating insulin resistance164.  

The role of autophagy in metabolic regulation is increasingly being investigated in recent studies. 

For instance, it has been demonstrated that adiponectin-stimulated autophagy enhances insulin 

sensitivity and metabolic function in skeletal muscle. While IO-induced insulin resistance has been 

linked to reduced adiponectin expression in adipocytes, suggesting inhibition of autophagy as a 

mechanism through which IO leads to insulin resistance165. However, we have found that acute IO 

can stimulate autophagy, as we observed autophagy activation within 8 hours of IO exposure. This 

response is likely a compensatory mechanism to cellular stress. Acute IO also rapidly inhibits 

mTORC1, a key regulatory kinase that normally represses autophagy. However, acute IO does not 

reflect the chronic IO seen in clinical settings, which we have found to inhibit autophagy instead. 

This was a consequence of chronic inhibition of mTOCR1 signaling, which inhibited the ALR 



181 
 

pathway crucial for recycling autolysosomal membranes and restoring cellular degradative 

capacity and autophagic function. Normally, mTORC1 is locally reactivated on mature 

autolysosomes, promoting lysosomal reformation. However, chronic IO disrupted this process, 

impairing lysosome regeneration and significantly reduced lysosome numbers. Additionally, 

forced activation of mTORC1 via constitutively active RHEB-GTPase prevented autophagosome 

accumulation, minimized lysosomal loss, and restored insulin sensitivity in IO-exposed cells. 

These findings strongly suggest that IO-induced inhibition of autophagy contributes to insulin 

resistance. 

In summary, our study provides novel insights into the molecular mechanisms underlying IO-

induced insulin resistance and presents the first in vivo model demonstrating an ALR defect. 

Mechanistically, chronic IO reduces Akt-mediated repression of TSC2, leading to RHEB and 

mTORC1 inhibition and subsequent ALR impairment. Our data also highlight the importance of 

mTOR-UVRAG-dependent lysosomal pool regeneration in maintaining autophagic flux and 

insulin sensitivity in skeletal muscle. These findings reveal a previously unrecognized mechanism 

by which chronic IO disrupts autophagy and contributes to metabolic dysfunction, with potential 

implications for various diseases where cellular IO plays a pathogenic role. 

5.3 The ER-phagy receptor FAM134B is targeted by Salmonella Typhimurium to promote 

infection 

This study builds on a growing body of research that highlighted the critical role of FAM134B in 

ER-phagy and its involvement in cellular defense mechanisms against various pathogens. 

FAM134B, an ER-phagy receptor, has previously been implicated in the degradation of damaged 

ER and the regulation of ER homeostasis. Additionally, FAM134B also have well known antiviral 

functions, with studies demonstrating that FAM134B-dependent ER-phagy limits the replication 
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of viruses such as SARS-CoV-2, Ebola, Zika, and dengue166,167, 168. For example, during Ebola 

virus infection, FAM134B has been shown to restrict viral replication by promoting the 

degradation of viral components through ER-phagy169. Similarly, Zika and dengue viruses subvert 

FAM134B-mediated ER-phagy by cleaving the receptor, thereby evading cellular defense 

mechanisms169. Collectively, these studies underscore the importance of FAM134B in the cellular 

response to viral infections and provide a foundation for understanding its role in bacterial 

infections, as explored in this study. 

Intracellular pathogens manipulate ER morphology and, in general, autophagy pathways to 

promote their survival. For instance, Legionella pneumophila, another intracellular bacterium, has 

been shown to exploit ER-phagy receptors, including FAM134B and TEX264, to remodel the ER 

and create a favorable environment for replication170. Legionella achieves this by inducing 

phosphoribosyl-linked ubiquitination of ER-phagy receptors, which triggers ER remodeling and 

membrane recruitment to bacterial-containing vacuoles170. This is a clear parallel to the findings 

of the current study, where Salmonella Typhimurium targets FAM134B to inhibit ER-phagy and 

promote bacterial survival. The convergent nature of bacterial manipulation ER-phagy receptors 

shows that this may be a common mode of strategy employed by intracellular pathogens to evade 

host defenses and establish infection. 

We identified SopF as the key Salmonella effector for ER-phagy modulation. Similarly, SopF has 

previously been identified as an inhibitor of xenophagy, a selective autophagy pathway that targets 

intracellular bacteria for degradation. Specifically, SopF disrupts the interaction between the v-

ATPase and ATG16L1 by ADP-ribosylating the v-ATPase subunit ATP6V0C, thereby inhibiting 

xenophagy171. We have extended these findings by demonstrating that SopF also inhibits ER-

phagy by targeting FAM134B, highlighting the versatility of SopF in disrupting multiple 
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autophagy pathways. The dual inhibition of both xenophagy and ER-phagy by SopF suggests that 

Salmonella employs a multi-faceted approach to evade host defenses, further emphasizing the 

complexity of host-pathogen interactions. 

The activity of ER-phagy receptors is regulated through post-translational modifications. For 

example, TEX264, another ER-phagy receptor, has been shown to require phosphorylation by 

casein kinase 2 (CK2) for efficient interaction with ATG8 proteins and the induction of ER-

phagy172. Similarly, FAM134B oligomerization is regulated by phosphorylation and acetylation, 

both are critical for its function in ER membrane scission and ER-phagy173,174. We showed that 

Salmonella infection reduced FAM134B phosphorylation and acetylation, thereby inhibiting its 

oligomerization and ER-phagy activity. Further highlighting the importance of these regulatory 

post-translational modifications, and how pathogens could work to exploit these regulatory 

controls for their own benefit. 

The ability of Salmonella to avoid lysosomal degradation and manipulate host membrane 

trafficking pathways has been extensively studied175,176. By demonstrating that Salmonella also 

targets ER-phagy to promote its survival, we have revealed another angle of the complex pathogen-

host interplay. Importantly, this finding further strengthens the role of autophagy in host defense 

against invasive bacteria. Previous studies have already demonstrated autophagy-deficient cells 

are more permissive for Salmonella growth, highlighting the importance of autophagy in 

controlling bacterial infections 177. 

The interplay between ER-phagy and other selective autophagy pathways, such as xenophagy, is 

an area of growing interest. Xenophagy, which targets intracellular pathogens for degradation, is 

mediated by the recruitment of autophagy receptors such as NDP52 and TBK1 to the bacteria178. 

Our findings hint at a possible link between ER-phagy and xenophagy, as FAM134B-deficient 
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cells showed reduced LC3B recruitment to Salmonella, suggesting that ER-phagy may play a role 

in bacterial clearance. This opens up new avenues for research into the coordination of different 

autophagy pathways during bacterial infection and how pathogens may exploit these interactions 

to evade host defenses. 

FAM134B and its regulatory partners emerged from our study as potential therapeutic targets for 

intra-cellular bacterial clearance. We found that promoting FAM134B oligomerization bypassed 

Salmonella-mediated ER-phagy inhibition, suggesting that small molecules or peptides that 

enhance FAM134B activity could be developed as potential therapeutics. There exist similar 

ongoing efforts to modulate autophagy for the treatment of infectious diseases and other 

conditions179,180. For example, pharmacological activation of autophagy has been explored as a 

strategy to enhance the clearance of intracellular pathogens such as Mycobacterium tuberculosis 

and Listeria monocytogenes179,180. Our study adds to this body of work by identifying FAM134B 

as a potential target for therapeutic intervention in Salmonella infections. 

In conclusion, our study identified novel roles of ER-phagy in cellular defense against Salmonella, 

and how Salmonella seeks to exploit the system through manipulating the ER-phagy receptor 

FAM134B. The identification of Salmonella effector protein SopF as a key effector that inhibited 

both ER-phagy and xenophagy highlighted the complexity of host-pathogen interactions and 

opened new avenues for research into the co-operative interplay between different branches of the 

autophagy pathways. Future research should focus on elucidating the molecular mechanisms of 

SopF-FAM134B interaction, exploring the role of FAM134B in regulating non-ER-phagy 

autophagy pathways, and investigating its potential as a therapeutic target for bacterial infections. 
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5.4 Conclusion 

In conclusion, the three studies featured in this thesis significantly advanced our understanding of 

autophagy, each from a unique aspect, featuring better autophagy measurement, regulation by iron 

metabolism, and host-pathogen interplay in ER-phagy. The first study demonstrated pATG16L1278 

as a novel marker for autophagy induction, overcoming limitations of traditional markers and 

offered potential for new insights into early autophagosome formation, providing a great 

alternative tool for autophagy researchers across disciplines. The second study revealed how iron 

overload induced insulin resistance through autophagy defects, particularly via mTORC1-

UVRAG signaling, emphasizing the need for further research into chronic iron overload models 

and tissue-specific responses. It also highlighted potential therapeutic strategies targeting defects 

in autophagy and iron metabolism. The third study elucidated the role of FAM134B in ER-phagy 

and its manipulation by pathogens like Salmonella Typhimurium, demonstrating how bacterial 

effectors such as SopF could disrupt host autophagy pathways. These findings deepened our 

understanding of host-pathogen interactions and suggested new therapeutic avenues for enhancing 

bacterial clearance. Collectively, these studies underscore the importance of autophagy-related 

pathways in health and disease, paving the way for future research and clinical applications aimed 

at addressing metabolic disorders, infections, and other autophagy-related conditions. 
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