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Abstract
 Autophagy is a critical cellular process that is implicated in a vast array of 

human diseases, including amyotrophic lateral sclerosis (ALS). The targets of this 

degradative mechanism are frequently altered depending upon the inducing 

condition, however exactly how these targets change has rarely been explored 

on a proteomic level. To assess the targets of autophagy, this project analyzed the 

proteome of lysosomes collected by immunoprecipitation from cells undergoing 

starvation or recovering from oxidative stress. Oxidative stress induces stress granule 

formation and is frequently used as a cellular model for ALS. Our results show that 

while lysosomes from these two conditions retain a similar array of traditionally 

lysosomal proteins, they nevertheless display substantial di!erences indicating that 

their autophagic targets di!er. Using Ingenuity Pathway Analysis (IPA) as well as 

gene ontology (GO) term analysis, the purine biosynthesis pathway was identified 

as being significantly enriched in lysosomes collected from sodium arsenite treated 

cells. The enrichment of the purine biosynthesis pathway was heavily dependent 

on ATG7, indicating these proteins localized to the lysosome primarily through 

macroautophagy. IMPDH2, the rate-limiting enzyme for guanylate production in 

the purine biosynthesis pathway drew particular attention due to its significant 

enrichment in sodium arsenite lysosomes, and its partial dependence on ATG7. Due to 

this discovery, and the presence of KFERQ-like sequences within the protein, our data 

suggests that IMPDH2 may localize to the lysosome through both macroautophagy 

and chaperone-mediated autophagy. 

 Furthermore, numerous ALS-linked proteins were identified to be enriched 

in sodium arsenite lysosomes including SOD1, DCTN1, PFN1, TUBA4A, SQSTM1, 

VCP, CHMP2B, TDP-43, VAPB and TMEM106B. Their presence within the lysosome 

strengthens arguments that autophagy plays a key role in ALS. Overall, this project 

confirms the changing substrates of autophagy depending on the environmental 
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condition and highlights the purine biosynthesis pathway as being involved in the 

cellular response to oxidative stress.
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Chapter 1: Introduction
Autophagy is a highly conserved process that is one of the cell’s degradation 

and recycling mechanisms. Autophagy complements the related, but distinct, 

ubiquitin-proteasome system which works to degrade proteins through ubiquitination 

of targeted proteins. Autophagy is capable of degrading both ubiquitinated targets, as 

well as other forms of selective and non-selective degradation.

Autophagy is crucial for both regular protein and organelle turnover under 

homeostatic conditions, as well as adapting the cell to potentially detrimental 

conditions. Depending on the environmental conditions autophagy can play 

di!erent roles including providing nutrients by breaking down macromolecules or 

demonstrating a protective e!ect by selectively eliminating harmful targets1. While 

autophagy occurs constitutively, it is upregulated under stressed conditions2–5. 

The ability of autophagy to adapt to changing conditions is indicative of targets 

of autophagy changing depending on the cellular needs. Defining what is being 

targeted by autophagy could provide crucial information into both cellular and 

degradative alterations specific to di!erent conditions. 

Disruption of autophagy has been tightly linked to numerous diseases including 

neurodegenerative disease, cancer and infection (reviewed by Dikic et al. 20181) One 

prominent example theorized to contribute to disease states, such as amyotrophic 

lateral sclerosis (ALS), is the ability of autophagy to degrade stress granules. However, 

despite knowing that autophagy contributes to an everchanging cellular adaptive 

response and that its substrates can change depending on the environment, the 

di!erences in targets from one condition to another have not been well-defined. 

Previous work has used the lysosomal immunoprecipitation (LysoIP) system to isolate 

lysosomes and assess autophagic changes between drug and starvation induced 

autophagy6. This project aims to expand this work by utilizing the LysoIP system 
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to define the lysosomal proteome under new stressed conditions and assess the 

di!erences between them. 

1.1 Forms of autophagy

Autophagy can be divided into three main and distinct processes: chaperone-

mediated autophagy (CMA), microautophagy and macroautophagy. It is the final step 

of autophagy, degradation within the lysosome, that links CMA, microautophagy and 

macroautophagy together7. Lysosomes are acidic organelles that contain numerous 

hydrolases capable of breaking down macromolecules including proteins, nucleic 

acids and lipids8.

1.1.3 Macroautophagy

The most widely studied form of autophagy is macroautophagy, which uses 

double-membraned vesicles, termed autophagosomes, to transport cargo to the 

lysosomes. The specifics of this process have been reviewed extensively, and are 

briefly summarized here, and represented in Figure 11,7. In brief, a phagophore, a 

double-membrane, is nucleated at a phagophore assembly site, and then elongated 

until it is sealed around the substrates of autophagy. Upon this sealing it is called 

an autophagosome. The autophagosome travels to the lysosome where its outer 

membrane fuses with the lysosome, forming an autolysosome. Subsequently, the inner 

membrane is degraded, releasing the cargo for degradation by lysosomal hydrolases. 

1.1.3.1 Nucleation of the phagophore

The first stage of macroautophagy is the formation of a phagophore, the 

initial membrane structure of the autophagosome, at a phagophore assembly site1. 

This initial nucleation is induced by the ULK1/2 complex, composed of ULK1/2, ATG13, 

FIP200 and ATG101. The phagophore assembly site is typically considered to be 

localized at the endoplasmic reticulum (ER), however other locations have recently 
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been proposed such as the mitochondria, plasma membrane and the Golgi complex1. 

The phagophore membrane elongates and eventually seals itself around its cargo, 

becoming an autophagosome. 

Following the initiation of this process, the nucleation of the phagophore 

begins with the recruitment of the Class III phosphoinositide 3-kinase (PI3K) complex, 

composed of VPS34, PIK3R4 and BECN1. The association of these proteins with ATG14 

Figure 1: Schematic of the three primary types of autophagy. This figure illustrates macroautophagy, 
chaperone mediated autophagy (CMA) and microautophagy. The multi-step process of 
macroautophagy is illustrated as four primary steps, beginning with the formation of the phagophore, 
that then matures into the autophagosome around cargo. This cargo, depending upon the cellular state, 
may be specific or non-specific. After the autophagosomal formation, the double-membraned vesicle 
fuses with the lysosome forming the autolysosome. Eventually, the interior membrane is degraded to 
release the cargo, which is then itself degraded.  Comparatively, microautophagy is the direct uptake of 
cytosolic contents into the lysosome by invagination of the lysosomal membrane. Finally, CMA recognizes 
specific proteins for degradation that contain a KFERQ-like motif through the HSC70 complex. The 
proteins are transported to the lysosomal membrane, where LAMP2A proteins facilitate the transport of 
the proteins across the membrane. 
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forms complex I, and the association with UV radiation resistance-associated gene 

protein (UVRAG) forms complex II9. ATG14 is essential for autophagosome formation, 

while the role of UVRAG is slightly more debated – with some studies showing the PI3K 

complex II is associated primarily with the endocytic pathway and others showing its 

role in autophagy10–12. 

1.1.3.2 Elongation of the autophagosomal membrane

The elongation process is assisted by several proteins, including two conjugates 

involving ubiquitin-like proteins. The first such example is the ATG12-ATG5-ATG16L 

complex. To form this complex, ATG12, a ubiquitin-like protein, is conjugated to ATG5 

through the actions of ATG7 (an E1-like protein) and ATG10 (an E2-like protein). ATG12-

ATG5 then bind ATG16L through ATG5, and the complex dimerizes through ATG16L13. 

The complex binds to the forming autophagosomal membrane but dissociates upon 

completion of the autophagosome. For this reason, it is not associated with completed 

autophagosomes or autolysosomes13. In yeast, the second ubiquitin-like protein is 

Atg8 whereas the mammalian Atg8-like proteins include both the LC3 and GABARAP 

subfamilies. 

The processing of these ubiquitin-like proteins is highly similar across the 

di!erent species but will be described using LC3 as an example. Initially the 

C-terminus of LC3 is proteolytically cleaved by ATG4, forming LC3-I and subsequently 

activated by ATG7 (an E1-like enzyme)14. The activated LC3-I is then conjugated to 

the lipid phosphatidylethanolamine (PE) in a ATG3 (E2-like enzyme) and ATG12-

ATG5-ATG16L (E3-like enzyme) dependent manner forming LC3-II14,15. The lipid 

modification anchors LC3-II to the autophagosomal membrane16. The lipidation of 

LC3 is reversible through the action of ATG4, freeing it from its membrane bound state. 

In yeast, the delipidation of Atg8 is thought to be essential for the normal formation 

of autophagosomes, potentially due to the removal of lipidated Atg8 from other 

membrane locations17,18. Comparatively, the delipidation of GABARAP/LC3 does not 
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seem to be necessary for standard autophagic flux in mammalian cells19. 

While the exact method behind the membrane elongation of mammalian 

autophagosomes remains to be determined, some human and yeast data 

suggests that it may occur through ATG2 and ATG920. ATG2 and ATG9 localize to the 

expanding end of the phagophore. ATG2 is known to be able to transfer lipids and 

ATG9 is the sole transmembrane protein known to be involved in the formation of 

autophagosomes. An ATG9 homotrimer was demonstrated to form a pore from the 

outer to inner layer, and mutations within the pore impaired expansion. This led to 

the proposed mechanism that suggests that ATG2 transfers lipids from the ER to the 

phagophore, where ATG9 translocates the phospholipids from the outer to the inner 

membrane20. 

1.1.3.3 Sealing of the autophagosome

The eventual closure of the autophagosome is dependent on a large swath 

of proteins, including many of those involved in the membrane elongation, such as 

ATG2 and ATG521,22. Additionally, Endosomal sorting complexes required for transport 

(ESCRT) and SNARE machinery play roles in the closure of autophagosomes, wherein 

the absence of these proteins leads to accumulation of unsealed phagophores23–25 

(reviewed in Jiang et al. 202126). 

1.1.3.4 Fusion of the autophagosome with the lysosome

Eventually, the outer membrane of the autophagosome fuses with the 

lysosomal membrane, resulting in a single-membrane vesicle within the lysosome 

– this structure is called an autolysosome. The fusion of these two organelles is 

influenced by numerous proteins. One significant group of players are SNARE proteins, 

which mediate the fusion process through lysosomal and autophagosomal localized 

proteins. STX17 is required for the fusion process, and is recruited to the mature 

autophagosomal membrane27. STX17 then interacts with lysosomal SNARE proteins, 
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potentially VAMP7 or VAMP8, through the intermediate SNAP2927,28. The final step of all 

forms of autophagy is, of course, that the hydrolases within the lysosome degrade the 

cargo allowing for various building blocks to be recycled7. 

1.1.3.5 Forms of macroautophagy

Macroautophagy can engage in both specific and bulk degradation. With 

each form of selective macroautophagy comes a new term such as mitophagy 

(degradation of mitochondria), ERphagy (degradation of the ER), ribophagy 

(degradation of ribosomes) and granulophagy (degradation of stress granules), 

amongst many others. These selective processes demonstrate how the targets of 

autophagy can change dramatically based on what the cell is experiencing. For 

example, exposure to hydrogen peroxide has been shown to increase mitophagy but 

not impact non-selective macroautophagy, whereas starvation increases mitophagy 

to a lesser degree but does induce non-selective autophagy29. Ribophagy is similarly 

impacted by the stress condition the cell is under. While starvation, sodium arsenite 

and chromosome mis-segregation induced ribophagy, neither inhibition of translation 

elongation, proteasome inhibition nor hydrogen peroxide treatment significantly 

increased ribophagy30. These results highlight just how particular the substrates of 

autophagy can be, as both hydrogen peroxide and sodium arsenite induce oxidative 

stress. 

Selective macroautophagy makes use of receptor proteins to transport the 

target to the autophagosome. The receptor is dependent on the intended target, 

for example SQSTM1/p62 is a selective macroautophagy receptor that canonically 

targets ubiquitinated proteins and NUFIP1 is a receptor that targets ribosomes. These 

selective receptors do typically have one primary thing in common: either the ability 

to self-oligomerize, or a high concentration of the protein on the target’s surface31. 

The receptors will also contain a LC3- interacting region, and/or a FIP200-interacting 

region32–35. This permits the recruitment of macroautophagic machinery to the site 
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of the target allowing the autophagosomal formation to begin. The LC3-interacting 

region ties the target to the growing autophagosomal membrane to cause its eventual 

degradation.  The FIP200-interacting region recruits FIP200, a member of the ULK1/2 

complex to the region which is essential for autophagosome formation.

Ubiquitination is frequently used as a cellular signal to target a substrate for 

degradation, either by autophagy or the proteasome. In selective macroautophagy 

there are both ubiquitin dependent, and independent pathways for cargo recognition 

(reviewed in Khaminets et al. 201636). For example, some forms of mitophagy are 

modulated by a ubiquitin dependent system. In this case, when mitochondria are 

damaged the ubiquitin ligase PARKIN is localized to the outer membrane where 

it ubiquitinates mitochondrial surface proteins37. These ubiquitinated proteins can 

then be identified by autophagy receptors with ubiquitin binding domains, such as 

optineurin (OPTN) and NDP5237–39. These receptors can then induce autophagosome 

formation via their LC3-interacting regions. Intriguingly, mitophagy can also be 

induced by ubiquitin independent systems. One example of this is that hypoxia 

dephosphorylates an outer mitochondrial membrane receptor, FUNDC140. This 

dephosphorylation results in increased binding between FUNDC1 and LC3, resulting in 

increased mitophagy.

Selective macroautophagy mechanisms are also not necessarily specific to 

each organelle, for example the homodimerization of Bnip3 in yeast was shown to be 

a ubiquitin independent signal for both ERphagy and mitophagy.

The process to recruit targets for selective macroautophagy can also be quite 

complex and involve a cascade of proteins. For example, granulophagy has been 

reported to be dependent on a classic selective macroautophagy receptor – SQSTM1/

p62. While this receptor is typically reported as a ubiquitin receptor, in this case it acts 

in a ubiquitin independent fashion. This research demonstrates that symmetrically 

methylated arginines in FUS are recognized by an SQSTM1/p62 and C9ORF72 
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complex41. The interaction between FUS and the complex is mediated by SMN. 

Ultimately, the LC3-interacting region of SQSTM1/p62 recruits autophagic machinery 

and begins the degradation of stress granules. 

These examples demonstrate the immense diversity, and complexity, in 

targeting mechanisms for selective macroautophagy. Additionally, they also provide 

further context as to how a cell’s autophagy targets can change depending upon the 

environmental conditions.

1.1.1 Chaperone-Mediated Autophagy

Originally considered to be a process primarily concentrated on protein quality 

control, CMA has continued to demonstrate its importance in critical processes, 

including responses to stress and neurodegenerative disease42–47. In CMA an amino 

acid motif is used to identify targets which are then transported to and across the 

lysosomal membrane by chaperones7,48,49. A pentapeptide recognition motif, Lysine-

Phenylalanine-Glutamate-Arginine-Glutamine (KFERQ) – or a KFERQ-like motif, is 

used to identify targets for CMA50. This motif is bound by cytoplasmic HSC70 and 

transported to the lysosomal membrane where the substrate and HSC70 associate 

with LAMP2A. This association forms the LAMP2A complex that is then stabilized by 

HSP90. Before the substrate can be translocated it needs to be unfolded by HSC70 

and other chaperones. HSC70 plays a crucial role in both the translocation process 

and in the subsequent monomerization of LAMP2A to prepare for the next substrate7. 

LAMP2A represents the rate limiting factor of this process. The translocation of the 

target also relies upon lysosomal HSC70, localized in the lysosomal lumen42. Based 

on sequence alone, up to 45% of proteins may contain the canonical KFERQ-like 

motif, however because the KFERQ-like motif must be accessible by HSC70 a more 

restricted set of proteins are actually targeted by CMA51. The availability of this motif is 

heavily dependent on the tertiary structure of the protein, as well as post-translational 

modifications52–54. This is demonstrated by experiments that have generated 
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antibodies against the motif and pulled down approximately 30% of cytosolic 

proteins55. Due to this dependency on structure, disease-specific modifications, protein 

misfolding or protein damage can impact the availability of specific substrates to 

CMA. Despite the high percentage of proteins with a KFERQ-like motif, exceedingly 

few have been experimentally confirmed as CMA substrates indicating the potential 

for many more proteins to be validated51. 

Despite being termed a KFERQ-like motif, the actual peptide motif recognized 

by HSC70 may be quite di!erent than the originally described sequence. While 

ribonuclease A (RNase A), the first protein identified as a CMA substrate, contained the 

KFERQ sequence, it was later determined that the canonical motif is more reliant on 

the physical properties of each residue rather than the specific KFERQ sequence51,55. 

The properties that must be present are the following, and in order: one or two 

positively charged peptides (Lysine/Arginine), one or two hydrophobic peptides 

(Isoleucine, Leucine, Valine or Phenylalanine); one negatively charged peptide 

(Aspartic acid/Glutamic acid) and one Glutamine on either side of the motif55. To 

further complicate matters, post-translational modifications can modify existing motifs 

to act as KFERQ-like motifs. Notably, phosphorylated residues can replace negatively 

charged peptides, and acetylated Lysine can replace Glutamine51. 

Due to these particularities in the way that KFERQ-like recognition occurs, the 

process is both flexible and specific. While it is specific degradation, the proteins with 

accessible and appropriate KFERQ-like motifs can change depending on cellular 

conditions and post-translational modifications. This allows for CMA to adapt to the 

cell’s current state. 

1.1.2 Microautophagy

Microautophagy involves the direct uptake of cargo into the lysosomes via 

invagination of the lysosomal membrane7,56. Comparatively little is known regarding 

microautophagy, including its regulation, involved proteins or its targets7,48. This is 
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especially true in mammalian cells, due to the small size of the lysosomes and lack 

of tools to study this phenomenon. Consequently, the majority of studies have been 

performed in yeast which contain one large vacuole, rather than numerous lysosomes. 

Notably however, there is some evidence that mammalian and yeast microautophagy 

may have distinct regulatory processes57.

Despite its name, microautophagy is documented to be capable of degrading 

much larger components of the cell than soluble proteins. In yeast there is evidence 

of selective degradation of parts of the ER, peroxisomes, nucleus, mitochondria 

and lipid droplets (reviewed in Schuck 202058), in addition to general non-specific 

microautophagy.

One related process is endosomal microautophagy wherein substrates are 

directly taken up into multivesicular bodies (MVBs) (late endosomes) which then fuse 

with lysosomes. This process utilizes essential proteins found in both autophagic and 

endosomal processes. ESCRT-I and III are used to bud vesicles into the endosomal 

lumen, and HSC70 mediates specific protein degradation through KFERQ-like 

motifs in mammalian cells59. While CMA and endosomal microautophagy share this 

requirement for HSC70 and KFERQ-like motifs, they can be functionally distinguished 

by the requirement of LAMP2A for CMA. 

1.1.4 Di!erentiating autophagy types

The existence of three forms of autophagy complicates the study of these 

degradative processes, as more than one of these versions of autophagy may 

contribute to any phenomenon. To be able to di!erentiate microautophagy, 

macroautophagy and CMA a number of processes and techniques have been 

developed.

One classic example is the depletion of key proteins using siRNA or CRISPR. For 

example, it is possible to selectively block CMA by producing LAMP2A-/- organisms 

or cell lines, which lack the rate-limiting protein in CMA60,61. Similarly, there are many 
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key factors in macroautophagy that one can knockout to inhibit macroautophagy 

including ATG5, ATG7 and FIP20062–64, with minimal or no impact on CMA or 

microautophagy. In macroautophagy it may be beneficial to perform experiments 

with knockouts targeting di!erent stages of autophagosome formation in order to 

control for any potential compensatory mechanisms or o!-target e!ects specific to 

the knockout of one protein. For example one could perform experiments in both an  

ATG7-/- (halts phagophore expansion) and a FIP200-/- (halts phagophore nucleation) 

cell line/organism. Endosomal microautophagy can be targeted by knocking out 

TSG101, a subunit of the ESCRT-I complex65. Unfortunately, depletion of TSG101 can 

have significant unintended consequences including impaired MVB formation, 

impaired receptor degradation and the formation of abnormal tubular structures 

stemming from the early endosome66,67. Furthermore, TSG101, as a subunit of the 

ESCRT-I complex, is also involved in exosome biogenesis68. Loss of TSG101 results in 

decreased exosome biogenesis, further highlighting its multifaceted role in the cell. 

The impact of TSG101 depletion on all these processes are major caveats to any results 

stemming from depletion of TSG101. 

These modifications allow researchers to study what occurs to their target or 

mechanism of interest without specific types of autophagy. While these processes are 

not perfect, they do provide some additional confidence in the role of specific types of 

autophagy69.

Measuring the flux of each type of autophagy frequently relies on measuring 

the levels of key proteins. For example, the level of CMA can be inferred by analyzing 

LAMP2A and lysosomal HSC70 levels, both of which are positively correlated with 

CMA42,70. Similarly, with macroautophagy it is possible to look at the ratio of LC3-I 

to LC3-II levels and levels of SQSTM1/p62, a known macroautophagic substrate/

receptor to measure autophagosome formation and degradation71. Increased levels 

of LC3-II could be caused by increased formation of autophagosomes, impaired 
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ATG4, or impaired fusion with lysosome and degradation of autophagy substrates. 

Therefore, it is crucial to monitor both LC3-II and the levels of known substrates of 

macroautophagy, such as SQSTM1/p62 as their levels are indicative of the functioning 

of the entire macroautophagic process. For example, in macroautophagy knockout 

cells we expect to see an accumulation of SQSTM1/p62 and absent LC3-II – together 

these results support the depletion of autophagy.

While it is possible to study microautophagy, as previously mentioned it is more 

complicated due to a lack of e!ective tools. There does however exist a technique 

to di!erentiate between CMA and endosomal microautophagy activity by using a 

fluorescent tagged GAPDH system, and knocking out CMA or microautophagy65. 

GAPDH is a substrate of both autophagic processes, and its accumulation or lack 

thereof can be used as a measurement of autophagic flux through these pathways.

1.2 Regulation of Autophagy

Just as it is important to understand how autophagy occurs mechanistically, 

it is also important to understand what induces and inhibits these processes. Each 

autophagic process is regulated di!erently, however there are many common threads 

among the environmental factors that control them. 

1.2.1 Regulation of macroautophagy

Macroautophagy occurs constitutively, and it can selectively degrade its targets, 

including ubiquitinated proteins, mitochondria and other damaged organelles36. 

However, under certain stress conditions bulk macroautophagy is performed engulfing 

cytosolic contents non-specifically7. This catabolic process is an important aspect of the 

cellular stress response and promotes cell survival by allowing building blocks to be 

redirected towards essential functions7. 

Macroautophagy is frequently controlled through upstream pathways 

impacting mechanistic target of rapamycin complex 1 (mTORC1). The mTORC1 
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complex is composed of mTOR, regulatory protein associated with mTOR (Raptor) 

and mammalian lethal with Sec13 protein 8 (mLST8)72,73. Notably, mTORC1 sits at 

the intersection between anabolism and catabolism – in addition to suppressing 

macroautophagy it promotes protein and nucleotide synthesis74. 

1.2.1.1 Downstream interactions of mTORC1

mTORC1 is a critical regulator of the macroautophagy pathway. This occurs 

through a few crucial downstream interactions. Under basal conditions, mTORC1 binds 

to the ULK1/2 complex and phosphorylates two of its components, ULK1/2 and ATG137. 

This prevents the nucleation of the phagophore, and therefore halts autophagosome 

formation, and in turn limits macroautophagy. However, when mTORC1 is inactivated, 

which occurs through numerous stressed conditions, ULK1/2 and ATG13 are partially 

dephosphorylated thus promoting macroautophagy7. 

The second integral interaction is through transcription factor EB (TFEB), 

the identified master regulator of the Coordinated Lysosomal Expression and 

Regulation (CLEAR) gene network75. The transcription of numerous genes involved 

in autophagy and lysosome function is promoted by TFEB, leading to increased 

lysosomal biogenesis, autophagosome-lysosome fusion, autophagosomal biogenesis 

and autophagic flux75,76. Cells overexpressing TFEB have more autophagosomes, 

lysosomes and autophagolysosomes as well as enhanced degradation of proteins 

– and cells lacking TFEB experience the opposite. Importantly, mTORC1 regulates 

this transcriptional response by controlling the localization of TFEB. mTORC1 

phosphorylates TFEB when active, retaining TFEB in the cytosol and on the lysosomal 

membrane77,78. However, when mTORC1 is inactivated, TFEB is dephosphorylated 

and translocates to the nucleus where it activates the CLEAR network inducing 

macroautophagy.

These downstream interactions of mTORC1 are critical to the cellular response 

to environmental conditions, as they relay the message to the lysosomal/autophagic 
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machinery. However, upstream of mTORC1 is what dictates how this central regulator 

will react – and in turn whether it will activate or inactivate TFEB, ULK1/2 or ATG13. 

1.2.1.2 Upstream regulators of mTORC1

There are a plethora of environmental cues that trigger changes in mTORC1, 

as e!ective anabolism and catabolism are crucial for cell survival. The environmental 

cues that induce macroautophagy are frequently those that trigger a stress response, 

including hypoxia, starvation, ER stress, low growth factors and low ATP (reviewed in 

Parzych & Klionsky 20147). A few environmental cues triggering macroautophagy will 

be explored below.

Two small guanosine triphosphatases (GTPases), Ras-related GTP-binding 

proteins (Rag family) and Ras homolog enriched in brain (RHEB), are integral for 

mTORC1 regulation and are frequently targeted to control macroautophagy79. The 

binding of both GTPases to mTORC1 are dependent on whether they are guanosine 

triphosphate (GTP) or guanosine diphosphate (GDP) bound80–82. Rag proteins are 

responsible for translocating mTORC1 to the lysosomal surface by interacting with the 

Raptor subunit, so that mTORC1 may then interact with RHEB, its activator83–87. The state 

of the Rag proteins is dependent on a large number of distinct molecules including 

the GTPase activating protein (GAP), the GATOR1 complex80. RHEB is under the control 

of its GAP, the TSC complex (TSC1, TSC2, TBC1D7) which promotes the maintenance of 

RHEB’s GDP-bound state that is incompatible with mTORC1 interaction82. 

One well defined stressor that induces macroautophagy is starvation. This is 

imperative to cellular survival as macroautophagy can recycle cytosolic molecules 

into their base components allowing critical cell components to continue to be 

produced despite having no access to new nutrients. In amino acid starvation the 

cell has regulators that sense low levels of amino acids and respond by altering the 

guanine binding status of Rag proteins, producing conformations incompatible with 

being bound to mTORC1. Through this process, mTORC1 is inactivated, thus activating 
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macroautophagy. The exact process through which this occurs is dependent on the 

amino acid triggering the response, as well as the Rag protein being targeted88–91. Two 

amino acids with well-defined sensing pathways include leucine and arginine, both of 

which impact the GATOR1 factor. 

A similar response is seen upon lack of nucleotides in the cell. Interestingly, 

this response is focused on purine nucleotide levels, adenylates and guanylates, and 

pyrimidine levels do not impact mTORC1 signalling79,92. Low levels of adenylates block 

mTORC1 activity by inhibiting the TSC complex, in turn inhibiting RHEB79,92. Guanylates 

also impacted this mechanism, however their long-term absence was required to 

a!ect autophagy and resulted in lower levels of RHEB79. One potential explanation 

for this focus on purine nucleotides is that the production of both guanylates and 

pyrimidines is dependent on adenylates79. There are established mechanisms that 

measure cellular energy levels by tracking adenosine triphosphate (ATP) levels and 

impact mTORC1, however disruption of the purine synthesis pathway was notably 

di!erent from these pathways. Therefore, it remains unclear how exactly purine 

nucleotide depletion activates autophagy.

1.2.2 Regulation of chaperone-mediated autophagy

As we observe with macroautophagy, CMA can be induced by numerous 

stressors. In CMA in particular, these stressors frequently cause protein damage that 

then requires them to be cleared from the cell, such as oxidative stress42, prolonged 

starvation93 and hypoxia94 (reviewed in Cuervo & Wong 201449). These stressors 

impact the levels of LAMP2A, the rate limiting factor of CMA, either through increased 

transcription, as in oxidative stress, or reduced degradation, as in starvation42,95. 

CMA is also well documented to be activated by lack of nutrients; however, it 

follows a di!erent pattern and mechanism of activation than macroautophagy. In 

CMA the process is driven by alterations in LAMP2A availability. Macroautophagy 

functions primarily in the first few hours (4-6 hours), while CMA is activated after this 
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time period (8-10 hours) and can continue for a few days93. One proposed theory for 

this di!erence is that macroautophagy works to recycle macromolecules immediately, 

while CMA degrades proteins that were upregulated during starvation but are no 

longer required – or aid in long-term adaptation to the starvation conditions49. CMA 

can be used to adapt to this long-term stress by targeting proteins that impact the 

cellular proteome, such as transcription factor inhibitors96. This uptick in CMA upon 

prolonged nutrient starvation is regulated by decreased degradation of LAMP2A95.

1.2.3 Regulation of microautophagy

While the regulation of mammalian microautophagy is poorly elucidated, 

studies in yeast suggest that it is controlled by similar conditions to CMA & 

macroautophagy – namely through energy sources and nutrient levels48. Mammalian 

endosomal microautophagy is induced by serum and amino acid starvation, but 

not by serum starvation alone65,97. Interestingly, both microautophagy in yeast, and 

endosomal microautophagy in Drosophila are regulated through mTORC1 homologs, 

suggesting this may be the case in mammals as well98,99. Supporting that possibility 

is the fact that mammalian endosomal microautophagy is induced by rapamycin, an 

inhibitor of mTORC157. 

1.3 The substrates of autophagy can change depending on induction mechanism

Autophagy can be induced through numerous stressed conditions, and through 

a variety of mechanisms. This variety permits the cell to successfully survive in diverse 

stressed conditions, as autophagic catabolism works to maintain homeostasis. 

However, it is unlikely that the substrates of autophagy would remain consistent across 

diverse stresses and this has been demonstrated in the literature.

 While many sensing mechanisms which regulate macroautophagy function, 

at least in part, through mTORC1, this does not necessarily indicate that they have 

identical targets. There is evidence that inducing autophagy with Torin1, an mTOR 
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inhibitor, and nutrient starvation result in distinct lysosomal proteomes6,100. While 

many of the more abundant, classic lysosomal markers were equally represented 

across both conditions, there were significant changes in a number of proteins6. The 

authors theorize that this is because nutrient starvation can also act through mTOR 

independent pathways, and because Torin1 is a more potent inhibitor. Alternatively, 

as mentioned previously, similar stressed conditions can result in di!erent selective 

macroautophagy targets. For example, two inducers of oxidative stress, hydrogen 

peroxide and sodium arsenite induce di!erent forms of selective autophagy. This 

presents the possibility that the substrates themselves may be targeted for autophagic 

degradation. This is further evidence of the cell adapting to changing environmental 

cues which could indicate that what is degraded under other stressors may also 

be unique. Identifying unique macroautophagy substrates under di!erent stressed 

conditions may provide evidence for important cellular responses to each condition. 

1.3.1 Determining the substrates of autophagy

There is increased interest in defining the lysosomal proteome across cell types, 

environmental conditions and disease models101. This task can be approached by 

performing liquid chromatography mass spectrometry (LC-MS) on lysosome enriched 

samples. What becomes more complicated is the existence of a multitude of ways 

to prepare samples enriched in lysosomes. Three common methods include density 

gradient centrifugation, use of superparamagnetic iron oxide nanoparticles (SPIONs), 

and lysosomal immunoprecipitation (LysoIP).

Density gradient centrifugation is a classic protocol to enrich lysosomes, 

however it presents some major drawbacks. While it is relatively fast and does not 

require advanced treatments or stable cell lines, it is not as specific as SPION or 

LysoIP protocols. Density gradient lysosomal fractions are frequently contaminated 

by mitochondria and peroxisomes101,102. Additionally, under conditions like one sees in 

lysosomal storage disorders (LSDs), where the lysosomal contents are abnormal, the 
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density of the lysosomes can change102,103. This results in the lysosomes localizing to a 

di!erent fraction, or across multiple fractions.

The SPION technique is a modified pulse-chase experiment, wherein cultured 

cells are treated with SPIONs for 24hrs (pulse), and it is then removed from the media 

and cells are incubated for another 24hrs (chase)102. The SPIONs are taken up by 

the endocytic pathway of the cell, and eventually localize to the lysosome. Once the 

lysosomes contain the SPIONs, it is possible to isolate the lysosomes using magnetic 

columns. This results in a highly pure lysosomal enrichment and is reported to take 

approximately 2hrs.

LysoIP is a technique that uses a rapid isolation system for lysosomes in order to 

identify the contents of the lysosome itself104. The LysoIP method relies upon developing 

cells expressing transmembrane protein 192 (TMEM192) attached to three tandem 

hemagglutinin (HA) tags104. While TMEM192 is not a classic lysosomal marker, the 

developers of this system explain that this transmembrane protein retains its lysosomal 

localization when overexpressed better than other markers. The lysosomes themselves 

can then be isolated from whole cell lysates using anti-HA magnetic beads. The 

resulting lysosomal isolation does not contain measurable levels of markers for typical 

contaminants, such as mitochondria, ER, cytosol, Golgi or peroxisomes104. This method 

is the fastest of those described here, with samples being able to be collected in under 

an hour. This is an appealing method as it is fast and specific, making it ideal for 

analyzing lysosomal contents in di!erent conditions. This method is illustrated in Figure 

2.

An independent analysis of lysosomal proteomes prepared by these methods 

determined that the SPION and LysoIP techniques were superior to sucrose density 

gradient centrifugation and di!erential centrifugation101. Both techniques were more 

e"cient, more specific, and more reproducible.

One of the benefits, and drawbacks, of all of these techniques is that they do 
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! Harvest the cells. " Homogenize the cells.

# Perform anti-HA immunoprecipitation. $ Lyse the lysosomes. %
Remove the magnetic 
beads, and prepare 
samples for 
downstream analysis

Figure 2: Schematic illustrating the lysosomal immunoprecipitation (LysoIP) protocol. This figure has 
been adapted from, and depicts a method initially described in Abu-Remaileh et al. 2017. The LysoIP 
protocol is a rapid isolation method for lysosomes. It makes use of cells expressing a TMEM192-3xHA 
construct, that then express TMEM192 with three tandem HA tags. As TMEM192 localizes to the lysosomal 
membrane, anti-HA magnetic beads  be used to isolate a pure population of lysosomes. The control is 
executed on wild-type cells not expressing the construct. The first stage of the process is to harvest the 
cells by scraping them into phosphate bu!ered saline (PBS) and centrifuged to pellet the cells. The cells 
are then resuspended, and a portion is removed to  analyze the whole-cell fraction later. The remaining 
suspension is then homogenized on ice before being centrifuged again. The supernatant, now 
containing the cellular organelles, is removed and incubated with prewashed anti-HA beads for 10 
minutes at 4°C on a rotator. The mixture is placed on a magnetic rack and the suspension removed, and 
the beads washed with PBS three times. After the final wash is removed, the beads are resuspended in 
resuspension bu!er (20mM HEPES, 1mM EDTA, 150mM NaCl, 1% TRITON-X, Phosphatase/proteinase 
inhibitor) in order to lyse the lysosomes. The beads are incubated with the resuspension bu!er for 10 
minutes at 4°C on a rotator. Finally, the suspension is placed on the magnetic rack once more and the 
supernatant iss removed and placed in a new tube. This suspension iss further processed for 
downstream analysis including western blot and mass spectrometry. 

Magnetic 
bead Anti-HA tag

Lysosome
TMEM192 with

3xHA tag
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not distinguish between the di!erent forms of autophagy as the samples are collected 

directly from the lysosome. While this is beneficial as it allows us to simultaneously 

analyze multiple processes, it also makes it di"cult to know how a target was 

transported to the lysosome. Determining whether a particular substrate arrived in 

the lysosome due to macroautophagy, microautophagy or CMA requires additional 

experiments.

1.4 Stress granules

Stress granules form when translation initiation is halted due to stress, resulting 

in accumulations of RNA and RNA binding proteins (RBPs). These assemblies typically 

contain stalled translation initiation factors, mRNA and small ribosomal subunits105. As 

proteins continue to accumulate, additional proteins may either interact via Protein-

RNA or Protein-Protein interactions which explains why approximately 50% of the stress 

granule core is composed of RBPs106. This assembly process occurs through liquid-

liquid phase separation (LLPS) that relies on proteins with low complexity domains 

(LCDs)107. LLPS typically forms dynamic and reversible condensates. Appropriately, 

stress granules are dynamic structures, containing denser cores surrounded by a less 

concentrated shell108. 

Stress granules represent an important point of translational control under 

stress which helps promote cell survival. Under stressed conditions translation is 

stalled, allowing for post-transcriptional control over various proteins109. This halting 

permits the cell to focus on producing proteins that will enable cell survival and 

adaptation.

While stress granules themselves are not intrinsically harmful, some researchers 

have hypothesized that they may become persistent in neurodegenerative disease 

states leading to the classic aggregates we observe in ALS and potentially Alzheimer’s 

disease and frontotemporal lobe dementia (FTLD)110. Therapeutics that target stress 

granule formation have shown positive e!ects in neurodegenerative disease models 
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of ALS and FTLD111,112. 

Importantly, studies have shown that the clearance of stress granules is heavily 

dependent on autophagy, thus drawing a link between potential disease causing 

mechanisms and autophagy41,113.

LLPS is not limited to the formation of stress granules, in fact it is frequently 

used to explain the formation of other membraneless organelles such as Cajal bodies, 

nuclear speckles and synaptic densities (reviewed in Wang et al. 2021114). Frequently, 

the proposed benefit to these membraneless organelles is hypothesized to be that 

these condensates concentrate specific proteins allowing for increased rates of 

biochemical reactions, or opposingly to sequester certain molecules to prevent their 

activity115–117. Various metabolic enzymes have been shown to undergo LLPS, to both 

induce and inhibit enzymatic activity, forming metabolic enzyme condensates115,118. For 

example, CTP synthase is inhibited by CTP which induces the condensation of CTP 

synthase, forming an inactive polymer119. LLPS of metabolic enzymes is not limited to 

the formation of condensates solely containing metabolic enzymes, in fact in addition 

to the standard initiation factors, multiple metabolic enzymes have been found to 

localize to stress granules in yeast118,120. 

One particularly interesting subset of these metabolic enzymes within stress 

granules are three enzymes from the purine biosynthesis pathway. This includes 

paralogs Ade16p and Ade17p, whose mammalian homolog is 5-aminoimidazole-4-

carboxamide ribonucleotide (AICAR) transformylase/inosine monophosphate (IMP) 

cyclohydrolase (ATIC) and Imd3p whose mammalian homolog is IMP dehydrogenase 

1/2 (IMPDH1/IMPDH2)118. Mammalian IMPDH2 was also identified as being localized 

to stress granules, although this was only a"rmed via one method of analyzing 

lysosomes and not the other within one study108. In mammalian cells, while ATIC is 

utilized to produce adenylates and guanylates, IMPDH1/IMPDH2 are the rate limiting 

enzymes for guanylate production. None of these proteins contain the LCDs typically 
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associated with stress granule recruitment, so their localization to stress granules 

remains unexplained. 

Metabolic enzyme condensates are frequently assumed to play a role in 

metabolic regulation, although the regulatory components have not been well-

defined for many of them118. The presence of metabolic enzymes within stress granules, 

especially rate-limiting ones, suggests that stress granule induction may help control 

metabolic pathways under stress. The interaction between metabolic enzymes, stress 

granules and autophagy presents a tempting hypothesis that the three compose a 

complex regulatory loop to regulate metabolism under stress. 

1.5 Autophagy and Disease

Autophagy has a defined role in an extensive list of human diseases, making 

it an interesting and valuable area of study. Impairment of autophagy has been 

implicated in cancer, neurodegeneration, infection, autoimmune diseases and more1. 

Of particular interest to this project is its role in neurodegenerative disease. Some 

researchers hypothesize that macroautophagy helps clear the toxic aggregates, 

theorized to develop from persistent stress granules, that are found in so many 

of them. In murine central nervous system (CNS) macroautophagy knockouts, 

neurodegeneration and the accumulation of pathological inclusions in the brain 

is observed, which highlights how lack of autophagy can lead to a disease state121. 

Additionally, many neurodegenerative diseases, such as ALS and Alzheimer’s disease, 

have genetic risk factors that impair macroautophagy122. For example, mutations which 

cause ALS occur in several genes, such as SQSTM1/p62, OPTN, TBK1 and C9ORF72, 

that have been implicated in macroautophagy, as discussed in more detail further 

on122. Some studies, although not all, have demonstrated that activation of autophagy 

in disease models of ALS improves pathology122. 

It is not solely macroautophagy that may play a role in disease states. While 

frequently overlooked in favour of its more researched compatriot, CMA has been 
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shown to degrade numerous disease-causing proteins including tau, a-synuclein and 

TAR DNA binding protein 43 kDa (TDP-43)53,54,123. Furthermore, the degradation of these 

proteins by CMA can be impaired by disease causing mutations or aggregates53,54,123. 

Targeting CMA has even been shown to improve behavioural and physical changes in 

a mouse model of Alzheimer’s disease124. 

Based on this evidence, impairment of autophagy represents both a possible 

mechanism of disease, and a potential therapeutic target. It remains unclear how the 

cargo degraded by autophagy changes under pathological conditions as compared 

to other autophagy-inducing conditions. 

1.6 Amyotrophic Lateral Sclerosis

ALS is a devastating and fatal neurodegenerative disease that targets the 

upper and lower motor neurons125. This leads to increasingly severe motor symptoms 

that can either begin with symptoms in the extremities (spinal onset) or with speech 

and/or swallowing symptoms (bulbar onset)125. Eventually, breathing and swallowing 

impairment leads to the death of patients – typically 2-5 years after diagnosis125.  The 

disease is characterized by aggregates of RBPs, such as TDP-43 aggregates126. Some 

current models assert that disease pathology occurs when persistent stress granules 

accumulate, either through increased stability, increased formation, or impaired 

clearance of the granules. Unfortunately, there are only a few therapeutic options for 

ALS patients – and those that do exist are not curative and are unable to prolong life 

expectancy by more than a few months. 

The mechanism behind the neuronal death observed in ALS is currently 

unknown, and the search for the mechanism is complicated by the extreme 

heterogeneity in ALS patients. It seems likely that there will be a spectrum of 

mechanisms dependent on the cause of the disease in each individual. This cause, 

however, is frequently unknown, and the vast majority of ALS patients present with 

sporadic illness127. Only about 10% of patients have a family history of the disease, 
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and of this 10% about 70% of the cases can be narrowed down to a genetic cause127. 

There is an extensive list of ALS-linked genes, many of which are associated with RBPs, 

autophagy and clearance of stress granules127.

ALS pathology is characterized, in part, by cytoplasmic inclusions in a!ected 

motor neurons128–130. These aggregations frequently contain causative ALS proteins 

such as TDP-43, SOD1 and FUS, even in cases without pathological mutations in 

these proteins. Although the mechanism is not yet fully elucidated, these inclusions 

are frequently hypothesized to derive from aberrant stress granules (reviewed by 

Baradaren-Heravi et al. 2020131 and Zhang et al. 2021132).  

One di"culty with ALS research is that it remains di"cult to model, however 

many models focus on the characteristic inclusions present in ALS patients and thus 

focus on producing stress granules. Sodium arsenite treatment is frequently used 

to induce stress granule formation as an indirect representation of the disease133. In 

addition to producing cytoplasmic inclusions, sodium arsenite replicates another key 

feature of the disease, impaired nucleocytoplasmic transport133. While sodium arsenite 

remains an imperfect model for the disease, it is useful for early stage research. 

1.6.1 Autophagy in ALS

A number of genes linked to ALS are involved in autophagy, including OPTN, 

TBK1, SQSTM1/p62, C9ORF72 and SMN – and mutations in these genes can prevent 

the elimination of stress granules41,134,135. This highlights the strong link between stress 

granules and ALS, and therapeutics that target stress granule formation have shown 

positive e!ects in neurodegenerative disease models of ALS99. 

Our lab has demonstrated that SQSTM1/p62 works in conjunction with 

two other ALS-related genes, C9ORF72 and SMN, to degrade stress granules by 

autophagy41. It is possible that defects in one or more of these genes may impair the 

pathway and lead to increased stability of the stress granules. Another interesting role 

for C9ORF72 repeats, the most common genetic cause of ALS, is that they promote 
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phase separation and stress granule formation136. Based on these results, it is tempting 

to hypothesize that C9ORF72 repeats play a two-pronged role in disease pathology 

– by limiting autophagic degradation of stress granules and favouring stress granule 

formation. 

TBK1 has been linked with two other ALS genes, SQSTM1/p62 and OPTN. 

TBK1 works to phosphorylate OPTN, which induces autophagic degradation 

of damaged mitochondria, and SQSTM1/p62 which promotes the maturation 

of autophagosomes1,122. Mutations to TBK1 have been shown to reduce OPTN 

phosphorylation and decrease mitochondrial clearance122. In addition, mutations to 

SQSTM1/p62 or OPTN themselves can also impair autophagy. Particularly interesting, 

is a study that showed that mutant SQSTM1/p62 led to reduced levels of mutant 

SOD1 in autolysosomes, suggesting that it disrupted the autophagic clearance of the 

protein137.

Furthermore, studies have shown that inhibiting autophagy can 

worsen pathology in models of ALS, whereas activating autophagy can lessen 

degeneration1,122. This evidence points towards an important role for autophagy in ALS 

and highlights it as a potential therapeutic target.

Describing what is being degraded in cells where stress granules are present 

has the potential to give us a better understanding of the role of autophagy in stress 

granule degradation, and in turn its role in numerous neurodegenerative diseases 

such as ALS and FTLD110. Not only would this enable us to better understand stress 

granule degradation by autophagy, but it would allow us to discover novel autophagy 

targets beyond stress granules that may be important for disease pathology. It would 

be important to look at stress granule components being degraded by autophagy, in 

addition to the contents of whole stress granules, because evidence suggests that this 

degradation occurs in a piecemeal fashion138. This would provide us with information 

as to what parts of the stress granules are being degraded first. 



26

1.7 Summary

In summary, autophagy can be induced through various mechanisms under 

various conditions, and these can result in a unique lysosomal proteome. Additionally, 

the role of autophagy in clearing deleterious aggregates and proteins, including stress 

granules, is theorized to play an important role in ALS. An analysis of the lysosomal 

proteome after stress granule induction as compared to during nutrient starvation 

induction would provide us with an opportunity to further describe what is being 

degraded under these conditions and how they di!er. This could be beneficial as it 

may demonstrate key di!erences between the two conditions, and show important 

substrates only targeted to lysosomes in certain situations. 

 
1.8 Hypothesis

 The lysosomal proteome will change depending on the autophagy-inducing 

condition.
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Chapter 2: Methods
2.1 Cell Lines

1. HEK293T (ATCC)

2. HEK293T cells, ATG7-/-. The procedure to develop these cells is described in   

 greater detail below. In brief, a CRISPR-Cas9 system was used to knockout   

 ATG7 using two di!erent small guide RNAs (sgRNAs). Multiple colonies were   

 collected from each guide. Absence of ATG7 expression was confirmed    

 via Western blot. 

3. HEK293T cells expressing TMEM192-3XHA (HEK293 LysoIP). The procedure 

to develop these cells is described in greater detail below. In brief, a 

pLJC5-Tmem192-3xHA plasmid (Addgene plasmid #102930; 

http://n2t.net/addgene:102930 ; RRID:Addgene_102930), PMD2.G and psPAX2

 were transfected into HEK293T cells. The lentiviral particles released by the 

cells were collected, isolated, and subsequently used to infect HEK293T cells. 

The cells were put under puromycin selection to produce a pure population of 

LysoIP cells. Expression was confirmed via Western blot.

 

4. HEK293T ATG7-/- cells expressing Tmem192-3XHA (ATG7-/- LysoIP). ATG7-/- 

cells were prepared as described in (2), and then infected with lentivirus as 

described in (3).

2.2 Cell Culture

Cells were cultured in 10% fetal bovine serum (FBS) (ThermoFisher, 12483020) 

and 1% Penicillin-Streptomycin (Wisent Bioproducts, 450-201-EL) supplemented DMEM 

(Wisent Bioproducts, 319-015-CL). All cells were maintained in incubators at 37°C, 5% 
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CO2. When confluent, cells were dissociated from the plate using Trypsin/EDTA (Wisent 

Bioproducts, 325-043-EL), and which was then neutralized using an equal volume of 

supplemented media. The concentration of the cell suspension was determined using 

a hemacytometer.

2.3 Production of LysoIP Cells

In order to produce the LysoIP cells, we made use of the pLJC5-Tmem192-3xHA 

plasmid, pLJC5-Tmem192-3xHA was a gift from David Sabatini (Addgene plasmid 

#102930; http://n2t.net/addgene:102930 ; RRID:Addgene_102930)104.

2.3.1 Lentivirus Production

Cells were plated in 5x15cm plates, they were 70-90% confluent on the day of 

the initial transfection. Two hours before the transfection the media was replaced, 

existing media was replaced with 20 mL of fresh media. The following reagents were 

mixed and incubated for 5 minutes at room temperature – these amounts are for one 

15 cm plate. 

- 7.2 µg of PMD2.G

- 10.8 µg of psPAX2

- 6 µg of pLJC5-Tmem192-3xHA

In 1200 µL of DMEM

Then, 96 µL (per plate) of polyethylenimine (PEI) was added and incubated for 

20 minutes at room temperature. 1300 µL of transfection mix was added to each plate. 

24 hours later the media was removed and replaced with 15 mL of fresh media. 

48 hours after transfection the media was collected and replaced. The collected 

media was spun for 5 minutes at 2000 rpm. Supernatant was removed and stored 

at 4°C. 72 hours after the transfection, media was once again collected and spun at 

2000 rpm. The two media collections were filtered through a 0.45 µm filter. Then, the 

collections were concentrated by ultracentrifugation at 20,000 rpm for 2 hours at 6°C 
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in a Beckman SW28 Ti swinging rotor. 

After ultracentrifugation the supernatant was discarded. The pellet was 

resuspended in 200-400 µL in 1xPBS. Virus was either used immediately, or flash 

frozen in liquid nitrogen and stored at -80°C. If frozen, virus was thawed on ice before 

use.

2.3.2 Infection & Selection

Cells were plated the day before into a 6 or 24 well plate, and cells were ~50% 

confluent on the day of infection. On the day of infection, new media with 10 µg/

mL of polybrene was added. A serial dilution was performed with the lentivirus to 

expose seeded cells to various concentrations. After 3 days the media was changed 

to selection media, using puromycin. In HEK293 WT cells 2 µg/mL was used, whereas 

for the ATG7-/- cells 1 µg/mL was used. This selection continued until all the control 

cells had died, approximately 3 days. Expression of the construct was confirmed via 

Western blot. 

2.4 Production of ATG7-/- cells

2.4.1 Bacterial Transformation

Competent E. coli cells were thawed on ice. 1 mL of plasmid was mixed with 30 

mL of E. coli cells and incubated on ice for 20 minutes. Cells were subjected to heat 

shock at 42C for 45 seconds. Cells were plated on LB Agar plates containing 100 µg/

mL of ampicillin. 

2.4.2 Developing CRISPR-Cas9 Plasmid 

In order to develop ATG7-/- cells, the protocol described in Ann Ran et al. 2013 

was used and is briefly described below139. The sgRNA sequences were obtained from 

Integrated DNA Technologies, and modified to contain the appropriate end caps to 

be inserted into the Bbs1 cut site in the pSpCas9(BB)-2A-Puro plasmid (Figure 2A). 
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pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plasmid 

#62988 http://n2t.net/addgene:62988 ;RRID:Addgene_62988). The top strand of each 

sgRNA contained the 5’-CACCG addition, and the bottom strand contained 5’-AAAC 

and C-3’ additions, the whole sequences can be found in Figure 2B. 

The top and bottom strands of each sgRNA were resuspended to a 

concentration of 100 µM. In order to anneal and phosphorylate the oligonucleotides, 

the following solution was prepared and placed in a thermocycler (37°C for 30 min, 

95°C for 5 min, ramp down to 25°C at 5°C/min):

The phosphorylated and annealed oligonucleotides were diluted 1:200 and re-

ferred to as diluted oligonucleotide duplexes. In order to cut the pSpCas9(BB)-2A-Puro 

plasmid at the insertion site the following reaction was incubated at 37°C for 1 hour. 

To clone the sgRNA into pSpCas9(BB)-2A-Puro a ligation reaction was set up 

as follows. The control was a no insert (no oligonucleotide) reaction. This reaction was 
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performed to ligate the annealed sgRNA into the Cas9 plasmid at the Bbs1 cut site. 

The reaction was incubated in a thermocycler as follows: 6x 37°C for 5 min, 21°C for 5 

minutes (total of 1 hour). 

 The plasmid was transformed into competent E. coli cells and plated on an 

ampicillin (100 µg/mL) LB agar plate and incubated overnight at 37°C. The following 

day a few colonies were picked and individually inoculated in ampicillin LB Broth (100 

µg/mL), they were incubated at 37°C overnight. Plasmid DNA was isolated using the 

QIAprep Spin Miniprep kit (Qiagen, 27104) according to manufacturer instructions.

Finally, the sequence of each plasmid was verified by sequencing with the U6-

Fwd primer, performed by StemCore Laboratories at the Ottawa Hospital.

2.4.3 Transfection

Plasmid DNA was isolated using the QIAGEN Plasmid Plus Midi Kit (Qiagen, 

12945) as per manufacturer instructions. 

HEK293T cells were ~50% confluent. For one well of a 6 well plate 1 µg of 

plasmid DNA was pipetted up and down with 200 µL of OPTIMEM (ThermoFisher, 

31985-070) and 4 µL of PEI, then incubated for 20 minutes at room temperature. 

Meanwhile, cells were washed 1X with PBS, changing the media to 2 mL of full media. 

DNA/PEI mix was added to each well of cells, ensuring at least one well remained free 

of the DNA/PEI mix. The cells were incubated overnight at 37°C.
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The following day the media was changed in the morning, and cells were 

washed 1X with PBS. The media was replaced with full media supplemented with 2 

µg/mL of puromycin. Selection was performed for 3 days. 

Surviving cells were then single-cell seeded by serial dilution in order to isolate 

clonal populations. Following growth of individual colonies, colonies were screened for 

ATG7, LC3B and p62 to assess their knockout status. Colonies selected for use based on 

these tests were also tested for puromycin sensitivity to ensure that the Cas9 plasmid 

did not permanently integrate into the genome.

2.5 Lysosomal Immunoprecipitation (LysoIP)

Initially, the protocol was pulled from the paper that first described the LysoIP 

method104. The following steps were performed to complete the pilot testing of the 

method, as well as the first samples sent to mass spectrometry. Cells were plated two 

days before to reach about 80% confluency. There were three treatment conditions. 

The sodium arsenite treatment condition consisted of: 1 hour sodium arsenite (250 

µM), followed by 1 hour bafilomycin A1 (400 nM). The HBSS condition consisted of: 1 

hour HBSS, followed by 1 hour bafilomycin A1 (400 nM) in HBSS. The control condition, 

or bafilomycin A1 condition, consisted of 1 hour of new media, followed by 1 hour 

bafilomycin A1 (400 nM). After the first hour’s treatment the cells were washed 2X with 

PBS. Pierce Anti-HA Magnetic Beads (ThermoFisher, 88836) were pre-washed 3x 1 mL 

with chilled KPBS (136 mM KCl, 10 mM KH2PO4, pH 7.25 was adjusted with KOH), 50 L 

of beads were used for one 10 cm plate. Cells were washed two times with PBS before 

being scraped into 1 mL KPBS. Samples were centrifuged at 1000 x g for 2 minutes at 

4°C. Supernatant was removed, and the pellet was resuspended in 1 mL of KPBS, 100 

µL was removed for whole cell analysis. This sample was subjected to a typical protein 

isolation protocol as described below before being used. The remaining 900 µL was 

gently homogenized for 30 strokes with a 2 mL homogenizer on ice. Homogenate was 

centrifuged at 1000 x g for 2 minutes at 4°C. Supernatant was collected and incubated 
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with pre-washed beads on a gentle rotor for 3 minutes at room temperature. The 

beads/bound lysosomes were washed with 1 mL KPBS three times. The last wash was 

removed, and the beads were resuspended in 100 µL of resuspension bu!er (20 mM 

HEPES, 1 mM EDTA, 150 mM NaCl, 1% TRITON-X, Phosphatase/proteinase inhibitor)140 

and incubated for 5 minutes on ice. Samples were placed on a magnetic rack and 

supernatant was collected for further analysis. 

While this was the original protocol that was followed, a few changes were 

made. First, after the initial test the number of strokes with the homogenizer was 

increased from 30 to 90 strokes. After observing the cells under the microscope, it was 

determined that 30 strokes did not su"ciently homogenize the cells. After sending 

samples up to mass spectrometry for analysis and having yield issues with some of the 

samples, we sought to improve the output of the protocol. This was done in a few ways 

and pulled from a few di!erent papers that made modifications including: using PBS 

instead of KPBS, incubating the samples with the beads for 10 minutes on the rotator 

at 4°C and incubating the beads in resuspension bu!er for 10 minutes on the rotator at 

4°C6,141.

This method is briefly illustrated in Figure 2.

2.6 Silver staining and Western blotting

2.6.1 Sample preparation and electrophoresis

Samples analyzed by western blot or silver stain were either pulldown samples 

or whole cell lysates from the same samples. Pulldown samples were not modified 

after the LysoIP protocol, 5% of the samples were run. For the whole cell lysate fraction 

removed during the LysoIP protocol the following was performed.

The solution was centrifuged at 1000 x g for 2 minutes, and the supernatant 

removed. The pellet was resuspended in 100 µL cell lysis bu!er (0.1 M Tris (pH 7.4), 5 M 
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NaCl, 0.5 M EDTA, 1% Triton-X 100, protease inhibitor tablet). The solution was frozen at 

-80°C for 20 minutes, then thawed on ice. The sample was then centrifuged at 1000 x 

g for 5 minutes at 4°C, the supernatant removed and the pellet resuspended in PBS. 

10% of this solution was run, this corresponds to 1% of the total cell lysate.

To prepare the samples for electrophoresis they were mixed with 4X Laemmli 

Sample Bu!er (BioRad, 1610747), diluting the Laemmli bu!er to 1X, and incubated 

for 10 minutes at 95°C to denature the proteins. The samples were run on a 10% 

polyacrylamide gel at 150 V for ~1 hour. 

2.6.2 Western blotting

A transfer was performed to a polyvinylidene fluoride (PVDF) membrane for 1.5 

hours at 100 V.

Membranes were then blocked for 1 hour in 5% milk in 1% TBST (10 mM Tris-HCl 

(pH 8), 150 mM NaCl, 0.05% Tween 20). They were probed with primary antibodies in 

1% TBST overnight at 4°C, and the following morning were washed 3x with 1% TBST. All 

antibodies used are described in Table 1. The membranes were then probed with the 

corresponding secondary antibody for 1 hour in 5% milk in 1% TBST. Finally, they were 

washed three times again with 1% TBST.

Visualization was performed using Luminata Crescendo Western HRP substrate 

(Millipore Sigma, WBLUR0100) on the ImageQuant LAS 4000. Quantitative analysis 

was performed using Image Studio Lite as per manufacturer instructions, band 

intensity was normalized to the indicated controls.
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Table 1: Antibodies
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2.6.3 Silver staining

Silver staining was performed using the PlusOneTM Silver Staining Kit, Protein 

(GE Life Sciences, 17-1150-01). The method was performed as instructed by the 

manufacturer, and is briefly described below. First, the solutions were prepared as 

described in Table 2. 

Table 2: Silver staining solutions.
Solution Name Component

Fixing Solution (40% ethanol)
100 mL Ethanol
25 mL Glacial acetic acid
Water to 250 mL

Sensitizing solution

75 mL Ethanol
10 mL Sodium thiosulfate (5% w/v)
17 g Sodium acetate
Water to 250 mL

Before use add 1.25 mL glutardialdehyde 
(25% w/v)

Silver solution 25 mL silver nitrate solution (2.5% w/v)
Water to 250 mL

Developing solution

6.25 g sodium carbonate
Water to 250 mL, stir until sodium car-
bonate is dissolved

Before use: Add 0.2 mL formaldehyde 
(37% w/v)

Stop solution 3.65 g EDTA-Na2-H2O
Water to 250mL

Washing solution Water

After performing electrophoresis, the gel was removed from its cast and placed 

in a tray containing the fixing solution on a shaker. Left it in the fixing solution for 30 

minutes. Removed the fixing solution and replaced with sensitizing solution and shook 

the gel  for 30 minutes. Washed the gel with water 3x for 5 minutes each. Removed the 

last wash and added the silver solution, letting the gel shake for 20 minutes. Washed 

again 3x for 5 minutes each. Replaced the water with the developing solution and left 
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shaking until the bands reached the desired intensity (2 to 5 minutes) then transferred 

the gel immediately to the stopping solution. Left in the stopping solution on the shaker 

for 10 minutes. Washed three times for 5 minutes each. Imaged the gel using the Gel 

Doc XR+ System (BioRad).

2.7 Immunocytochemistry

Cells were treated as described in the figure captions. In Figure 3A cells were 

plated on coverslips, in Figures 6 & 7 cells were plated in 384-well plates. Cells were 

washed 1x with PBS and fixed with 4% paraformaldehyde for 10 minutes. This was 

followed by 3x washes with PBS, before permeabilizing the cells with permeabilization 

bu!er (0.2% Triton-X-100, 20 mM NH4Cl, in PBS) for 10 minutes. Cells were washed 3x 

with PBS. Cells were blocked for 1 hour in 5% goat serum in PBS. Primary antibodies 

were diluted in 5% goat serum in PBS and incubated at 4°C overnight. The following 

day cells were washed with PBS 3x, and secondary antibody was added in 5% goat 

serum in PBS. This was incubated for 1 hour at room temperature. Cells were washed 

3X with PBS, and mounted with DAPI mounting medium or kept in PBS if in the 384-

well plate.

Figure 3A was imaged by Dr. Alexandre Savard on the Zeiss AxioImager M2 at 

63x. Figures 6 & 7 were imaged by Dr. Stephen Baird on the Opera Phenix at 40x.

2.8 Mass Spectrometry

2.8.1 Preparation of samples

This protocol was adapted from Wyant et al. 2018. 45-80% of the pulldown 

was used, and resuspension bu!er was added to the pulldown solution to end up 

with a total volume of 200 µL. 20% SDS was added to a final concentration of 2%. The 

samples were sonicated for 10 seconds. The samples were then spun down at 20,800 x 

g for 1 minute at 4C and the supernatant was transferred to a new tube. Dithiothreitol 
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(DTT) was added to a final concentration of 5 mM, and samples were incubated for 

15 minutes at 45°C. Iodoacetamide (IAA) was added to a final concentration of 10 

mM. IAA is light sensitive, and therefore from this point on the solutions were protected 

from light. Samples were incubated in the dark for 30 minutes at room temperature. 

Proteins were then precipitated with 4 volumes of ice cold acetone to 1 volume sample 

and incubated overnight at -20°C.

The following day, samples were centrifuged at 20,800 x g for 30 minutes at 

4°C. Supernatant was removed. Precipitates were washed with 500 µL of ice-cold 

acetone two times. After each wash pellets were air dried. After the second wash & dry, 

the pellet was dissolved in 100 µL of 75 mM Tris-HCL (pH 7.8). 1.5 µL of SOLu-Trypsin 

(Sigma, EMS0004-100UG) was added to the solution, and samples were incubated for 

16 hours at 37°C.

The following day acetic acid was added to a final concentration of 0.5%. The 

pH of the samples was tested with a pH strip to ensure that the pH was acidic. In 

order to desalt the samples, Sep-Pak tC18 (1cc, 50mg) cartridges were used (Waters, 

WAT054960). The remaining steps were adapted from the Waters manual, and 

all steps were done by gravity. Each component was added immediately as the 

previous component was completely in the bed of the column. The cartridge was 

washed and conditioned with 900 µL of acetonitrile (ACN) followed by 300 µL of 50% 

ACN, 0.5% glacial acetic acid (HOAc). Cartridges were equilibrated with 900 µL of 

0.1% trifluoroacetic acid (TFA). Samples were loaded in 0.4% TFA. Columns were then 

washed/desalted with 900 µL of 0.1% TFA. Column was washed again with 0.5% HOAc. 

Samples were eluted with 500 µL of 50% ACN, 0.5% HOAc and eluate was collected in 

a tube before being sent to the proteomics core. Dr. Zhibin Ning of the proteomics core 

then prepared the samples for, and ran them through, LC-MS.



39

2.8.2 Data Processing

Raw data from mass spectrometry was processed and analyzed using 

MaxQuant142 on UseGalaxy.org143 to determine label-free quantification (LFQ) 

intensities for identified proteins. The raw files were processed against the UniProt 

human protein database. The parameters for the analysis were determined by the 

tutorial written by Föll & Fahrner (2021) for Galaxy144. These parameters are briefly 

described below.

At least one minimum unique peptide was required, with a minimum length of 7 

amino acids. Trypsin was selected as the digestion enzyme and one missed cleavage 

was permitted. The fixed modification ‘Cysteine carbamidomethylation’ was selected, 

no variable modifications were selected. Razor and unique peptides were used, and 

the protein false discovery rate (FDR) was set to 0.01. The selected quantitation method 

was ‘label-free quantification’. Match between runs was not used. Contaminants and 

reverse sequences were identified by MaxQuant but were not used in downstream 

analysis. 

2.9 Bioinformatic analysis identifying enriched proteins

Two di!erent methods were used to identify enriched proteins across the 

di!erent treatment conditions. The first was using the proteus package (Version 1.0.0) 

in R, which enables the visualization of di!erentially enriched proteins145. The second 

was a computational tool, Mass Spectrometry interaction Statistics (MIST) that assigns 

scores to each protein, analyzing the a"nity of the protein for each condition146. While 

the proteus package was beneficial for visualizing di!erential expression, MIST was 

used for further analysis due to its design for immunoprecipitation. 

2.9.1 proteus in R

Despite its usefulness for immunoprecipitation, the MIST score does not provide 

any statistical analysis. The package proteus was used to analyze the di!erential 
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expression of various proteins of interest and assess their statistical significance, or lack 

thereof, by looking at the LFQ intensities directly. The evidence file from MaxQuant 

was used as the original input file, and UniProt identifiers were used to annotate each 

protein. All commands are described in the package tutorial available on GitHub 

(https://github.com/bartongroup/proteus).

2.9.2 Mass Spectrometry interaction Statistics (MIST)

The MIST tool assigns a quantitative score to each protein for all the inputted 

conditions, and scores how unique the protein is to each condition. The score is a 

weighted sum based on three criteria: abundance, reproducibility, and specificity. This 

system allowed for two di!erent MIST set ups to accomplish di!erent goals. Inputting 

data for one treatment condition from the HEK293T cells (ATG7-/- or wild-type) and 

the corresponding LysoIP cells permitted the identification of lysosomal hits within said 

condition. Comparatively, inputting the data for all treatment conditions and all cell 

types identifies proteins unique to the LysoIP cells under each condition – treatment 

specific hits. 

For both input types, the same parameters were followed. The tool was 

accessed online (https://modbase.compbio.ucsf.edu/mist/). The data was prepared 

as described, and LFQ intensity was used as the quantitation measure. The HIV 

Trained Mode was selected, and Singleton Filtering was turned on.

2.10 Ingenuity Pathway Analysis (IPA)

2.10.1 Di!erential enrichment of canonical pathways

To identify di!erentially enriched pathways, the lysosomal hits MIST scores were 

used and compared to a baseline. For the treatment analyses a log2 fold change was 

calculated, both sodium arsenite and HBSS scores were compared to bafilomycin 

A1, and in the ATG7-/- analyses the ATG7-/- sample was compared to the wild-type. 
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Due to the nature of the data from immunoprecipitation, some scores were 0 in the 

bafilomycin/wild-type conditions, to evade any issues a value of 0.0001 was added to 

all MIST scores at the suggestion of Qiagen IPA trainers.

Using the log2 fold change values, it was possible to perform a Core Analysis 

followed by a Comparison Analysis to visualize the changes in pathway expression. 

Only pathways that had absolute z-scores greater than 2 and were statistically 

significant (p < 0.05) were shown. Fisher’s Exact test was used to calculate significance.

Using the Pathway Overlay tool, it was possible to observe the actual and 

predicted e!ects of these changes on individual pathways.

2.10.2 Linking proteins of interest to ALS and stress granule formation

It is possible through IPA to create your own networks through the Path Explorer 

function. To explore the potential relationship between the purine biosynthesis 

pathway and both ALS and stress granule formation, all the molecules that take part 

in, or are produced by, the pathway are placed in the network. Then, the Path Explorer 

is used to draw links between the disease/function of interest and the molecules. 

The links are pulled from the Ingenuity Knowledge Base and include links such as 

correlations, causations, reactions and interactions.

For the figures, specific links were chosen based on relevance to other findings 

within the thesis, or potential interest. This was done for ease of interpretation of the 

figure. Many more potential relationships existed, and could be explored at a later 

date.

2.11 Bioinformatic identification of protein-protein interactions

Proteins identified by MIST as treatment specific hits were entered into the 

Cytoscape application and analyzed using the StringApp and clusterMaker2147–149. 

Sodium arsenite specific hits and bafilomycin A1 specific hits were analyzed 

individually.
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StringApp was used to identify protein-protein interactions across these hits, 

and clusterMaker2 identified the top nodes within the network through clustering 

algorithms. It was then possible to determine the top enrichments within each cluster 

through the Cytoscape application. These steps were achieved by following the 

StringApp tutorial identified here: https://apps.cytoscape.org/apps/stringapp. 

2.12 Bioinformatic analysis of cellular component enrichment

This analysis was performed in two ways. The first was through the Cytoscape 

application, which performed a COMPARTMENTS analysis as described by Binder 

et al. 2014150. This was useful to see what cellular compartments were enriched in the 

treatment specific networks generated within Cytoscape. This analysis assigns a score 

between 1-5 stars, only 5 star hits were visualized on the figures.

The second computational tool was WEB-based Gene SeT AnaLysis Toolkit 

(WebGestalt, http://www.webgestalt.org), which identified enriched gene ontology 

terms within lysosomal hits151. The top 10 hits for each analysis were displayed. The 

method of interest was ‘Over-Representation Analysis’, and the functional database 

was ‘Gene ontology – Cellular Component’.

2.13 Bioinformatic identification of regions of interest

2.13.1 Identifying low-complexity domains

To identify potential low-complexity domains (LCDs) within proteins of interest, 

Platform of Tools for Low Complexity (PlaToLoCo, https://platoloco.aei.polsl.pl/#!/

query) was used152. This tool uses five di!erent LCD-identifying algorithms. The amino 

acid sequence for each protein was accessed through the NCBI database and 

inputted to PlaToLoCo. All methods were selected for analysis.
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2.13.2 Identifying KFERQ-like motifs

To identify KFERQ-like motifs within genes of interest, the KFERQ finder (V0.8, 

https://rshine.einsteinmed.edu) was used51. This computational tool searches a genetic 

sequence and identifies any classical KFERQ motif, or motifs identified to behave as 

such. All standard and advanced motifs were selected as output options. 

2.14 Statistical Analysis

Statistical analysis for western blot quantification was performed using the 

GraphPad Prism 9 software. Normal distribution was assumed for all tests. Two-way 

ANOVA tests were performed followed by a Tukey’s multiple comparison test. The 

Tukey’s multiple comparison test was used when comparing every mean with every 

other mean. Statistical significance is represented as follows: * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001.
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Chapter 3: Results
3.1 Cells expressing TMEM192-3xHA maintain their response to stress and LAMP1 
abundance. 

3.1.1 Production and validation of wild-type HEK293 LysoIP cells.

The lysosomal immunoprecipitation system (LysoIP), originally described 

in Abu-Remaileh et al. 2017, relies upon cellular expression of TMEM192 fused 

to three tandem human influenza hemagglutinin (HA) epitope tags (TMEM192-

3xHA)104. The expression of this fusion allows for whole lysosomes to be rapidly 

immunoprecipitated from Dounce homogenized cell lysates using anti-HA magnetic 

beads, and subsequently lysed for proteomic analysis of the cargo (Figure 2)6. 

The speed, e"ciency and specificity of this process has been demonstrated in 

numerous publications which have performed LC-MS in order to identify lysosomal 

proteins141,153–155. There is interest in understanding how autophagy targets change 

depending on the cellular conditions, and previous publications indicate that these 

targets can change significantly even under conditions operating through the same 

regulator, mTORC16. As discussed above, one clinically relevant condition is sodium 

arsenite induced oxidative stress. Sodium arsenite induced stress is widely used 

to simulate ALS-like conditions through its production of stress granules. While this 

stressor does not directly relate to the clinical condition it functions as a tractable 

model41,133,140,156. The LysoIP system presents an intriguing opportunity to identify 

autophagy targets specific to stress granule inducing conditions. In order to complete 

these experiments, it was first necessary to produce cells expressing the LysoIP 

construct. 

Therefore, the pLJC5-Tmem192-3xHA (Plasmid #102930) plasmid was ordered 

from Addgene, and a lentivirus was produced to infect HEK293 cells. Following 

transduction and selection, immunocytochemistry and western blotting techniques 
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Figure 3: Validation of HEK293 LysoIP cells and demonstration of e!ective pulldown.  A) 
Immunofluorescence demonstrating the expression of the LysoIP (TMEM192-3xHA) contruct in HEK293 
LysoIP cells but not wild-type. This is visualized through the HA tag. These images also demonstrate the 
co-localization of the HA tag with LAMP1. Images acquired by Dr. Alexandre Savard at 63x on the Zeiss 
AxioImager M2. B) Western blot confirming that the LysoIP pulldown is e!cient and specific, treatment 
groups include +/- 5h 400nM bafilomycin A1 treatment. Lysosomal markers are present in the pulldowns 
(LAMP1, LC3B-II) and whole cell input, while non-lysosomal markers are not present in the pulldowns but 
are present in the whole cell input (GAPDH, LC3B-I, Calnexin, TOMM20). Calnexin is an endoplasmic 
reticulum (ER) marker, TOMM20 a mitochondrial marker, GAPDH and LC3B-I are both cytoplasmic 
markers. Importantly, we do not see a significant LAMP1 signal without the bafilomycin treatment. 50% of 
the total pulldown was loaded compared to 1% of the whole cell input. C) Western blot demonstrating 
the improved pulldown protocol. Changes in the protocol between B & C include using PBS instead of 
KPBS, incubating the beads and sample for 10min at 4°C on a rotator and incubating the samples with 
resuspension bu"er  for 10min at 4°C on a rotator. Lysosomal markers are present at a higher 
concentration than previously illustrated (LAMP1 & LC3B-II) while maintaining the absence of GAPDH. 5% 
of the pulldown was loaded compared to 1% of the whole cell input. D) A silver stain protocol was 
performed to look at the total protein pulldown under three treatment conditions, and compare the 
HEK293 to LysoIP cells. There is a visibly higher signal in the LysoIP group in each treatment condition, 
demonstrating that the pulldown is e"ective. 
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were employed to demonstrate the expression of the HA tag that is absent in wild- 

type cells (Figure 3A & Figure 4E). Due to the desire to isolate lysosomes, it was 

important to ensure that the HA tag is expressed at the proper subcellular location. 

Immunofluorescent microscopy of the HA tag and LAMP1, a classic lysosomal marker, 

confirmed that the two co-localize, thus demonstrating that the construct is correctly 

located (Figure 3A). These techniques allowed for visual confirmation that the 

TMEM192-3xHA construct is expressed in these cells, which will henceforth be referred 

to as LysoIP cells. 

Following the confirmation that LysoIP cells were successfully produced it 

was essential to demonstrate the e"ciency and specificity of the pulldown. LysoIP 

cells were cultured to ~80% confluency and incubated +/- bafilomycin A1 (400 nM 

for 5 hours). Bafilomycin A1 inhibits the acidification of lysosomes, allowing cargo 

to accumulate and therefore increasing the yield of the immunoprecipitation157. 

Lysosomal markers were observed (LAMP1, LC3B-II) in the whole cell fractions and the 

LysoIP pulldowns (Figure 3B). Despite approximately equal expression in the whole cell 

fractions, the signals of LAMP1 and LC3B-II were drastically increased in the pulldowns 

treated with bafilomycin A1. Various non-lysosomal markers were blotted to assess the 

purity of LysoIP pulldowns. Mitochondrial (TOMM20), ER (Calnexin), and cytoplasmic 

(GAPDH, LC3B-I) markers were notably absent from the pulldown samples but present 

in the whole cell fractions (Figure 3B). These results are consistent with previous 

publications104.

Despite the success of these initial experiments, we estimated that only 

about 2% of cellular TMEM192-3xHA was pulled down in our LysoIPs when treated 

with bafilomycin A1. This resulted in the exploration of methodological changes to 

increase the yield. Three primary changes were made to the initial method. First, for 

all wash and resuspension steps KPBS (136 mM KCl, 10 mM KH2PO4, pH 7.25 was 

adjusted with KOH) was initially used – this was changed to standard PBS. Secondly, 
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originally the lysosomal samples were incubated with the magnetic beads for 3 

minutes at room temperature. This was changed to 10 minutes at 4°C on a rotator141. 

Finally, in order to lyse the lysosomes to release the internal contents, they were 

initially incubated in resuspension bu!er (20 mM HEPES, 1 mM EDTA, 150 mM NaCl, 

1% TRITON-X, Phosphatase/proteinase inhibitor) for 5 minutes on ice140. This was 

modified to incubation for 10 minutes at 4C on a rotator to ensure complete lysis. 

These modifications improved yield approximately 10-fold (Figure 3C). Whereas the 

initial protocol required 50% of the total pulldown to obtain approximately equal 

LAMP1 signals to 1% of the whole cell fraction, the new protocol requires solely 5% of the 

pulldown.

Due to the di"culty in obtaining su"cient material from untreated LysoIP 

immunoprecipitations (Figure 3B), it was decided that all treatment conditions would 

contain bafilomycin A1. To test the hypothesis that sodium arsenite conditions would 

result in a distinct lysosomal proteome from starvation, it was necessary to test 

three conditions2,6,97,158. Sodium arsenite treatment induces stress granule formation, 

and upon removal, the stress granules are removed in part by autophagy. To study 

this process and compare it to the other conditions, the sodium arsenite treatment 

condition was explored as follows: sodium arsenite (250 µM, 1 hour) followed by 

bafilomycin A1 in complete media (400 nM, 1 hour). Comparatively, starvation 

conditions were set up as follows: complete media was replaced with Hank’s Balanced 

Salt Solution (HBSS) for 1 hour and then bafilomycin A1 in HBSS (400 nM, 1 hour). 

Finally, as a control a bafilomycin A1 only condition was used: complete media was 

added (1 hour) followed by bafilomycin A1 in complete media (400 nM, 1 hour). From 

this point, these will be referred to as the sodium arsenite, HBSS and bafilomycin A1 

treatment conditions respectively unless otherwise indicated. 

It was confirmed that these three treatment conditions were all able to be used 

successfully within the LysoIP paradigm, strongly enriching lysosome proteins including 
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LAMP1 and LC3-II (Figure 3D). Silver staining was performed on 5% of the pulldown 

for HEK293 and LysoIP cells in all conditions, showing that there is substantially more 

protein present in the LysoIP samples than in the HEK (Figure 3D).

3.1.2 Production and validation of ATG7-/-LysoIP cells. 

After successfully producing LysoIP cells, it became necessary to produce 

ATG7-/- LysoIP cells. Using these cells makes it possible to determine whether specific 

proteins are dependent upon macroautophagy to accumulate within lysosomes, or if 

another process is involved. 

It was first necessary to develop an ATG7-/- HEK293 cell population. This was 

pursued by following a CRISPR-Cas9 knockout protocol as described in Ran et al. 

2013139. Using the cloning construct pSpCas9(BB)-2A-Puro (Figure 4A) and two pre-

designed sgRNA sequences from Integrated DNA Technologies (IDT) (Figure 4B), two 

separate expression plasmids were generated. Plasmid DNA was transfected into 

wild-type HEK293 cells, and clonal populations were generated (Figure 4C & D). With 

the exception of sgRNA1/Clone 1, numerous populations were confirmed to have the 

expected di!erential expressions of certain proteins, an absence of ATG7 and LC3B-

II, and an increase in SQSTM1/p62 expression (Figure 4C & D). LC3-II is decreased 

because ATG7 is a critical enzyme in the lipidation of LC3, therefore an absence of 

ATG7 results in the absence of LC3-II.159. SQSTM1/p62 is a macroautophagic target, 

therefore in the absence of macroautophagy it accumulates as we observe in our 

results (Figure 4D)160,161. 

Following the confirmation of successful ATG7 knockout, a few colonies of these 

cells were infected by the TMEM192-3xHA lentivirus. Expression of the construct was 

confirmed by probing for HA by western blot (Figure 4E). Despite lower levels of HA 

than in the HEK293 LysoIP cells, all ATG7-/- colonies infected by the virus expressed HA, 

at the appropriate weight for TMEM-3xHA, as well. 
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sgRNA1/Colony 2 ATG7-/- and sgRNA1/Colony 2 LysoIP cells were used for 

downstream experiments due to the complete absence of an ATG7 signal and 

increased  HA abundance. From this point forward these will now be referred to 

as ATG7-/- and ATG7-/- LysoIP cells respectively. Both colonies were confirmed to be 

sensitive to puromycin, suggesting that the CRISPR-Cas9 plasmid was transiently 

Figure 4: Developing ATG7-/- HEK293 cells and ATG7-/- LysoIP cells. A) A visual representation of the 
pSpCas9(BB)-2A-Puro plasmid used for the CRISPR knockout. Image retrieved from SnapGene. B) The 
sequences used for the CRISPR knockout. In colour are the sequences obtained from Integrated DNA 
Technologies (IDT), in black are the modifications required to insert the sequences into the plasmid. C) 
Western blot demonstrating the absence of ATG7 in ATG7-/- and the absence of LC3B-II. Cells were 
treated with 1h bafilomycin (400nM). Clonal populations were isolated from single-cell seeded wells. 
sgRNA1 Clone 1 appears to  have remaining ATG7 expression, and was therefore excluded from further 
use. D) Western blot demonstrating an increase in p62 levels in ATG7-/- cells. Cells were untreated. E) 
Western blot confirming expression of the LysoIP construct in the LysoIP ATG7-/- cells. These include 
sgRNA1/Clone 2, sgRNA1/Clone 3, sgRNA2/Clone 1 and sgRNA2/Clone 7. Anti-HA antibody was used to 
confirm expression of the construct. In the proceeding experiments cells sgRNA1/Clone 2 expressing 
LysoIP and sgRNA1/Clone2 were used and referred to as ATG7-/- LysoIP and ATG7-/- respectively. 
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expressed. In the future to further validate the absence of the plasmid’s expression, 

genotyping could be performed.

3.1.3 Major properties are not significantly impacted by the modifications.

In order to make the assertion that LysoIP lysosomes are adequately 

representing wild-type conditions, it was important to validate a few key properties. 

First, the levels of LAMP1 were checked by western blot in all four cell types (HEK293, 

ATG7-/-, HEK293 LysoIP and ATG7-/- LysoIP). These cell types were treated under the 

previously described conditions: bafilomycin A1, sodium arsenite and HBSS. All cell 

types retained equal levels of LAMP1 across all three treatment groups (Figure 5), 

providing justification that neither the construct expression nor the ATG7 knockout 

has a large impact on levels of a common lysosome marker. This is important 

as substantially di!erent lysosome presentations could impact the quantitative 

measurement of the proteome, or the targets of autophagy itself. 

It was also important to observe the reactions of the cell lines to the treatment 

conditions, specifically to assess their stress granule production. HEK293 and HEK293 

LysoIP cells were stained for G3BP and HA (TMEM192-3xHA) after undergoing the 

following treatments: untreated, sodium arsenite (250 µM, 1 h), bafilomycin A1 (400 nM, 

1 h) or HBSS (1 h). There was not a significant di!erence in G3BP behaviour between 

the two cell types. The G3BP localization was di!use in the untreated, bafilomycin 

A1 and HBSS treated cells, however it formed puncta consistent with stress granules 

under the sodium arsenite condition (Figure 6 & Figure 7). The number of G3BP 

positive puncta was consistent across HEK293 and HEK293 LysoIP cells as well. While 

this does not guarantee that the contents of stress granules remain similar between 

the two cell types, it is nevertheless a positive indication that the stress response has 

not been severely changed upon the expression of the LysoIP construct.
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3.2 Comparing the lysosomal proteome of cells exposed to starvation vs. oxidative 
stress.

3.2.1 Verifying the enrichment of lysosomes within samples.

It was important to ensure that the lysosomal immunoprecipitation was 
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Figure 5: Expression of the LysoIP or ATG7-/- construct does not significantly impact the expression of 
LAMP1 across three treatment groups. When defining significance as p < 0.05, LAMP1 expression does 
not change significantly across the four cell types (HEK293, ATG7-/-, HEK293 LysoIP or ATG7-/- LysoIP) when 
treated with bafilomycin A1 (A, 400nM), sodium arsenite (B, 250µM ) or Hank’s Balanced Salt Solution 
(HBSS) (C). All signals were normalized to the expression of LAMP1 in HEK293 cells. A) The mean with 
standard deviation (SD) is graphed for n=3 per cell type. B & C) The mean with standard deviation is 
graphed for n=4. Ordinary one-way ANOVAs were performed with Tukey’s multiple comparison test. 
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Figure 6: Immunofluorescence of G3BP and HA in wild-type HEK293 cells under di!erent conditions. 
These images demonstrate the absence of HA expression in wild-type cells, across four conditions; 
untreated, bafilomycin A1 (1h, 400nM), sodium arsenite (1h, 250µM) and HBSS (1h). Additionally, they 
show that when treated with sodium arsenite G3BP forms puncta consistent with stress granules. 
Comparing these results to Figure 7 demonstrates that stress granule formation is seemingly not 
significantly impacted by the expression of the LysoIP construct. 

successful before any samples underwent LC-MS. Western blot probing was 

performed on all samples prior to LC-MS preparation, and representative images of 

the three treatment conditions are shown in Figure 8. Samples were probed for two 

lysosomal markers, LAMP1 & LC3B-II, and two cytoplasmic markers, GAPDH & LC3B-I. 
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Figure 7: Immunofluorescence of G3BP and HA in HEK293 LysoIP cells under di!erent conditions. 
These images demonstrate the expression of HA in the HEK293 LysoIP cells, due to the expression of the 
TMEM192-3xHA construct. The images were taken after exposure to four treatment groups; untreated, 
bafilomycin A1 (1h, 400nM), sodium arsenite (1h, 250µM) and HBSS (1h). Additionally, after exposure to 
sodium arsenite G3BP forms puncta consistent with stress granules. This is comparatively similar to the 
reponse of HEK wild type cells to the same conditions as demonstrated in Figure 6. 
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As expected, HEK293 & ATG7-/- cells do not demonstrate any successful pulldown. 

Additionally, the ATG7-/- and ATG7-/- LysoIP samples do not express LC3B-II, validating 

that standard macroautophagy contents are not localized to the lysosome in ATG7-/- 

cells as expected.
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Following these tests samples were prepared for LC-MS. There were three 

treatment conditions analyzed: bafilomycin A1, sodium arsenite and HBSS. Bafilomycin 

A1 represents the control, as only an extremely limited amount of lysosomes was 

recovered from untreated cells (Figure 3B). Furthermore, bafilomycin A1 treatment is 

a better control for both the sodium arsenite & HBSS treatments which also include 

bafilomycin A1. For the initial round of testing only two cell types were analyzed per 

condition – HEK293 and HEK293 LysoIP cells. The pulldown protocol was performed on 

both cell types, and it was these pulldowns that were used for downstream analysis. 

LC-MS analysis produced 3831 unique protein identifications after the elimination of 

contaminants and reverse sequences.

Initial analyses were performed using the proteus package in R. Comparing the 

LFQ values from the HEK293 cells to the HEK293 LysoIP cells demonstrated a significant 

enrichment of lysosomal markers in the LysoIP samples in both the sodium arsenite 

treatment group (Figure 9A) and the HBSS treatment group (Figure 9B). These results 

are summarized by volcano plots plotting the log2 Fold Change by the -log10 P-value. 

While it would be valuable to plot TMEM192 on this plot, seeing as it is the protein 

attached to the HA tag in LysoIP samples, its enrichment cannot be plotted on the 

volcano plot due to it being entirely absent from the HEK293 cell pulldowns (Figure 

9C). Individual intensities per replicate are visualized for four lysosomal markers, 

TMEM192, CD63, LAMP1 and LAMP2 in Figure 9C.

These results indicate the success of the lysosomal pulldowns as both the 

western blots and the LC-MS analysis show an enrichment of lysosomal proteins in the 

LysoIP group across treatment conditions. Knowing this, it is now possible to explore 

the di!erences in lysosome contents between sodium arsenite and starvation (HBSS) 

treatments.
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3.2.2 Understanding the di!erence in lysosomal proteins between starvation 
and sodium arsenite treated cells. 

In order to be able to properly analyze these treatment conditions, an analysis 

software designed for immunoprecipitation data was used – Mass spectrometry 

Interaction STatistics (MIST)146. This software works by comparing input samples and 

looks for proteins unique to each condition by looking at three qualities: reproducibility 

(variability across replicates), abundance (peak intensity value), and specificity 

(uniqueness of the interaction). This amasses into one MIST score that can range 

from 0-1, the higher the score the more likely it is to be a hit. The value of this scoring 

platform is that it will enable the calculation of lysosomal hits and treatment specific 

hits. Because the formula attempts to find hits unique to each inputted group, if one 

inputs solely the LysoIP and HEK293 samples for one condition it is possible to identify 

hits specific to the LysoIP sample within said condition – i.e. lysosomal hits. This 

analysis is the identification of proteins that are not found in the HEK293 sample, and 

are therefore specifically lysosomal. 

If one inputs all samples for all conditions, it is possible to find hits unique to one 

treatment, for example, the sodium arsenite LysoIP group – i.e. treatment specific hits. 
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Figure 8: Verification of lysosomal pulldown before preparation for mass spectrometry. In advance of 
downstream analysis, each replicate was tested for e!ciency and purity through western blot. The 
samples were probed for LAMP1 (lysosomal marker), GAPDH (cytoplasmic marker), LC3B-I (cytoplasmic 
marker) and LC3B-II (lysosomal marker). There were three treatment groups: bafilomycin A1 (1h new 
media, 1h 400nM bafilomycin), sodium arsenite (1h 250µM arsenite, 1h 400nM bafilomycin) and HBSS 
(1h HBSS, 1h HBSS + 400nM bafilomycin). LAMP1 is present in all lysosomal pulldowns at approximately 
equal levels, while GAPDH and LC3B-I are present solely in the whole cell fraction. LC3B-II is present in 
the pulldown and whole cell fraction of LysoIP cells, but not in ATG7-/- or ATG7-/-LysoIP cells. 
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The sodium arsenite LysoIP treatment specific hits are therefore proteins identified by 

MIST to be unique to sodium arsenite lysosomes and are not found in the bafilomycin 

A1 or HBSS lysosomes. The sodium arsenite lysosomal hits are those that are identified 

as lysosomal, and may overlap with bafilomycin A1 or HBSS lysosomal hits because 

each condition was analyzed independently.  

The MIST score is arbitrary and is not related to a False-Discovery Rate (FDR) or 

A

CD63

LAMP1
LAMP2

p = 0.05

LAMP2

LAMP1

CD63 p = 0.05
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Figure 9: Expression of lysosomal proteins as analyzed by mass spectrometry. Raw mass 
spectrometry results were processed by MaxQuant on Galaxy.org, and further analyzed using the 
proteus package in R as per the instructions in the proteus reference manual. A) Analysis of the label-free 
quantification (LFQ) intensity of all protein hits between HEK293 LysoIP and HEK293 lysosomal pulldowns 
treated under the sodium arsenite condition (1h 250µM sodium arsenite, 1h 400nM bafilomycin A1) 
demonstrates that LAMP1, LAMP2 and CD63 are all significantly enriched in the LysoIP group. This 
supports the assertion that the analyzed samples are highly enriched in lysosomes. B) Similarly, analysis 
of the LFQ intensity of all protein hits between HEK293 LysoIP and HEK293 lysosomal pulldowns treated 
under the HBSS condition (1h HBSS, 1h HBSS + 400nM bafilomycin A1) demontrates significant 
enrichment of LAMP1, LAMP2 and CD63. C) Demonstrates the Log Intensity for each described protein, 
per replicate (n=3 for all conditions). The graphic demonstrating the intensity of TMEM192 expression 
explains why it is not present in the volcano plots of A & B, as there is no expression of this protein in any 
of the HEK groups. 
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p-values. For this reason, we opted to use a MIST score of 0.6 or above as a threshold 

to a hit in this analysis. The benchmark of 0.6 was identified by inspecting the data 

and assessing a score that demonstrated a high enrichment of lysosomal proteins as 

identified by gene ontology (Figure 10B & Figure 19).

Based on these definitions, one would expect lysosomal markers to be common 

in all three treatments: bafilomycin A1, sodium arsenite and HBSS. However, each 

treated group of lysosomes will also contain its own unique treatment specific cargo. 

This is what is observed between the sodium arsenite and HBSS groups, which 

share 521 lysosomal hits as determined by MIST (Figure 10A). When analyzed for 

gene ontology cellular components, these overlapping genes are highly enriched 

in lysosomal terms (Figure 10B). This indicates that the primary components of the 

overlapping hits relate to the lysosome. However, the lysosomal hits that were only 

identified in the sodium arsenite condition present a very di!erent cellular component 

profile as compared to those only identified in the HBSS condition (Figure 10C & 

D). The 616 lysosomal hits only identified in sodium arsenite show enrichment in 

secretory components and ficolin-1-rich granules, whereas the 178 unique HBSS hits 

are primarily enriched in mitochondrial proteins. These results demonstrate that 

the protein content the sodium arsenite and HBSS lysosomes have in common are 

primarily related to the lysosome itself, while their individual lysosomal hits are quite 

distinct from each other.

In a quest to further define the changes occurring between treatment groups, 

Ingenuity Pathway Analysis (IPA) software was used to identify any di!erentially 

enriched canonical pathways. To use this software, it was required to produce a 

log2(foldchange) for each condition. This was accomplished by using the LysoIP 

lysosomal hits MIST scores for sodium arsenite and HBSS and comparing each 

individually to the bafilomycin A1 equivalent scores. Therefore, the initial fold changes 

were determined by comparing the treatment groups of interest (sodium arsenite 
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Figure 10: Despite sharing many  hits, lysosomes from sodium arsenite and HBSS treated cells 
contain distinct cellular component enrichments. The mass spectrometry results were analyzed using 
Mass Spectrometry Interaction STatistics (MIST) as described in Jaeger et al. 2011. In order to describe 
lysosomal hits within each treatment group, the HEK293 LysoIP and HEK293 samples from each each 
treatment were analyzed using the software separately from other treatment groups. A protein was 
considered a lysosomal hit if the MIST score was 0.6 or above. A) The sodium arsenite treatment group 
contained 616 specific lysosomal hits, and 521 shared hits with the HBSS treatment group. The HBSS 
treatment group resulted in 178 individual lysosomal hits. B) The 521 shared lysosomal hits were put 
through an overrepresentation analysis using WebGestalt looking for Cellular Component geneontology 
enrichments. The colour and size of the dots scale up as the number of genes present in each category 
increases. The top 10 hits are labeled. The overlapped genes are significantly enriched for lysosomal 
and vacuolar geneontology terms. C) The 616 specific lysosomal hits to the sodium arsenite treatment 
group were analyzed as described in B), here we see enrichment in a number of components including 
various vesicles, ficolin-1 rich granules and the endoplasmic reticulum. D) The 178 specific lysosomal hits 
to the HBSS treatment group were analyzed as described in B), in this treatment we see significant 
enrichment in various mitochondrial components, in addition to the Golgi apparatus. The geneontology 
terms between C & D do not overlap, indicating specific enrichments within each treatment condition’s 
lysosomes.
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or HBSS) to the control (bafilomycin A1). From there it was possible to compare the 

enrichment changes of sodium arsenite vs. HBSS in various pathways. There were 

numerous identified pathways with di!erential enrichments (Selected pathways: 

Figure 11A, all significant pathways with |z score| > 2: Figure S1), however we focused 

on those with the most drastic di!erences between sodium arsenite and HBSS as they 

are the most interesting to further analyze. It is also important to keep in mind that 

the changes in presence of pathways here, represent changes of abundance within 

the lysosome, a degradative organelle. Therefore, if proteins are enriched within the 

lysosome that indicates they are being degraded, and this may result in a decrease 

of its levels within the whole cell. This would not occur under these experimental 

conditions due to the presence of bafilomycin A1 preventing degradation, however it 

would under homeostatic conditions.  Notably nine of the ten proteins in the ‘Purine 

Nucleotides De Novo Biosynthesis II’ pathway were increased in the sodium arsenite 

treated samples (Figure 11B & Figure 15A). Comparatively, six proteins were decreased, 

two were increased and two were not identified  in the HBSS treated samples. One 

of the proteins absent from the HBSS treatment condition was PPAT, which was 

highly enriched in the sodium arsenite treated samples. The only protein from this IPA 

pathway not identified by LC-MS in either sample was IMPDH1, which is an isoform 

of the IMPDH enzyme. The second isoform, IMPDH2 was however identified and was 

enriched in the sodium arsenite condition. 

As sodium arsenite is a model of ALS-like conditions, one goal of the project 

was to determine if there were any ALS-linked proteins within the sodium arsenite 

lysosomal contents. Ten causative or ALS risk factor proteins (TMEM106B, SOD1, VAPB, 

DCTN1, PFN1, TUBA4A, SQSTM1/p62, VCP, CHMP2B & TARDBP) were identified as 

localizing to the sodium arsenite treated lysosomes by their MIST score (Table 3). Table 

3 also demonstrates the MIST score of these proteins under the HBSS condition. Three 

proteins have MIST scores above 0.6 in both the HBSS and sodium arsenite treatment 
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groups: TMEM106B, SQSTM1/p62 and VAPB. However, the remaining seven only attain 

the MIST benchmark of 0.6 in the sodium arsenite lysosomes.

In addition to the lysosomal proteins discussed above, it is also possible to 

identify proteins that are purely unique to a single treatment, treatment specific hits. 

Instead of calculating a MIST score comparing only HEK293 and HEK293 LysoIP 

samples from a single treatment group, all three treatment groups (bafilomycin A1, 
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Figure 11: Di!erent pathways are enriched in lysosomal hits depending on the treatment condition. 
The fold change of each protein detected by mass spectrometry was calculated by comparing the 
bafilomycin MIST score to either the sodium arsenite or HBSS MIST score. This allowed for two lists, 
demonstrating which proteins in sodium arsenite or HBSS were di!erentially expressed as compared to 
the bafilomycin treated samples. This data was transformed into a log2 fold change and inputted into 
Ingenuity Pathway Analysis (IPA), which enabled the calculation of pathway enrichment or lack thereof. 
A) This figure demonstrates a selection of di!erentially expressed pathways wherein the Z-score of the 
sodium arsenite vs. HBSS conditions were highly di!erentiated. It shows pathways where there was an 
upregulation in one treatment condition but a downregulation in the other. B) This figure demonstrates 
the expression fold change of each protein involved in the purine biosynthesis pathway - one of the 
pathways present in A. All of the proteins in the sodium arsenite treatment condition are enriched, or not 
present. Comparatively, the majority of the proteins in the HBSS condition are downregulated. 
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sodium arsenite and HBSS) are input at the same time. This results in a more stringent 

scoring system as there is more inputted data. It is similar to looking at lysosomal hits 

unique to HBSS or sodium arsenite (Figure 10C & D), however it is a more stringent 

analysis and narrows down the results. The resulting hits could be indicative of proteins 

that may solely be targeted under one condition or provide hints as to targeted 

processes (Figure 12 & Figure 13). This therefore explains the absence of typical 

lysosomal markers, these would not be considered unique to a single treatment group 

as they are present in all LysoIP samples regardless of treatment. These treatment 

specific hits represent a very small fraction of the total number of identified proteins, 

the sodium arsenite treatment specific hits (47 proteins) represent just 1.2% of the total 

identified proteins, and the HBSS treatment specific hits (20 proteins) represent just 

0.5%. Networks of sodium arsenite and HBSS-specific LysoIP contents were created 

using the stringApp in the Cytoscape program. Using the COMPARTMENTS scoring 

system, it was possible to identify proteins within each network that met the highest 

score for specific subcellular compartments150. One of the most obvious di!erences 

between the two is that the sodium arsenite treatment specific hits contains a high 

Table 3: Certain ALS-linked proteins are enriched in lysosomes from sodium-arsenite treated cells 
but not from starvation or bafilomycin treated cells. This table displays ALS-linked proteins that had a 
lysosomal hits MIST score greater than or equal to 0.6 in the sodium arsenite condition.
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percentage of nuclear proteins (14.9%) compared to the HBSS treatment specific hits 

which contain none, this aligns with the documented nuclear export of many proteins 

upon sodium arsenite treatment162. In contrast, HBSS treatment specific hits have more 

cytoskeletal (10%) and mitochondrial hits (20%) than seen in sodium arsenite (2.13% 

cytoskeletal, 2.13% mitochondrial). This is indicative of the two treatment conditions 

resulting in vastly di!erent cargo. 

Cytoscape clusterMaker2 was used to analyze each treatment specific network. 

HBSS treatment specific hits were enriched in mitochondrial categories, while the 

sodium arsenite treatment specific hits result in more varied clusters with categories 

ranging from carbon metabolism to purine biosynthesis (Figure 12 B & C, Figure 13 

B & C). One enrichment category found in the sodium arsenite group is oxidation 

reduction (Figure 12B). This aligns with what we know about sodium arsenite treatment 

– seeing as sodium arsenite induces oxidative stress and within mammalian cells it 

is metabolized through reduction and oxidative methylation163. A few of the proteins 

identified to participate in the oxidation-reduction reaction have been linked directly 

to response to sodium arsenite, and TXNRD1 one of the clustered proteins has been 

identified as a modifier of familial ALS164–166. Two other enrichment categories in 

the sodium arsenite treatment specific hits are ‘purine biosynthesis’ and ‘purine 

ribonucleoside monophosphate biosynthesis’, these are particularly interesting as it 

replicates results seen from the IPA analysis (Figure 11). IPA and Cytoscape respectively 

show that enrichment of purine biosynthesis proteins are found in both sodium 

arsenite lysosomal hits, and in sodium arsenite treatment specific hits. 

To investigate in more detail the enrichment of purine biosynthesis enzymes 

in LysoIP samples, a volcano plot of identified proteins in sodium arsenite HEK293 

LysoIP vs. HBSS HEK293 LysoIP pulldowns, was generated (Figure 14). The majority 

of these purine biosynthesis proteins were enriched in the sodium arsenite-treated 

condition, and four of them significantly so (PFAS, IMPDH2, ADSS2 and PAICS). One of 
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Figure 12: Network of sodium arsenite specific hits reveals enrichment of certain subcellular 
compartments and pathways. In order to calculate protein hits specific to each treatment condition, all 
of the LFQ intensity values for the bafilomycin, sodium arsenite and HBSS conditions were run through 
the MIST software simultaneously. This allowed the software to identify hits specific to each condition. 
Hits were determined to be proteins with scores at or above 0.6. A) This is a network of all the sodium 
arsenite hits, produced through the stringApp on the Cytoscape software. This software identifies 
functional and/or physical interactions between proteins. The width and transperency of the links 
between proteins is determined by the aggregate score, calculated by taking into account textmining, 
database information, experimental results, coexpression, cooccurence and fusion. The darker and wider 
the link, the stronger the confidence in the relationship. Various proteins within the network have been 
highlighted using COMPARTMENTS analysis as described in Binder et al. 2014. Briefly, a score of 
confidence is assigned towards the localization of a protein from one star (lowest confidence) to five 
stars (highest confidence). Only localizations with a score of five stars are highlighted here. 14.9% are 
nuclear, 2.13% are mitochondrial and 2.13% are cytoskeletal. B & C) Clustering analysis was performed 
through Cytoscape using the clusterMaker2 application. The top two identified clusters are shown in B & 
C. The top three enrichment categories are shown in varying colours, ranked by their false discovery rate 
(FDR). Individual proteins are highlighted according to their presence in the labeled categories.
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them, PPAT, was not identified within the HBSS treatment condition, and is therefore 

not present on the volcano plot but does represent a protein of interest because of 

this. Also represented on this volcano plot are ALS-linked proteins and stress granule 

markers. Interestingly, none of the stress granule markers are significantly enriched 

in LysoIP samples in the sodium arsenite-treated condition (PABP, G3BP1, TIA1). This 

is interesting as previous research has indicated that stress granules are cleared by 

autophagy41,167. One ALS-linked protein of interest reached significance and is enriched 

within the arsenite treated condition – SOD1. There have been di!ering reports on 

whether or not wild-type SOD1 co-localizes to stress granules and it is not classically 

considered a stress granule marker, however the mutant protein is a causative ALS 

gene and widely reported to impact stress granule dynamics168–170. 

Figure 13: Network of HBSS specific hits reveals enrichment of certain subcellular compartments and 
pathways. The analysis was performed as described in Figure 12. A) This is a network of all HBSS 
specific hits, wherein proteins with five star localization scores are highlighted by their locale. 20% of the 
proteins are labeled as mitochondrial, and 10% as cytoskeletal according to the COMPARTMENT 
database. There are no nuclear proteins. B & C) The clusterMaker2 algorithm returned two clusters of 
significance from the HBSS network, and are shown here. The top three enriched categories, as 
determined by their FDR, are highlighted for each cluster. The individual proteins are coloured 
depending on their association with the categories. Amongst these two clusters is an enrichment in 
mitochondrial categories. 
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PPAT HAD NO SIGNAL IN HBSS SO 
COULD NOT BE SHOWN ON PLOT

Figure 14: Enrichment of proteins in lysosomes from sodium arsenite treated cells as compared to 
HBSS treated. The following graphics were produced using the proteus package in R, and analyzed 
according to the recommended instructions described in the reference manual. A) The LFQ intensities of 
each protein were compared between the sodium arsenite and HBSS treated samples in order to 
calculate the fold-change and p-value. Highlighted on the graphic are various categories of interest 
including select ALS-linked proteins (turquoise), stress granule markers (brown) and all of the proteins 
present in the purine biosynthesis pathway (pink). One notable protein of the purine synthesis pathways 
excluded from the plot is phosphoribosyl pyrophosphate amidotransferase (PPAT), which was not 
isolated from the HBSS treated samples, and is therefore highly enriched in the sodium arsenite treated 
samples. B) These plots demonstrate the distribution of intensities for IMPDH2, SOD1 and PPAT - all 
proteins significantly enriched in the sodium arsenite treated condition. n=3 for all treatment conditions. 
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Due to the reoccurring presence of purine biosynthesis as a pathway hit, and 

many of its proteins being enriched in the sodium arsenite lysosomes, this encouraged 

a more thorough look at how the molecules that make up this pathway may be 

related to stress granule formation (Figure 16), and ALS in general (Figure 17). While 

neither stress granule or ALS related pathways were identified to be enriched by IPA, 

it is possible that some of the enrichments the analysis did identify are linked to these 

processes. It was of particular interest to look at the purine biosynthesis pathway 

because of its replicability. These networks were built using IPA by looking at any links 

between the purine biosynthesis pathway molecules - including involved proteins 

and molecular byproducts. While there were numerous interactions between purine 

biosynthesis molecules and both ALS and stress granules through intermediates, the 

lack of direct interactions makes it di"cult to be sure of a true link. These interactions 

do however represent potential interactions to study more at a later date. The one 

interaction that exists purely between a purine biosynthesis pathway molecule and ALS 

is through L-glutamic acid (Figure 17). IPA classifies L-glutamic acid as a synonym for 

L-glutamate/glutamate, which can be seen as a by-product in a number of reactions 

along the pathway (Figure 15). Glutamate has widely been reported to be increased 

in the cerebrospinal fluid of ALS patients, in up to 40% of sporadic patients171,172. Not only 

that, but glutamate excitotoxicity  is a prevailing theory behind the cell death observed 

in ALS patients and is potentially the event targeted by Riluzole, an ALS drug173. While it 

is tempting to make a connection between the two, glutamate is involved in so many 

processes that it would require much more information about the role the purine 

Figure 15: Changes in purine pathway protein expression levels depending on treatment and cell 
type. The following graphics were made using IPA software. A) The overlay of the purine biosynthesis 
pathway here is using data measuring the change of protein enrichment in sodium arsenite treated 
samples as compared to bafilomycin A1 treated samples. All of the involved proteins are upregulated in 
the sodium arsenite treated samples, in particular PPAT, which is highlighted on the graphic. Also 
highlighted is the rate limiting protein for guanosine monophosphate (GMP) synthesis, IMPDH2. B) The 
overlay of the purine biosynthesis pathway here is looking at the change in sodium arsenite treated wild 
type vs. ATG7-/-cells. This demonstrates that the majority of the proteins of the pathway localize to the 
lysosomes at least partially in an ATG7 dependent fashion.
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biosynthesis pathway plays in ALS to make any kind of reasonable determination. 

Furthermore, the excess glutamate present in many ALS-patients is typically explained 

by altered expression of the glutamate transporter, EAAT2172.

These results beg the question, how would the absence of ATG7, and in turn 

macroautophagy itself, impact the presence of these proteins in sodium arsenite 

lysosomes. It would be beneficial to be able to determine if the proteins that are a part 

of this pathway are degraded by macroautophagy or not.

3.3 The absence of ATG7 impacts the degradation of purine biosynthesis pathway 
proteins.

In order to analyze the impact of ATG7-/- on sodium arsenite lysosome 

pulldowns, new pulldowns were performed from ATG7-/- cells and compared to 

the existing sodium arsenite-treated pulldowns. While this is not ideal, it became 

necessary, and the samples were prepared in identical fashions.  We focused on the 

sodium arsenite condition for this analysis.

3.3.1 The lysosomal immunoprecipitations are enriched in lysosomal proteins.

As with the previous samples, it was important to ensure that the samples being 

analyzed were highly enriched with lysosomal proteins. Before LC-MS processing 

this was checked by western blot (Figure 8). Probing for lysosomal markers (LAMP1) 

and cytoplasmic markers (GAPDH, LC3B-I) ensured that these samples were indeed 

lysosomal immunoprecipitations. The absence of LC3B-II was continued evidence of 

the absence of ATG7 and macroautophagy in these cells.

After LC-MS, and raw data analysis by MaxQuant, the HEK293 LysoIP and 

ATG7-/- LysoIP cellular component enrichments of their respective lysosomal hits were 

compared. Not only were the vast majority of both of their hits lysosomal, but they both 

had the same top 10 hits (Figure 19). This demonstrates that lysosomal contents are 

only moderately a!ected by ATG7-/-. 
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Figure 16:  Linking the purine synthesis pathway to stress granule formation. The links in this network 
were constructed using IPA. This network demonstrates potential links between purine synthesis pathway 
molecules (pink) and the formation of stress granules through various intermediate proteins (blue). The 
links visualized here do not represent all possibilities, but were chosen either for the strength of the 
interaction or the perceived interest. 
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between ALS and purine synthesis pathway molecules (pink) through interactors (blue). Only one purine 
synthesis pathway molecule is linked to ALS without an intermediate, L-glutamic acid. The links visualized 
here do not represent all possibilities, but were chosen either for the strength of the interaction or the 
perceived interest. 
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3.3.2 Various pathways are impacted by ATG7-/-, including the purine
 biosynthesis pathway.

In order to compare the LysoIP pulldown to the ATG7-/- LysoIP pulldown, their 

respective MIST scores were used to calculate the fold change. IPA was used to 

analyze the changes to canonical pathways in the ATG7-/- LysoIP lysosomes (Figure 

20A). Pathways with z-scores above an absolute value of 2 are shown on the graph 

in Figure 20A, as this corresponds to a p-value ≤ 0.05174. Pathways with negative 

z-scores were decreased in the ATG7-/- lysosomes, indicating they were reliant on 

macroautophagy to be targeted to the lysosome. 

As expected, autophagy had a negative z-score, indicating that proteins 

involved in autophagy are decreased within the lysosome from ATG7-/- cells. One 

particular example has already been demonstrated, and that is LC3B-II.

Since proteins of the purine biosynthesis pathway were specifically found in 

HEK293 LysoIP samples from sodium arsenite-treated cells, we queried whether 

macroautophagy was required for their presence in lysosomes using samples from 

ATG7-/-  LysoIP cells. Indeed, proteins involved in the purine biosynthesis pathway were 

decreased in LysoIP samples from ATG7-/- LysoIP cells with a strongly negative z-score 

(Figure 20A) and 73% (8/11) of its proteins decreased in ATG7-/- LysoIP samples (Figure 

20B & Figure 15B). 

After looking at the whole pathways, it was of interest to observe some of the 

relevant proteins individually. This was done through use of a volcano plot that shows 

the changes of protein expression from HEK293 LysoIP to ATG7-/- LysoIP samples 

(Figure 21). Various lysosomal proteins were observed, ideally the majority would 

not have changed significantly from one cell type to the other. This occurred for 

two of them, RAB9A and LAMP1. That LAMP1 remains essentially unchanged tracks 

with the initial western blots performed prior to LC-MS. However, two others were 

significantly reduced in the ATG7-/- LysoIP samples including TMEM192 – which is the 

protein attached to the HA tag. Due to these results, it will be important to consider 
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Figure 18: IMPDH2 and PPAT contain may low complexity domains (LCDs). The protein sequences of 
both IMPDH2 (A) and PPAT (B) were analyzed using PlaToLoCo, a web-based tool that combines five 
di!erent tools aimed at discovering LCDs. PlaToLoCo was first described in Jarnot et al. 2020. The two 
figures show the localization of possible LCDs along the protein sequence, and underneath show the 
specific location and tool that was used to discover it. The use of multiple tools to find these LCD allows 
for the visualization of di!erences in biases, granularity and definitions of LCDs, and therefore provides a 
more accurate picture of what may indeed be a LCD in function. 
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Figure 19: Sodium arsenite treated ATG7-/- and wild type cell pulldowns are both enriched in   
lysosomal proteins. Samples from HEK 293 LysoIP and ATG7-/- LysoIP pulldowns were prepared for 
mass spectrometry. These results were analyzed here for Cellular Component enrichment by   
WebGestalt. These graphs demonstrate that both HEK293 LysoIP (A) and ATG7-/- LysoIP (B) pulldowns 
are highly enriched in lysosomal proteins, indicating that the pulldown was e!cient and specific in both 
cell lines - despite the knockout of ATG7.
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that pulldown e"ciency may have changed across the two cell types, even if that was 

not initially obvious from the original western blots (Figure 8). What was observed 

amongst the lysosomal proteins, and expected, is a highly significant decrease in LC3B 

expression due to the absence of LC3B-II. 

The second group of analyzed proteins were ALS-linked proteins. TMEM106B 

was significantly reduced in ATG7-/- LysoIP samples suggesting it is dependent on 

macroautophagy in order to be degraded under these conditions. Intriguingly, FUS is 

more highly represented in the ATG7-/- lysosomes than in the wild-type. One notable 

A

B

Figure 20: Knockout of ATG7 results in significant changes to pathway enrichment in lysosomes from 
sodium arsenite treated cells. The graphs were created using the IPA software, and demonstrate the 
change in pathways in ATG7-/- LysoIP lysosomes as compared to HEK293 LysoIP lysosomes. A) Highlights 
the pathways with z-scores with an absolute value ≥ 2, and a p-value < 0.05. The y-axis depicts the -log 
of the p-value, while the colour of the columns indicates the z-score. B) Using the same pathways as in A, 
this graphic depicts the percentage of proteins within each pathway that were up or downregulated. 
The numbers above each column indicate the total number of proteins within each pathway.
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exception from the volcano plot is SOD1, it was not identified at all in the ATG7-/- LysoIP 

samples, and therefore represents a protein that is potentially highly dependent upon 

ATG7 for its localization to the lysosome.

Finally, all of the proteins within the purine biosynthesis pathway that were 

identified by LC-MS were plotted for their di!erences between wild-type and ATG7-/- 

LysoIP cells. IMPDH2 and GART were both significantly reduced in ATG7-/- lysosomes. 

On the other hand PPAT, which was highly enriched when comparing sodium arsenite 

to HBSS lysosomes, was not significantly impacted by ATG7-/-.

3.4 Validation of altered protein expression across treatment groups and cell types.

3.4.1 Selecting proteins for further investigation. 

Across all the analyses, the purine biosynthesis pathway kept showing up as 

being altered by both treatment conditions and macroautophagy. This pathway was 

enriched in sodium arsenite lysosomes and saw a significant decrease in  ATG7-/- 

LysoIP samples. Due to this, two proteins from this pathway were chosen for further 

analysis: PPAT and IMPDH2. PPAT was the most highly enriched protein from the 

purine biosynthesis pathway (Figure 15A) and was not actually identified in the HBSS 

lysosomes (Figure 14B). This, in addition to the fact that it is the rate-limiting protein for 

the entire purine biosynthesis pathway, makes it an intriguing target to follow up on. 

IMPDH2 was also highly enriched when comparing sodium arsenite to HBSS treated 

lysosomes (Figure 14A & B), and was significantly reduced within lysosomes upon  

ATG7-/- (Figure 21). IMPDH2 is also the rate-limiting step to the GMP-producing branch 

of the synthesis pathway. Furthermore, both proteins were shown to be in the sodium 

arsenite treatment specific hits (Figure 12). This makes both proteins highly important 

to the synthesis of purines, and strong candidates for regulation by autophagy. 

Notably, mammalian IMPDH2 and its yeast homolog were found to co-localize 

with stress granules along with other purine biosynthesis enzymes118. This suggests 
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Figure 21: Di!erential enrichment of proteins in lysosomes from sodium arsenite treated ATG7-/- cells 
as compared to sodium arsenite treated HEK293 cells. These graphics were produced using the 
proteus package in R. A) Volcano plot depicting the di!erential enrichment of proteins in ATG7-/- 
lysosomes as compared to wild-type. Highlighted on the graph are select lysosomal markers 
(magenta), purine synthesis proteins (pink) and select ALS-Linked proteins (turquoise). B) The intensity 
data for eight proteins of interest are represented in these graphs, all of which have been treated with 
sodium arsenite. n = 3 for sodium arsenite treated HEK293, HEK293 LysoIP & ATG7-/-; n = 6 for sodium 
arsenite treated ATG7-/- LysoIP.
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these proteins could be degraded by autophagy as part of stress granules. Proteins 

that localize to stress granules frequently have low complexity domains (LCDs) or are 

RNA-binding proteins (RBPs). In an attempt to determine if either protein contained 

either property, two tools were used: PFAM domains175 (RBPs) and PlaToLoCo152 (LCDs). 

Neither IMPDH2 nor PPAT contained RNA-binding domains or RNA recognition motifs 

identified by PFAM. PlaToLoCo uses 5 separate LCD-identifying tools simultaneously, 

and while a few were identified in both proteins neither were wholly convincing when 

compared to TDP-43 that is known to contain LCDs (Figure 18 & Supplemental Figure 

2). The LCDs in IMPDH2 were solely identified by one of the tools, and in PPAT by two 

of them (Figure 18). Comparatively, TDP-43 LCDs identified by four of the tools (Figure 

S2). 

Another intriguing hit was SOD1 which has showed up consistently throughout 

experiments as localizing to sodium arsenite lysosomes. It was found to be significantly 

increased in sodium arsenite as compared to HBSS lysosomes (Table 3 & Figure 14), 

and it was not identified in ATG7-/- lysosomes (Figure 21). This makes it an intriguing 

protein to follow up on as well.

3.4.2 Lysosomal IMPDH2 levels drop in lysosomes from ATG7-/- cells, but whole
 cell levels are not impacted. 

Western blots were performed across lysosomal pulldowns for all cell types 

and all treatment conditions. The IMPDH2 levels were normalized to LAMP1, as it 

is a lysosomal marker and typical housekeeping proteins are not applicable in this 

situation. The LAMP1 levels in ATG7-/- LysoIP pulldowns do appear to be less intense 

than in HEK293 LysoIP samples, which may help compensate if the pulldown e"ciency 

was impacted (Figure 22A). Future work should attempt to use the HA signal from 

TMEM192-3xHA to normalize the IMPDH2 signal to confirm these results. In the sodium 

arsenite treatment condition, ATG7-/- significantly reduced lysosomal levels of IMPDH2 

in LysoIP samples (Figure 22A). Furthermore, there was significantly increased IMPDH2 
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levels in the lysosomes treated with sodium arsenite as compared to the HBSS and 

bafilomycin A1 treatments. These results indicate that IMPDH2 is at least partially 

dependent on macroautophagy for its localization to the lysosome, and this tra"cking 

to the lysosome is increased in sodium arsenite conditions.

Despite its significant change in the lysosome, whole cell levels of IMPDH2 

are not significantly impacted by sodium arsenite, or loss of ATG7 (Figure 22B). The 

lack of change due to ATG7-/- can likely be explained by the fact that the sodium 

arsenite treatment condition includes a treatment with bafilomycin, so while IMPDH2 

may accumulate in the lysosomes it is not being degraded in either cell type thus 

maintaining an equal protein signal at the whole cell level. It would be beneficial to 

repeat these experiments without bafilomycin treatment to assess the response of 

whole cell IMPDH2 under sodium arsenite treatment in ATG7-/-  cells.

Due to the fact that there is still IMPDH2 present in ATG7-/- lysosomes, albeit 

at a lower level, one tempting hypothesis is that this is due to an alternative form of 

autophagy. In a quest to determine whether IMPDH2 may be a target of CMA, the 

KFERQ finder web tool was used51. Nine KFERQ-like motifs were discovered in the 

IMPDH2 sequence (Figure 24). This certainly makes it feasible that this protein is a 

target for CMA, which may explain its continued presence in lysosomes. The presence 

of KFERQ-like motifs in IMPDH2 is comparable to known CMA substrates such as 

GAPDH (three KFERQ-like motifs) and ALIX (eleven KFERQ-like motifs). Supporting this 

theory is the demonstration that HSC70 is also identified as a lysosomal protein by 

MIST score.

3.4.3 The whole cell levels of SOD1 and PPAT are not impacted by cell type or
 treatment.

Due to a lack of sensitivity of both the PPAT and SOD1 antibodies, it was not 

possible to look at their lysosomal levels across treatment and cell types. However, 

it was possible to look at whole cell levels which remained essentially unchanged. 
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It was not possible to perform statistical analysis on the SOD1 levels due to a lack of 

replicates. PPAT remained statistically unchanged. Again, the lack of accumulation 

in ATG7-/- samples is likely due to the bafilomycin A1 treatment that was necessary 

for previous experiments, future work will replicate these western blots without 

the bafilomycin A1 treatment. However, as with IMPDH2, we did wonder whether 

A

B

!"#$%&'()*+,-')+'
#.--/01+

Figure 22: The degradation of IMPDH2 by autophagy under sodium arsenite conditions is partially 
dependent on ATG7. A) A graph quantifying the intensity of IMPDH2 in lysosomes under the di!erent 
treatment conditions, the mean with SD is plotted here. The IMPDH2 signal within lysosomes is 
decreased significantly in ATG7-/- cells. There is also significantly higher IMPDH2 signal in the sodium 
arsenite treated LysoIP lysosomes as compared to the bafilomycin or HBSS treated LysoIP groups (n=4). 
However, there is still remaining IMPDH2 expression in the ATG7-/- LysoIP lysosomes. To the right is a 
representative western blot. The intensity of IMPDH2 was normalized to LAMP1. A two-way ANOVA was 
performed with Tukey’s multiple comparison test. B) The IMPDH2 signal is not significantly changed 
between LysoIP or ATG7-/- LysoIP cells in whole cell fractions (n=4). The IMPDH2 signal was normalized to 
GAPDH. To the right is a representative western blot. A two-way ANOVA was performed with Tukey’s 
multiple comparison test. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 
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alternative forms of transport may be bringing these proteins to the lysosome. The 

sequences of these proteins were also put into the KFERQ motif finder. PPAT contained 

three KFERQ-like motifs, and SOD1 did not contain any motifs (Figure 24).
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Fundamental research demonstrates the importance of curiosity and 

determination time and time again. In fact, many medical treatments find their origins 

in basic science rather than in disease-centered research176. Indeed, arguably one of 

the most influential discoveries in recent years came about due to a curiosity about 

the bacterial viral response, leading of course to the powerful tool CRISPR/Cas9177. 

This is not to discount the value of targeted research on specific diseases, but rather 

to highlight the inherent value also present in aiming to find answers to questions just 

because they are of interest. At its core, that is the basis of this project. Although links 

can be drawn to ALS, the base desire was curiosity as to how proteins targeted to the 

lysosome change depending upon environmental cues. 

The lysosome was originally discovered in 1955, a discovery that was later 

awarded a Nobel Prize, by Dr. Christian De Duve who named the degradation 

process autophagy, “self-eating”178. Much later, in 1992 Dr. Yoshinori Ohsumi published 

ground-breaking results, also earning him a Nobel Prize, further elucidating the 

process of autophagy and sparking interest in the process179. In the years since, 

the field has rapidly expanded, making discoveries about the mechanisms behind 

autophagy, defining LSDs, and highlighting it as a player in a great many diseases. 

This thesis attempts to expand this vast field of knowledge, by analyzing changes to 

the lysosomal proteome under di!erent conditions. Previous work has demonstrated 

that while a key set of lysosomal proteins may remain the same, there are proteins 

di!erentially enriched within lysosomes depending on the cellular condition6.

This thesis analyzed how the lysosomal proteome changes between cells 

undergoing nutrient starvation, and cells recovering from oxidative stress induced 

by sodium arsenite. Nutrient starvation was used as a condition due to its ubiquity 

in the autophagy field, and its extensive documentation as an autophagy inducer. 

Nutrient starvation was induced through treatment with HBSS. Treatment with sodium 

Chapter 4: Discussion
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arsenite was utilized to develop stress granules as a simple ALS model, sodium 

arsenite was then removed to induce granulophagy113,180. Bafilomycin A1 was used 

either during (starvation) or after (sodium arsenite) to prevent lysosomal acidification 

and degradation to accumulate targeted substrates within the lysosome. The use of 

bafilomycin A1 ensured that su"cient protein was collected from the lysosomes, as 

pulldown without this treatment was much less e!ective (Figure 3B). 

From these pulldowns, LC-MS was performed, followed by several 

bioinformatic analyses to interpret the LC-MS data. One of the primary methods used 

was a scoring system, MIST, which assigns a score to each identified protein based 

on its abundance, reproducibility, and specificity146. In order to identify lysosomal 

proteins within each condition wild-type HEK293 pulldowns were compared to the 
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Figure 23: Whole cell expression of PPAT and SOD1 are not impacted by ATG7-/-. A) The expression of 
PPAT is not significantly impacted by ATG7-/- in whole cell fractions (n=3). The PPAT signals were 
normalized to GAPDH. A one-way ANOVA was performed with Tukey’s multiple comparison test, the 
mean with SD is plotted. To the right is a representative western blot, the top band is PPAT and is what 
was quantified. B) There is no obvious di!erence in SOD1 expression across the whole cell fractions (n=1). 
The GAPDH probing was performed on a separate membrane from SOD1. 
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> IMPDH2

MELEELGIREECGVFGCIASGEWPTQLDVPHVITLGLVGLQHRGQESAGIVTSDGSSVPTFKSHKGMGLVNHVF

TEDNLKKLYVSNLGIGHTRYATTGKCELENCQPFVVETLHGKIAVAHNGELVNAARLRKKLLRHGIGLSTSSDSEM

ITQLLAYTPPQEQDDTPDWVARIKNLMKEAPTAYSLLIMHRDVIYAVRDPYGNRPLCIGRLIPVSDINDKEKKTSE

TEGWVVSSESCSFLSIGARYYREVLPGEIVEISRHNVQTLDIISRSEGNPVAFCIFEYVYFARPDSMFEDQMVYTV

RYRCGQQLAIEAPVDADLVSTVPESATPAALAYAGKCGLPYVEVLCKNRYVGRTFIQPNMRLRQLGVAKKFGVL

SDNFKGKRIVLVDDSIVRGNTISPIIKLLKESGAKEVHIRVASPPIKYPCFMGINIPTKEELIANKPEFDHLAEYLGAN

SVVYLSVEGLVSSVQEGIKFKKQKEKKHDIMIQENGNGLECFEKSGHCTACLTGKYPVELEW

MADYLISGGTSYVPDDGLTAQQLFNCGDGLTYNDFLILPGYIDFTADQVDLTSALTKKITLKTPLVSSPMDTVTE

AGMAIAMALTGGIGFIHHNCTPEFQANEVRKVKKYEQGFITDPVVLSPKDRVRDVFEAKARHGFCGIPITDTGR

MGSRLVGIISSRDIDFLKEEEHDCFLEEIMTKREDLVVAPAGITLKEANEILQRSKKGKLPIVNEDDELVAIIARTDLK

KNRDYPLASKDAKKQLLCGAAIGTHEDDKYRLDLLAQAGVDVVVLDSSQGNSIFQINMIKYIKDKYPNLQVIGG

NVVTAAQAKNLIDAGVDALRVGMGSGSICITQEVLACGRPQATAVYKVSEYARRFGVPVIADGGIQNVGHIAKA

LALGASTVMMGSLLAATTEAPGEYFFSDGIRLKKYRGMGSLDAMDKHLSSQNRYFSEADKIKVAQGVSGAVQ

DKGSIHKFVPYLIAGIQHSCQDIGAKSLTQVRAMMYSGELKFEKRTSSAQVEGGVHSLHSYEKRLF

KITLK

KVKKY

KFEKR

Acetylation and phosphorylation activated

Asparagine substitution

Acetylation activated

Phosphorylation activated

> PPAT

Figure 24: There are KFERQ-like motifs present in IMPDH2 and PPAT, but not in SOD1. Using the 
web-based KFERQ finder from Kirchner et al. 2019 it was possible to identify numerous KFERQ-like motifs 
in both PPAT and IMPDH2, and none in SOD1. These KFERQ-like motifs represent di!erent variants on the 
canonical motif, however are still able to be targeted by the HSC-70 complex. These di!erent kinds of 
motifs are colour-coded in the graphic according to the legend above. Acetylation and phosphorylation 
activated motifs are considered standard motifs, whereas asparagine substitution and acetylation + 
phosphorylation activation are considered advanced motifs as they require more modifications in order 
to be targeted. When multiple motifs exist at a single point along the sequence, the second motif is 
written underneath. 

MATKAVCVLKGDGPVQGIINFEQKESNGPVKVWGSIKGLTEGLHGFHVHEFGDNTAGCTSAGPHFNPLSRKH

GGPKDEERHVGDLGNVTADKDGVADVSIEDSVISLSGDHCIIGRTLVVHEKADDLGKGGNEESTKTGNAGSRLA

CGVIGIAQ

> SOD1
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HEK293 LysoIP pulldowns, the proteins with scores over 0.6 in the LysoIP group were 

termed ‘lysosomal hits’. The caveat to this analysis is that LysoIP samples could be 

contaminated with other organelles if TMEM192 localizes to other cellular organelles 

like endosomes, or other sources of background binding. For simplicity’s sake, and 

because the data supports a major enrichment of lysosomes and lack of other 

organelles (Figure 3B, Figure 10B & Figure 19), we will call proteins in LysoIP pulldowns 

lysosomal proteins. 

The final results demonstrate that cells treated with HBSS as compared 

to sodium arsenite contain similar but distinct lysosomal proteomes. The sodium 

arsenite condition resulted in a lysosomal fraction highly enriched in proteins from 

the purine biosynthesis pathway, an enrichment that was in part dependent on ATG7. 

This indicates that the degradation of these proteins is reliant on macroautophagy. 

Three proteins enriched in lysosomes derived from cells treated with sodium arsenite, 

IMPDH2, PPAT and SOD1, were further analyzed. The lysosomal enrichment of 

IMPDH2 was at least partially dependent on ATG7, although some IMPDH2 was still 

identified in the lysosomes of ATG7-/- cells. This indicates that while IMPDH2 is likely 

degraded by macroautophagy, other autophagic processes such as CMA may also 

be at play. Whole cell levels of IMPDH2, PPAT and SOD1 did not di!er in ATG7-/- cells 

which is likely due to all conditions including bafilomycin A1 treatment preventing 

lysosomal cargo from being degraded. Further investigation using untreated cells will 

need to be performed to confirm this.

4.1 LysoIP is an e!cient and specific isolation protocol to produce lysosome 
enriched samples 

The pulldowns performed with LysoIP cells were highly enriched in lysosomal 

proteins across all conditions and lacked significant levels of markers for common 

contaminants often found in lysosomal enriched fractions (Figure 3B)102. Additionally, 

we were successful in improving the pulldown e"ciency of the LysoIP protocol without 
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compromising the specificity of the process (Figure 3C). This was accomplished by 

increasing the length of time samples were isolated with the anti-HA magnetic beads, 

and increasing the length of time lysosomes were lysed using resuspension bu!er6,141. 

These features were retained across both the HEK293 LysoIP and ATG7-/- LysoIP cells 

(Figure 8).

The specificity of the process was further demonstrated following LC-MS 

analysis wherein various lysosomal markers were individually enriched (Figure 9), 

and gene ontology analysis of MIST-identified lysosomal hits were highly enriched in 

lysosome-related identifiers (Figure 10B, Figure 19). These bolster the assumption that 

LysoIP pulldowns are highly enriched for lysosomes.

4.2 Modified cells retain similar responses to stress as wild-type cells

One concern for the use of the LysoIP cells is that the genetic modification may 

cause unknown e!ects, in this case the most significant concern being any changes to 

autophagy or the stress response. 

Some of these concerns draw from necessities of the technique, because of the 

expression of TMEM192-3xHA there are higher levels of TMEM192 overall in the cell. It 

is unclear how this may impact cellular processes. Additionally, there is evidence that 

tags can influence the stability, function and level of the proteins they are attached to. 

A study in yeast actually demonstrated this through a well-documented 3xHA tag that 

was caused due to the spacer sequence between the protein and the tag181. This same 

spacer sequence is not present in the construct used for this study, however a similar 

situation could easily occur. This could at least in part be addressed by measuring 

levels of TMEM192 in the cell in later experiments.

Any significant changes induced to the lysosomes would of course be of 

concern for this project, and as TMEM192 localizes to the membrane it raises 

questions as to how other lysosomal proteins and the lysosome itself may react. 

One measurement we assessed was the level of LAMP1 in each cell type under each 
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condition, which did not change significantly across cell types in whole cell samples 

(Figure 5). While this is not a direct measurement of lysosome number, it does assuage 

concerns that the modifications may have impacted lysosomes to the extent that 

standard markers of lysosomes like LAMP1 were altered. In the original LysoIP paper, 

LAMP2 was used to estimate the percentage of lysosomes successfully purified104. 

This percentage was equal to other lysosomal measurements, including Cathepsin D 

and LysoTracker Red. This provides some validation that use of lysosomal membrane 

proteins can be an accurate measurement of lysosome numbers. However, future 

experiments could focus on further verifying that autophagy, including whole cell 

lysosome number, is not significantly impacted in LysoIP cells. In addition to the LysoIP 

construct itself, standard parts of the protocol such as media changes, presence of 

bafilomycin A1, and removal from the incubator may have impacted autophagy. It 

may be of interest to perform experiments to assess the impact of these conditions on 

autophagy and the lysosomal proteome to understand how they may have impacted 

the results. This could be executed by measuring autophagic flux, and other lysosomal 

markers such as those mentioned above.

Furthermore, immunofluorescence demonstrated not only that HA is absent 

from HEK293 cells (Figure 3A & Figure 6), but also that stress granule formation is 

similar between wild-type HEK293 cells and LysoIP cells (Figure 6 & Figure 7). This was 

demonstrated through visualization of G3BP, a stress granule marker, which formed 

puncta only in the sodium arsenite condition182. While this is not a comprehensive 

assessment of stress granule formation, it is one positive indicator that the response 

is not significantly impaired. Further studies should quantify the number of stress 

granules between cell lines rather than relying on visual estimation. 

 
4.3 Lysosomal components provide a snapshot into the cellular response to stress

We successfully demonstrated that while starvation and sodium arsenite 

treated cells contain lysosomes which retain a core group of proteins, many other 
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proteins isolated within lysosomes are unique to a single stressor (Figure 9 & Figure 

10A). The shared proteins are primarily lysosomal (Figure 10B), and include well-

documented lysosomal markers such as LAMP1, LAMP2 and CD63 (Figure 9). These 

three markers are also present at similar intensities across all treatment conditions 

(Figure 9C). 

Comparatively, proteins unique to each condition display vastly di!erent cellular 

component enrichments (Figure 10C & D) indicating that autophagic targets may di!er 

between sodium arsenite and starvation treated cells. 

This aligns with what was previously seen in a study comparing Torin1 

autophagy activation to nutrient deprivation autophagy activation, wherein a core set 

of proteins remained consistent but with unmistakeable di!erences6.

4.3.1 Proteins enriched in the lysosome di!er between starvation and sodium 
arsenite treatment conditions

Analyzing MIST-identified proteins unique to either sodium arsenite or HBSS 

treated cells displays a stark di!erence in cellular component enrichments within 

lysosomes. From proteins uniquely enriched in HBSS lysosomal hits, WebGestalt 

identified a significant presence of mitochondrial proteins (Figure 10D). This 

finding is in line with previous evidence that mitophagy is induced by starvation183. 

Comparatively, among lysosomal hits uniquely enriched in cells exposed to sodium 

arsenite WebGestalt identified proteins involved in secretory granules, ficolin-1-rich 

granules and the ER (Figure 10C). 

Sodium arsenite has been documented to cause ER stress, thus explaining why 

ER-related proteins may be overly represented in the lysosomal hits158,184. Autophagy of 

the ER, or ER-phagy is frequently induced during and post-ER-stress. Macro-ERphagy 

is facilitated by several specific receptors, which are highly represented in the sodium 

arsenite lysosomal hits. There are six known mammalian receptors, of which four 

were found in the data and three of which had a MIST score over 0.6 (RTN3185: 0.65, 
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SEC62186: 0.87, TEX264187: 0.88, ATL3188: 0.59) (reviewed in Yang et al. 2021189). The 

presence of these receptors supports the idea that the ER was undergoing selective 

macroautophagy. Interestingly, SEC62 is involved in ER-phagy during recovery from 

stress which makes sense as sodium arsenite LysoIP samples were collected during a 

recovery period186.

The presence of secretory and ficolin-1-rich granules is interesting. It is 

important to note that ficolin-1-rich granules are a subset of secretory granules190. 

Therefore, it is likely that they are both present not as two distinct enrichments, but 

rather due to the fact that they involve many of the same proteins. Ficolin-1 was 

additionally not detected by LC-MS, suggesting that a secretory granule other than 

ficolin-1-rich granules are truly enriched. However, HEK293 cells are not documented 

to produce secretory granules, which are typically produced in neuroendocrine, 

endocrine or exocrine cells191,192. One potential explanation could be due to the high 

number of proteasome subunit proteins, in the LysoIP samples and the secretory 

granule GO term. These proteasome proteins within our sample accounted for 18% 

of the whole ‘secretory granule lumen’ GO term. This may have led to the false 

identification of secretory and ficolin-1-rich granules. The proteosome complex itself 

was also significantly enriched in these LysoIP hits from sodium arsenite treated cells; 

while it did not reach the top 10 (which is what is mapped in Figure 10C) it has an 

FDR of 1.0073e-7 and a p-value of 5.2292e-9. Despite being a protein degradation 

system itself, the proteasome is also an autophagy substrate. This process is frequently 

termed proteaphagy193. Notably, while autophagy inducing conditions can have 

varying impacts on the proteasome itself and proteaphagy, many of them induce 

proteaphagy193. 

4.3.2 Treatment conditions alter lysosomal protein contents

A core set of LysoIP proteins are unchanged by di!erent stresses and likely 

represent constitutive lysosomal proteins. Another set of LysoIP proteins changed 
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depending on whether cells were exposed to starvation or sodium arsenite. One 

way to di!erentiate these groups is by using the MIST scoring system to look for hits 

unique to each cell treatment, treatment specific hits. These unique proteins were 

then analyzed through networks generated by Cytoscape, which demonstrated 

their interactions between themselves as well as cellular localization and GO term 

enrichment. A unique network was generated from the unique proteins identified 

for both sodium arsenite and starvation (Figure 12A & Figure 13A). Subsequently, 

a Markov clustering algorithm was performed, through ClusterMaker2, on each 

individual network– allowing the visualization of sub-networks (clusters) representing 

strong protein-protein interactions and proteins of similar functions (Figure 12B & 

C and Figure 13B & C)149. This was utilized here to identify proteins that are densely 

interconnected.

 4.3.2.1 Protein interaction networks display changes in cellular
 component enrichment

The COMPARTMENT scoring system was used to identify proteins that localized 

to various cellular components. One of the prominent di!erences is the abundance 

of nuclear proteins in LysoIP samples from sodium arsenite treated cells (14.9% of 

identified proteins), whereas no nuclear proteins were identified in LysoIP samples 

from starved cells by the COMPARTMENT scoring system (Figure 12A & Figure 13A). 

This is of particular interest as nucleocytoplasmic transport is known to be disrupted 

in both ALS and stress granule inducing conditions162,194–196. Notably, in sodium arsenite 

treated cells many proteins exit the nucleus and accumulate in the cytoplasm in stress 

granules. Mutant TDP-43 is shown to mislocalize to the cytoplasm from the nucleus, in 

fact there is a mouse model which replicates the pathology of ALS by expressing TDP-

43 with a defective nuclear localization signal197.  Upon suppressing the expression of 

this mutant TDP-43, it is rapidly cleared from the cytoplasm which leads to functional 

recovery. The authors hypothesize that this process occurs through autophagy. 
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A few well-documented proteins involved in nucleocytoplasmic transport 

include Importin-α, Importin-β (karyopherin-β1) and Transportin-1 (karyopherin-β2). 

Classically, Importin-β and Importin-α proteins work in conjunction, with Importin-α 

binding cargo containing an appropriate nuclear localization signal and Importin-β 

facilitating the transport through the nuclear pore198. Transportin-1 on the other hand 

binds its cargo and facilitates translocation alone199. Notably, Importin-α subunit 2 and 

Importin-β had MIST scores over 0.6 in the lysosomal analysis from sodium arsenite-

treated cells indicating they were present in the lysosomes.  Other Importin-α subunits 

and Transportin-1 were present in the lysosomal samples from sodium arsenite treated 

cells but did not attain the MIST score cut o!.

This nucleocytoplasmic transport system has been documented to impact two 

common ALS-linked proteins, FUS and TDP-43196,200. TDP-43 has a MIST score over 0.6 

in sodium arsenite lysosomal fractions, and FUS is present but did not have a score 

above the threshold. Mutant FUS has been shown to mislocalize to the cytoplasm196. 

Both Transportin-1 and Importin-β have been shown to interact with a juvenile ALS 

FUS mutation and this interaction prevents the liquid LLPS of mutant FUS. This suggests 

that in the presence of these nucleocytoplasmic transporters stress granule formation 

may be limited. The nucleocytoplasmic transport of TDP-43 on the other hand is 

mediated by Importin-β and Importin-α200. TDP-43 was shown to bind multiple 

Importin-α subunits, and its localization to the nucleus was dependent on Importin-β. 

TDP-43 localization to the nucleus is theorized to be based on active import and 

passive export, therefore the functionality of these nucleocytoplasmic transporters is 

critical201. Unfortunately, like FUS and TDP-43, Transportin-1, Importin-β and Importin-α 

are all recruited to stress granules, thus sequestering them162,202. The presence of these 

nucleocytoplasmic transport factors in addition to TDP-43 and FUS supports the 

presumption that autophagy is degrading stress granules after the removal of the 

stressor.
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Comparatively, the starvation specific hits were enriched in proteins localized 

to the mitochondrial compartment according to the COMPARTMENT scoring system 

which aligns with what was previously observed through WebGestalt (Figure 13). 

4.3.2.2 Markov clustering reveals di"erential enrichment of GO terms

Clusters resulting from Markov clustering algorithms of the treatment specific 

hits of starvation LysoIP proteins demonstrated substantial enrichment in mitochondrial 

related terms. It is possible to be confident in the assertion that proteins associated 

with the mitochondria are enriched in the lysosomes of starved cells due to this finding 

being replicated through various analysis pathways, including GO term enrichment 

and COMPARTMENT scoring. 

Markov clustering was also performed on the treatment specific hits of the 

sodium arsenite condition, and resulted in further insights (Figure 12B & C). When 

observing the sodium arsenite clusters, it is tempting to hypothesize that they 

demonstrate the activation and subsequent degradation by autophagy of the KEAP1-

NRF2 pathway, a critical pathway in the cellular response to cytotoxic conditions203. 

Under homeostatic conditions NRF2, a transcription factor, is negatively regulated by 

KEAP1, which it escapes when exposed to certain cytotoxic conditions such as oxidative 

stress induced by arsenic203. NRF2 then induces the transcription of cytoprotective 

proteins. 

NRF2 was not detected by LC-MS, however KEAP1 and some downstream 

proteins were identified as proteins uniquely localized to the lysosomal fraction 

collected from sodium arsenite treated cells. However, this is not unusual as NRF2 

has been shown to be degraded by the proteasome, and KEAP1 has been shown to 

be a target of selective autophagy through p62 interaction204,205. In practice, NRF2 

can induce the expression of glycolysis enzymes (GPI, ALDOA, ENO1 identified as 

unique sodium arsenite LysoIP proteins)206, antioxidant related proteins (TXNRD1207, 

PRDX1208 identified as unique sodium arsenite LysoIP proteins) and carbon metabolism 



92

proteins209. These three processes, glycolysis, antioxidant activity and carbon 

metabolism were all identified by GO term analysis as being enriched within the a 

cluster of unique sodium arsenite LysoIP proteins (Figure 12B). 

PRDX1, a unique sodium arsenite lysosomal protein and a protein induced by 

NRF2 action, has actually been identified as a core stress granule protein in neural 

progenitor cells210. Additionally, NRF2 is known to induce purine biosynthesis and 

directly regulates PPAT levels, however it does not impact pyrimidine synthesis (Figure 

12C)211. As the lysosomes from sodium arsenite treated cells were collected after a 

period of recovery, it makes sense that proteins that were upregulated in a stress 

response are beginning to be degraded. Interestingly, NRF2 activity is itself linked to 

ALS; decreased activity is associated with the disease and is considered by some 

to be a potential therapeutic target212. Genetic mutations of KEAP1 and NRF2 have 

additionally been found to modify sporadic ALS risk and age of onset213. Edaravone, an 

ALS medication that attenuates disease, is a free radical scavenger that has also been 

shown to increase the expression of NRF2214. These results support the idea that these 

proteins were expressed due to oxidative stress, and then degraded by autophagy 

during the recovery period. Additionally, that the enrichment of these proteins is 

unique to sodium arsenite treated lysosomes indicates that this response is unique to 

this condition. 

Overall, these results suggest that the lysosomal proteome is, at least in part, 

a representation of the cell’s response to individual stresses. From these results we 

can hypothesize what may be happening, or what may have happened, in the whole 

cell during the stressed condition. Autophagy is functioning as we would expect in 

these cells by degrading damaged cellular components, responsive proteins that are 

no longer needed after the stressor has been removed, and in the case of sodium 

arsenite, stress granule associated proteins. It is particularly interesting how dominant 

NRF2 related proteins and processes are in the sodium arsenite condition.
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4.4 The purine biosynthesis pathway is solely enriched in sodium-arsenite treated 
lysosomes. 

The significant enrichment of purine biosynthesis pathway proteins in the 

lysosomes from sodium arsenite treated cells quickly drew interest due to its 

reproducibility across samples and analyses. Enrichment of this pathway was 

identified by looking at canonical pathway enrichment by IPA (Figure 11A), through GO 

term enrichment in sodium arenite specific clusters (Figure 13C), and in the analysis 

of LC-MS intensity values comparing the sodium arsenite to the starvation condition 

(Figure 14). The variety of methods, techniques and algorithms utilized to generate this 

conclusion adds strength to the argument that this set of proteins is highly enriched 

in sodium arsenite lysosomes. Furthermore, when looking at each protein involved in 

the purine biosynthesis pathway, every one presents with increased levels in sodium 

arsenite lysosomes as compared to in bafilomycin A1 lysosomes (Figure 11B & Figure 

15A). Comparatively, in the starvation condition most of the proteins are present at 

lower levels in the lysosome than in the bafilomycin condition (Figure 11B).

Additionally, the enrichment of the purine biosynthesis pathway proteins 

in lysosomes after sodium arsenite treatment is intriguing. Mechanistically, this 

enrichment makes sense. Under oxidative stress we expect the activity of NRF2 

to increase, and therefore induce the purine biosynthesis pathway, potentially by 

mediating the transcription of rate-limiting protein, PPAT211. The absence of purine 

nucleotides also induces macroautophagy through indirect inhibition of mTORC1, 

and therefore the proteins involved in their synthesis being autophagy substrates is 

interesting. It may indicate that after production of su"cient purines to re-activate 

mTORC1 the synthesis proteins are subsequently degraded to maintain homeostasis.

4.4.1 Purine synthesis is linked to ALS and stress granule formation

While no pathways for ALS disease progression or stress granule formation 

were determined to be significantly enriched through the IPA software, there are 
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existing links between these categories and purine biosynthesis pathway molecules 

(Figure 16 & Figure 17). 

4.4.1.1 Stress granule formation

In yeast a portion of the purine synthesis enzymes localized to stress granules. 

These enzymes are homologs for the human ATIC and IMPDH1/2 proteins118. 

Mammalian IMPDH2 has also been identified as a stress granule component by LC-

MS106. While there is not strong evidence of LCDs in IMPDH2 (Figure 18A), IMPDH2 has 

been shown to bind to nucleic acids, including RNA, a feature often found in stress 

granule proteins215. However, IMPDH2 does not contain an RNA-binding domain or 

recognition motif identified by PFAM. Further supporting evidence that IMPDH2 may 

be recruited to stress granules is that it binds STAU1, a reliable stress granule protein 

that can help regulate their formation (Figure 16)216–218. Other purine synthetic enzymes 

(PPAT,PFAS, GART & ADSL) also bind to STAU1, potentially linking them to stress granule 

formation as well218. Additionally, PPAT also presents some possible LCDs, although it is 

not definitive (Figure 18B).

These findings make it tempting to suggest that this is an indication of stress 

granule degradation and further implication of IMPDH1/2 localization to mammalian 

stress granules. However, it is unclear from our data whether entire stress granules are 

degraded by autophagy because classical stress granule markers including G3BP1/2, 

TIA1 and PABP were not identified as lysosomal proteins in any treatment condition, 

including sodium arsenite. One potential explanation is that whole stress granules 

are not degraded by autophagy. In fact live-cell imaging does indicate that stress 

granules are degraded in a piecemeal fashion that can take well over an hour138. 

Therefore, while autophagy is well-documented to degrade stress granules, this may 

occur in pieces rather than all at once. Additionally, literature indicates that stress 

granules are not one homogenous structure, but rather contain several dense, stable 

cores surrounded by a dynamic shell106. Both PABP and G3BP were found to localize 
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within stable cores, that can remain intact for over an hour in solution106. Therefore, we 

theorize that the reason why classic stress granule markers were not identified within 

our data as lysosomal was due to the stability of these cores. In the future we could 

address this by lengthening the recovery period and repeating the experiment to 

ensure that the entirety of the stress granules are degraded.

Another link to stress granules from the purine biosynthesis pathway occurs 

through TNFa (Figure 16). TNFa has been shown to enhance the formation of stress 

granules219. Interestingly, two purine biosynthesis enzymes (AICAR220, IMPDH2221) and 

two purine biosynthesis byproducts (AMP222, ADP223) all decrease the expression of 

TNFa. In theory, these molecules could limit stress granule formation through action 

against TNFa. 

Finally, L-glutamic acid (glutamate/L-glutamate) provides another link from 

the purine biosynthesis pathway to both stress granule formation and ALS (Figure 16 

& Figure 17). Glutamate is a byproduct of the purine biosynthesis pathway, so when 

the pathway is activated glutamate is produced. Treating primary cortical neurons 

with glutamate resulted in increased translocation of TDP-43 from the nucleus to 

the cytoplasm224. This mislocalization is as previously stated, linked to ALS and stress 

granule formation195. Should oxidative stress activate the purine biosynthesis pathway, 

it is possible that the production of glutamate may contribute to increasing levels of 

cytoplasmic TDP-43. However, excess glutamate in ALS patients is typically attributed 

to altered expression of EAAT2, a glutamate transporter172. Additionally, glutamate is 

involved in so many cellular processes that association between glutamate, ALS and 

the purine biosynthesis pathway would require further study before coming to any 

conclusions.

4.4.1.2 Amyotrophic lateral sclerosis

Glutamate can additionally be directly linked to ALS, as a prevalent theory 

behind the disease is that excess glutamate causes excitotoxicity resulting in cell death 
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(Figure 17)173. Riluzole, one of the few drugs available to ALS patients slows disease 

progression and elongates lifespan by a few months. This drug is proposed to function 

by attenuating glutamatergic excitotoxicity173,225. 

Furthermore, some key purine synthesis pathway proteins have been found 

to bind to ALS-linked proteins, such as IMPDH2 binding SQSTM1226, UBQLN2227 and 

SOD1228, and PPAT binding ATXN1229 (Figure 17).

There is literature discussion of a purinergic e!ect in ALS, however it primarily 

focuses on the adenylate arm of the pathway. This is likely due to ATP’s fundamental 

role as an energy source, as well as it and adenosine’s role as signalling molecules230. 

Notably, the purine metabolism pathway was significantly enriched in Parkinson’s 

disease, Alzheimer’s disease and ALS when analyzing metabolite markers231. For 

example, in SOD1 mutants increased levels of extracellular ATP and increased levels 

of purinergic receptors have been found in microglia, suggesting that cells became 

oversensitive to these signals232. 

One study looked at the e!ectiveness of a class of drugs targeting purine 

catabolism in a mutant SOD1 ALS model, by inhibiting this catabolism they were able 

to significantly extend the life of the mice and maintain better histopathological and 

physiological makeups233. The authors theorize that this may be due to increased 

e"ciency of the purine salvage pathway, resulting in increased ATP and GTP. The sum 

of these results, and the literature, indicates that purine metabolism may have a role in 

ALS.

Relatedly, alterations in homeostatic GTPase and guanine nucleotide exchange 

factor function has been implicated in ALS. ALS2, for example, is caused by mutations 

to the Alsin2 protein that functions as a guanine nucleotide exchange factor234. 

Additionally, dysregulation of Rac and Rho, two subfamilies of Rho GTPases cause 

motor neuron death and inactivation of Rac is found mutant SOD1 mice235. Therefore, 

the role of guanylate purines may be of particular interest234–236. Notably, Rho family  
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signalling and RhoA signalling were found to be significantly enriched in sodium 

arsenite lysosomes according to IPA (Figure 11B)

4.4.2 The enrichment of the purine biosynthesis pathway is dependent on ATG7

Absence of ATG7 results in an intense decrease in the enrichment of the purine 

biosynthesis pathway (Figure 15B, Figure 20), with 8 out of 11 proteins less enriched 

than in the HEK293 LysoIP lysosomes. This indicates that the majority of these proteins 

are dependent on macroautophagy for their localization to the lysosome. 

The impact of ATG7 is primarily visible when looking at the pathway as a whole, 

as most of the individual proteins were not significantly impacted (Figure 21). Nearly 

all of the proteins trended towards being reduced in lysosomes from ATG7-/- cells, 

however only IMPDH2 and GART were significantly reduced within the lysosome when 

analyzing their LC-MS intensities. 

 4.4.2.1 IMPDH2 is an autophagic substrate partially dependent on ATG7
  for localization to the lysosome

IMPDH2 represents a particularly interesting protein in this analysis. For one, its 

role in the purine biosynthesis pathway is the rate-limiting step for guanylate synthesis. 

Furthermore, not only is it known to bind several important ALS-linked and stress 

granule localized proteins, but mammalian IMPDH2 and its yeast homolog localize to 

stress granules as well106. This presents an interesting opportunity to analyze a critical 

enzyme in GTP synthesis during the response to stress. 

The intensity measurements of IMPDH2 support the notion that the protein is 

degraded by an ATG7 dependent system, as it is significantly decreased in the ATG7-/- 

lysosomes (Figure 21).

Western blot analysis demonstrated that IMPDH2 was present in the lysosomes 

under all conditions, however it was significantly enriched in those from sodium 

arsenite treated cells (Figure 22A). Additionally, its localization was significantly 
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decreased in the absence of ATG7 in the sodium arsenite condition (Figure 22A). 

Interestingly, there was still a strong signal in the ATG7-/- lysosomal fraction, indicating 

that while some of IMPDH2 may be tra"cked to the lysosome by macroautophagy 

other mechanisms may also be at play. One intriguing possibility is that it is degraded 

by CMA. This is certainly possible as the protein contains numerous KFERQ-like motifs 

(Figure 24). To further understand the degradation pattern of IMPDH2, it would be 

beneficial to assess the role of CMA in its catabolism. One possibility would be to 

produce a LAMP2A-/- LysoIP cell line and assess IMPDH2’s lysosomal levels in those 

cells.

The whole cell levels of IMPDH2 were not significantly altered across cell types 

or treatment conditions. All the cells were treated with bafilomycin A1, which blocks the 

degradation of autophagy and lysosome substrates, which would render it impossible 

to observe an accumulation of IMPDH2 in ATG7-/- cells. What is interesting is that the 

levels across the treatment conditions, bafilomycin A1, sodium arsenite or HBSS, were 

not altered. These results suggest that IMPDH2 is not enriched in lysosomes due to 

increased whole cell expression under oxidative stress, but rather it is increasingly 

targeted for degradation. 

 4.4.2.2 PPAT represents an intriguing autophagy substrate

Similarly to IMPDH2, the importance of PPAT in the purine biosynthesis pathway 

makes it an interesting hit. PPAT is the rate-limiting step for the entirety of the pathway, 

and thus contributes to determining adenylate and guanylate levels. Furthermore, 

PPAT was only found in the sodium arsenite treated condition, it was not present at all 

under any other treatment (Figure 14). The uniqueness of this, and its association with 

ALS and stress granule linked proteins prompted us to take a closer look. 

Based on LC-MS intensities, PPAT was not significantly dependent on ATG7 for 

its localization to the lysosome (Figure 21). PPAT does contain some KFERQ-like motifs, 

so it would be beneficial to analyze its response to the absence of LAMP2A in order to 
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gain a better understanding of how it localizes to the lysosome (Figure 24).

As we observed with IMPDH2, whole cell levels of PPAT did not di!er across 

cellular conditions (Figure 23A). This is especially surprising as PPAT levels are reported 

to be directly regulated by NRF2 which is activated by oxidative stress. It could be 

interesting to knockdown NRF2 under these conditions and observe how that impacts 

PPAT and IMPDH2 levels. 

 4.4.2.3 Determining whether PPAT and IMPDH2 localize to stress 
 granules

It would be valuable to perform immunofluorescence experiments to determine 

if IMPDH2 and/or PPAT co-localizes with stress granule markers during oxidative 

stress. This would provide some clarity as to whether these proteins are tra"cked 

to the lysosome as part of stress granules, or whether they are cytoplasmic – or 

perhaps forming metabolic enzyme condensates. Recruitment into stress granules 

could also explain why IMPDH2 is enriched in sodium arsenite lysosomes, despite 

sodium arsenite treatment not increasing IMDPH2 levels as compared to bafilomycin 

A1 or HBSS treatments (Figure 22B). Of course, due to the bafilomycin A1 treatment 

across the board we can not assess whether degradation rate was impacted. If 

IMPDH2 localizes to stress granules then it may have been preferentially targeted 

for granulophagy. This would be particularly interesting for IMPDH2 because the 

mammalian version as well as its yeast homolog have been found to localize to 

stress granules106. It may be possible that the fraction of IMPDH2 sequestered in 

stress granules is degraded by granulophagy, and the free cytoplasmic IMPDH2 is 

degraded by CMA. This would explain why only a fraction of IMPDH2 accumulation in 

lysosomes is dependent on ATG7.  
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4.5 ALS-Linked genes are enriched in lysosomes from sodium arsenite treated cells

While we previously discussed the many links between purines and ALS, there 

are some proteins which are causes or risk factors for ALS that were also enriched in 

the sodium arsenite treated lysosomes. Some of these proteins were also enriched 

in the starvation condition, namely TMEM106B and SQSTM1/p62 (Table 3). This 

makes sense as TMEM106B, while an ALS-linked protein, is additionally localized to 

the lysosome so one would expect it to be consistently in LysoIP samples237. SQSTM1/

p62 is a well-documented selective macroautophagy receptor, and is engaged in 

both mitophagy and granulophagy41,238. Our data also shows that the presence of 

SQSTM1/p62 in the lysosome was dependent on ATG7, validating its role as being 

macroautophagy dependent.

Amongst the other ALS-linked proteins there aren’t any significant surprises, 

SOD1 is a documented autophagy substrate239,240. Several of the proteins we detected 

in LysoIP samples from sodium arsenite-treated cells have been shown to co-localize 

with stress granules (PFN1241, DCTN106, TUBA4A106, VCP242, TDP-43162), and therefore 

granulophagy may account for their localization to lysosomes. Interestingly, wild-

type DCTN is typically degraded by the ubiquitin-proteasome system, however 

mutant DCTN aggregates are degraded by autophagy239. This may be an indication 

that DCTN is indeed being degraded due to its association with stress granules. For 

the remaining two proteins, VAPB and CHMP2B, it is less clear how they localized 

to the lysosome although they are involved in the regulation of autophagy (VAPB243, 

CHMP2B244).

4.5.1 SOD1 is a lysosomal substrate under sodium arsenite conditions

SOD1 was selected as a protein to further analyze due to its significant 

enrichment in the sodium arsenite lysosomes (Figure 14, Table 3).

LC-MS analysis indicates that SOD1 is heavily dependent on ATG7 for its 

localization to the lysosome – it was not detected at all in the ATG7-/- lysosomes. This 
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aligns with the fact that SOD1 does not contain a KFERQ-like motif, making it unable 

to be transported by the CMA pathway. Unfortunately, the sensitivity at the western 

blot level was not su"cient to detect SOD1 within lysosomes. In the future, we wish to 

repeat these experiments with a greater sample amount to confirm the LC-MS results.

Treatment with bafilomycin A1 makes analyzing whole cell levels between 

wild type and ATG7-/- useless. Whole cell analysis of SOD1 levels indicate that SOD1 

levels may not di!er across treatment conditions (bafilomycin A1, sodium arsenite, 

HBSS), however statistical analysis was not able to be performed (Figure 23B). Future 

experiments should explore the levels of SOD1 in the lysosomes under sodium arsenite 

treatment in the wild-type and ATG7-/- cells.

4.6 Enrichment of small GTPases in lysosomes from sodium arsenite treated cells

While the majority of this thesis concentrated on the purine biosynthesis 

pathway and its related molecules, we would be remiss if we did not also briefly 

mention the enrichment of small GTPase related pathways in sodium arsenite 

lysosomes as identified by IPA canonical pathway analysis (Figure 11). RhoA is a 

member of the Rho family, which is made up of small GTPases, therefore it is likely that 

the pathways ‘Signaling by Rho Family GTPases’ and ‘RHOA Signaling’ identified by 

IPA have a significant number of overlapping proteins. The Rho family is a family of 

small GTPases compromised of RhoA (sodium arsenite MIST score: 0.63), Rac (sodium 

arsenite MIST score: 0.62) and CDC42 (sodium arsenite MIST score: 0.80). All three 

were found to be enriched in the sodium arsenite lysosomes but none were enriched 

in the bafilomycin A1 or HBSS condition. Not only has the absence of RhoA been shown 

to compromise stress granule formation, but the activated form has been shown to 

localize to the granules as well245. In order to function, Rho GTPases need to be bound 

to GTP as hydrolysis of GTP to GDP  releases energy. The GDP is regularly replaced 

with GTP in order to maintain activation of the GTPase246.
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RhoA is linked to numerous neurodegenerative diseases including ALS, 

Parkinson’s disease, Alzheimer’s disease and Huntington’s disease246. RhoA is primarily 

linked to ALS through ROCK, an e!ector of RhoA’s. RhoA/ROCK activity inhibits 

autophagy, and increased levels of ROCK1 are found in SOD1 mouse models and 

sporadic ALS patients247,248. In turn, ROCK inhibition led to improved lifespan, symptom 

onset and pathology of mutant SOD1 mice249,250. It is possible that the enrichment 

of this signalling pathway in lysosomes is, at least in part, a way of re-establishing 

homeostatic autophagy by degrading its inhibitors.

It is tempting to hypothesize that there is a link between the purine biosynthesis 

pathway producing guanylates, and the enrichment of GTPases as well. It would 

be interesting to conduct an experiment to determine if overexpression of IMPDH2 

led to inhibition of autophagy, through increased production of GTP and therefore 

more active RhoA. Autophagic flux, level of GTP and direct RhoA activation could be 

measured251–253. 

4.7 Limitations and Future Directions

4.7.1 Limitations and how to address them

One of the primary limitations with this thesis is that the level of TMEM192-

3xHA is lower in the ATG7-/- cells compared to wild-type cells (Figure 4E). This makes it 

possible that decreased amounts of proteins in LysoIP from ATG7-/- cells could be due 

to decreased pulldown of lysosomes rather than autophagy-dependent localization 

of the protein to lysosomes. In the LC-MS data of LysoIP samples, both LAMP1 and 

RAB9A, two lysosomal markers, are not significantly altered between cell types. 

By western blot LAMP1 levels appear similar, although perhaps slightly reduced in 

the ATG7-/- lysosomal fraction as compared to wild-type (Figure 22A). TMEM192 is 

substantially depleted in LC-MS analysis of the ATG7-/- cells despite the data being 

normalized (Figure 21). In order to further assess the situation, it would be beneficial 
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to do some western blots for TMEM192 levels in the lysosomal pulldowns and see how 

they compare to LAMP1. LAMP1 was utilized to normalize the western blot signal in 

the quantification of lysosomal IMPDH2, so it would be of benefit to ensure that the 

e!ect is real by normalizing to TMEM192 (Figure 22A). What is a positive indication that 

IMPDH2 is genuinely degraded by autophagy is that the LAMP1 levels appear to be 

slightly lower in the ATG7-/- samples, which may help account for any di!erences in 

TMEM192-3xHA.

Another limitation was the complete absence of classic stress granule markers 

in the sodium arsenite treated lysosomes. While numerous proteins reported to localize 

to stress granules were found, it makes it more di"cult to believe that granulophagy 

is genuinely occurring without detecting markers such as G3BP1/2, TIA-1 or PABP. As 

previously mentioned, this may be due to their localization within stress granule cores 

and/or the piecemeal degradation of stress granules. However, to further explore this 

result, it would be interesting to probe for these proteins in the lysosomal fractions by 

western blot. While LC-MS is extremely sensitive, it would be of use to have another 

method of quantification to compare results. Additionally, G3BP1/2, TIA-1 and PABP 

were all detected by LC-MS, however they did not reach the MIST score threshold 

to be identified as lysosomal. It is possible that the MIST score was too stringent to 

properly identify all lysosomal proteins.

Finally, the use of bafilomycin A1 only, as opposed to untreated, as a control 

limits the ability to make confident statements regarding some of the results. While it 

was necessary to utilize a bafilomycin A1 only treatment as the control to increase the 

yield when precipitating lysosomes (Figure 3B), it is not the best control for comparing 

whole cell levels between wild-type and ATG7-/- samples. Additionally, some may 

be concerned because bafilomycin A1  is reported to not only inhibit acidification of 

the lysosome, but to inhibit fusion of the lysosome with autophagosomes as well. 

Thankfully, that seems to occur primarily in longer incubations with bafilomycin (6-12 
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hours), whereas the incubation in this study was limited to 1 hour254. Bafilomycin 

is frequently used to accumulate cargo within the lysosomes as part of many 

experiments related to autophagy255. However, repeating the western blots of IMPDH2, 

PPAT and SOD1 whole cell levels would best be done with an untreated sample as 

bafilomycin A1 treatment makes it di"cult to observe the e!ect of ATG7-/- on these 

protein levels.

4.7.2 Future Directions

A number of potential future directions were mentioned in the discussion above, 

including determining if IMPDH2 and PPAT localize to stress granules, and trying to 

determine if there is a link between the purine biosynthesis pathway and GTPases.

However, there are a few more future directions that would be interesting 

that are not directly related to our data. Firstly, it would be valuable to utilize the 

LysoIP system to look at the metabolomics data across these conditions. This could 

provide some additional information about the purine biosynthesis pathway, as well 

as a plethora of other information. It would additionally be beneficial to adapt this 

technique to isolate RNA from lysosomes. Despite early evidence that autophagy 

contributes to RNA degradation, the topic remains substantially less studied than 

protein degradation by autophagy256. However, RNA degradation by autophagy has 

continued to demonstrate its importance in development, maintenance of homeostasis 

and in response to stress161,256,257. By isolating RNA from the lysosomes it would be 

possible to provide the full scope as to what is being degraded by autophagy by using 

RNA-seq.

Furthermore, this technique could be used to further define the lysosomal 

proteome under various conditions. This could include analyzing the changes 

between cell types (e.g. motor neurons vs. cortical neurons), di!erent stress conditions 

(e.g. heat shock, hypoxia, etc.) and cellular models of disease. Finally, it would be 

interesting to use this technique in vivo through transgenic mice – mice which recently 
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became available through the Jackson Laboratory. These mice conditionally express 

a Tmem192-3xHA tag, thus allowing the isolation of lysosomes from various tissues 

(Strain: 035401). It would be interesting to use these mice to further explore the 

lysosomal proteome under the conditions described above.
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One commonality across most fields in medical research is the immense 

complexity of disease. Processes or molecules once thought to be simple or 

straightforward can, with more research and development, turn out to be much more 

complex. These are themes that we have seen emerge in the study of autophagy, 

as the complexities of this recycling mechanism are further elucidated and linked to 

diseases from cancer to viral infection. This thesis successfully demonstrates that the 

lysosomal proteome is dependent upon cellular conditions, and that starvation and 

oxidative stress can induce accumulation of distinct substrates in lysosomes. These 

di!erences often align with what we know regarding the stress response to these two 

o!ences. 

A subset of causative ALS proteins/risk factors were also shown to localize to the 

lysosome when treated with sodium arsenite. This supports the idea that autophagy 

plays a large role in ALS pathology and stress granule degradation.

While several pathways were di!erentially enriched, we took note of the purine 

biosynthesis pathway in particular as it, and its individual components, were highly 

enriched in LysoIP samples in the sodium arsenite condition. The localization of this 

pathway’s proteins were quite heavily dependent on macroautophagy. Interestingly, 

one of these pathway’s proteins, IMPDH2, the rate-limiting step of guanylate 

synthesis, was only partially dependent on macroautophagy suggesting a secondary 

mechanism for its degradation. Due to the presence of multiple KFERQ-like motifs, it is 

hypothesized that CMA participated in localizing IMPDH2 to the lysosome. 

The identification of the purine synthesis pathway as being targeted by 

autophagy under oxidative stress presents an interesting set of proteins to further 

analyze for their roles in the stress response, stress granules and ALS.

Chapter 5: Conclusion
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Supplemental Figure 1: All canonical pathways di!erentially regulated between sodium arsenite and 
HBSS treated lysosomes. Highlighted in red are the pathways selected to show in Figure 11. 
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