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Abstract 
 

 

Lysosomal storage diseases (LSDs) are a heterogeneous group of more than 70 inherited 

disorders characterized by the accumulation of lysosomal substrates due organellar dysfunction. 

This accumulation of substrates compromises lysosomal function and leads to a variety 

secondary effects, including defects in autophagy, calcium homeostasis, oxidative stress and 

activation of cell death pathways. LSDs manifest in a wide spectrum of clinical phenotypes. 

Notably, two-thirds of patients across LSDs display significant neurological symptoms. 

Niemann-Pick C disease (NPC) is an autosomal recessive LSD that primarily affects children 

and causes severe, progressive neurodegeneration and early death. NPC is caused by mutations 

in NPC1 or NPC2, proteins that function in concert to export cholesterol from the lysosome; 

defects in either of these two proteins leads to abnormal cholesterol trafficking and storage 

within the lysosomal compartment. Although we have increased our understanding of the 

function of NPC1 and NPC2 in cholesterol trafficking, the mechanisms that underlie 

neurodegeneration in NPC are not well understood, and there are currently no FDA approved 

treatments for this disease. This dissertation aims to characterize mechanisms of 

neurodegeneration in NPC and identify potential targets for therapeutic intervention. 

In Chapter 1, this thesis outlines LSDs and focuses in on the genetics and pathology of 

NPC. It discusses what is known about key pathways that contribute to disease pathogenesis, 

including autophagy, lysosomal membrane permeabilization, and TDP-43 proteinopathy. In 

Chapter 2, this thesis describes the intersection between altered calcium homeostasis and 
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dysfunctional autophagy in lysosomal diseases. In Chapter 3, this thesis provides primary data 

demonstrating that NPC cells are more sensitive to lysosomal damage as a consequence of lipid 

storage. Furthermore, the data presented identify a role for Fbxo2 in CNS lysophagy and 

establishes its functional importance in NPC. In Chapter 4, this thesis presents primary data that 

examines the connection between dysfunctional neuron autophagy and TDP-43 proteinopathy in 

the NPC brain. Furthermore, these data provide the first evidence nuclear pathology in an LSD. 

Finally, Chapter 5 summarizes these findings and discusses remaining questions and suggests 

future directions. The work presented in this dissertation seeks to understand mechanisms 

underlying neurodegeneration in NPC, and I hope that this work will contribute to the 

identification of novel therapeutic strategies. 
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Introduction 
1.1 The Lysosome 

The lysosome was discovered serendipitously in 1955 by Christian de Duve 1. While he 

initially set out to investigate the localization of hepatic glucose 6-phosphatase utilizing recently 

developed fractionation assays, de Duve made a surprising discovery of a new cellular 

compartment that contained his control enzyme, acid phosphatase. This enzyme localized to a 

new cellular compartment he termed the “lysosome 2.” Since then, more than 60 acid hydrolases 

have been discovered, and the lysosome has been shown to play an essential role in recycling of 

cellular waste and degradation of biological macromolecules, including proteins, lipids, 

carbohydrates and nucleic acids. As such, the lysosome has been termed the “garbage disposal” 

of the cell.  

Although degradation of substrates is an essential function of the lysosome, it has become 

increasingly clear that the lysosome is involved in significant cellular processes beyond 

digestion. Far from being a mere “garbage disposal,” the lysosome is an essential metabolic 

signaling hub. Mechanistic target of rapamycin complex 1 (mTORC1),  a key regulator of 

cellular biosynthetic pathways 3 associates with the lysosome under specific conditions, 

including in response to changes in amino acid and lysosomal cholesterol 4 levels. The 

association of mTORC1 with the lysosome, mediated by RAG GTPases 5-7, leads to mTORC1 

activation and support of cell anabolism and suppression of autophagy 8. In this way, the 
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lysosome, a catabolic organelle, interfaces with regulation of anabolic pathways and cellular 

homeostasis.  

Rag GTPases also facilitate the recruitment of TFEB, a master regulator of lysosome 

biogenesis and autophagy 9, to the lysosome, which leads to mTORC1 dependent 

phosphorylation and inhibition TFEB 10. Activity and localization of TFEB is also regulated by 

lysosomal Ca2+, as release of Ca2+ from the lysosomal TRPML1 channel activates calcineurin, 

which dephosphorylates TFEB and promotes its nuclear translocation 11. Further, lysosomes 

participate in additional functions including gene regulation and plasma membrane repair, 

interact with other organelles through membrane contact sites, and are dynamic in changing their 

size, shape and number in response to environmental cues 12.  

With such a vital role of the lysosome in cellular function, it follows that lysosomal 

dysfunction leads to human disease, from rare, inherited lysosomal storage disorders (LSDs) to 

more common neurodegenerative diseases, cancer and metabolic disorders. Here, we focus on 

examining mechanisms of pathology in LSDs. 

 

1.2 Lysosomal Storage Disorders 

LSDs are a heterogeneous group of more than 70 inherited disorders characterized by the 

accumulation of lysosomal substrates due to organellar dysfunction. The majority of LSDs 

exhibit autosomal recessive inheritance, though three are X-linked. As LSDs are characterized by 

the accumulation of substrates, many are caused by mutations in genes that encode lysosomal 

proteases. However, LSDs are also caused by mutations in lysosomal transporters, integral 

membrane proteins and enzyme modifiers. The accumulation of substrates compromises 

lysosomal function and leads to a variety of secondary effects, including deficits in degradation 
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pathways such as autophagy, alterations in calcium homeostasis, oxidative stress, and activation 

of cell death pathways 13. 

Collectively, the prevalence of LSDs is quite high compared to other rare diseases at 

approximately 1 in 5,000 live births 13,14. LSDs lead to a wide spectrum of clinical phenotypes, 

but most often present in childhood with visceromegaly. LSDs progress to affect a variety of 

organs from the heart and lung, to the gastrointestinal system, muscle, bones, skin, kidney and 

the immune system 13. Despite the wide clinical variability among different LSDs, it is notable 

that two-thirds of patients across LSDs display significant neurological symptoms.  

Some LSDs are treatable, but for many, treatment strategies are still limited and they are 

managed symptomatically. A diverse array of approaches has been tested in hopes of developing 

disease modifying therapies for LSDs. One strategy for treatment is enzyme replacement therapy 

(ERT) to exogenously provide the missing or defective enzyme. ERT can only be done with 

soluble enzymes and has other limitations, including difficulty of uptake into certain organs. 

Additionally, patients may develop antibodies against the therapeutic enzyme, which leads to 

adverse side effects 15. Another strategy for the treatment of LSDs is substrate reduction therapy 

(SRT), which inhibits the buildup of the storage material in the lysosome. SRTs are non-

immunogenic and can be given orally, but design of SRTs can be challenging depending on the 

accumulated substrate. Currently, it is only available for two LSDs 16. Further, treatment 

strategies are also being developed aimed at stabilizing the mutant enzyme, promoting its folding 

or preventing its degradation, with the idea that if properly folded, the mutant enzymes could 

retain at least partial activity. Still, these strategies may be mutation specific and targeting the 

optimal enzyme activity level remains a challenge. 
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Although we have greatly progressed in our understanding of lysosomal function and of 

mechanisms involved in LSD pathogenesis, our understanding is still limited, and development 

of effective treatment strategies remains a necessary and critical task. 

1.3 Niemann-Pick C 

Niemann-Pick C disease (NPC) is an autosomal recessive LSD characterized by the 

accumulation of unesterified cholesterol in lysosomes and late endosomes 17. NPC is part of a 

group of Niemann-Pick Diseases (types A, B, C), which are characterized by altered intracellular 

lipid metabolism or trafficking, leading to lipid accumulation. 

Niemann-Pick type A and B are caused by deficiency in the enzyme acid 

sphingomyelinase, which functions to hydrolyze sphingomyelin into ceramide and 

phosphocholine 18,19. Thus, they are characterized by the accumulation of sphingomyelin and 

other lipids in the lysosome. The diagnosis is established when the activity of the enzyme is less 

than 10% of controls 20. Niemann-Pick type A patients are the most severely affected, have 

nearly complete loss of enzyme activity (<1%), and exhibit hepatosplenomegaly plus 

neuronopathic disease. These patients show a failure to thrive, and 50% of infants present with a 

cherry-red spot in the macula. Niemann-Pick A patients develop rapid, progressive 

neurodegeneration and death in infancy, often from respiratory failure 21. In contrast, Niemann-

Pick type B patients do not exhibit neurodegeneration, but can have prominent 

hepatosplenomegaly and liver failure. Children have growth restriction and gradually worsening 

pulmonary function 21. Forms intermediate to these extremes occur as a continuum of 

neurological findings (so-called type A-B patients).  

Niemann-Pick C (NPC) is characterized by the accumulation of unesterified cholesterol 

in late endosomes and lysosomes 17,22. This cholesterol represents LDL cholesterol that is 
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endocytosed through the LDL-receptor pathway and delivered to the lysosome. In the lysosome, 

cholesterol esters are hydrolyzed, and in normal conditions, cholesterol is liberated and used by 

the cell 23. NPC is caused by mutations in NPC1 and NPC2, proteins that function in concert to 

export cholesterol from the lysosome; defects in either of these two proteins leads to abnormal 

cholesterol trafficking and storage within the lysosomal compartment.  

The majority of cases of NPC (~95%) are due to mutations in the NPC1 gene 24, although 

a small subset (~5%) are due to mutations in NPC2 25. NPC1 is a large, 1278-residue protein 

with 13 transmembrane domains found in the limiting membrane of late endosomes and 

lysosomes. It contains a luminal amino terminus, cytosolic carboxyl-terminal tail, 3 large and 4 

small luminal loops, 6 small cytoplasmic loops and a sterol sensing domain 26. NPC1 binds 

cholesterol at the first luminal loop, which is designated the N-terminal domain 27, and a 

functioning sterol sensing domain is required for its interaction with cholesterol 28 (Figure 1.1).  

NPC2 is a small, 131-residue protein found in the lumen of the lysosome, and contains a 

deep hydrophobic pocket that binds cholesterol 29. NPC1 and NPC2 bind cholesterol in opposite 

orientations 30, and a mechanism has been identified in which NPC2 binds to free cholesterol in 

its hydrophobic pocket and transfers cholesterol to the N-terminal domain of NPC1 in a “hand-

off” mechanism 31-36. Still, the mechanism by which NPC1 then transfers cholesterol across the 

lysosomal membrane is incompletely understood. It has been proposed that through interaction 

of the N-terminal domain with the C-terminal domain, NPC1 transfers cholesterol to its sterol 

sensing domain in the lysosomal membrane, or directly to the lysosomal membrane to facilitate 

egress 31,35. However, it has also been shown that NPC1 can transfer cholesterol to neighboring 

NPC1 molecules 37, and another mechanistic possibility has been proposed such that NPC1 could 

function as a transporter by which cholesterol can pass through the protein 38 (Figure 1.1).   
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Mutations in NPC1 or NPC2 impair cholesterol trafficking and cause NPC disease. The 

incidence of NPC is estimated in a range from 1/150,000 to 1/50,000 39,40. It is a devastating 

illness that is clinically heterogeneous. While primarily affecting children, the age of onset can 

range from the perinatal period into adulthood, and lifespan can range from a few days to over 60 

years of age, although the majority of individuals die between 10 and 25 years of age 41. 

Clinically, it often begins with liver disease, followed by a gradually worsening neurological 

course, with loss of motor skills, cognitive decline, seizures, and death 39.  

 

Figure 1.1 Lysosome function in cholesterol trafficking and autophagy. Endocytosed LDL cholesterol is trafficked to the 
lysosome, where NPC1 and NPC2 function to export cholesterol out of the lysosome. Luminal NPC2 passes cholesterol to the N-
terminal domain (NTD) of NPC1, a large transmembrane protein. Several mechanisms have been proposed for how this 
cholesterol can then exit the lysosome. This cholesterol may be transferred to the sterol sensing domain (SSD) intramolecularly 
(black arrows) or intermolecularly (red arrows), where it is then inserted into the lysosome’s limiting membrane and released 
through poorly characterized mechanisms. Alternatively, cholesterol may pass through the NPC1 protein (green arrows), possibly 
followed by handoff to cholesterol binding proteins in other organelles such as the endoplasmic reticulum. The lysosome is also 
critical for autophagy, where a double membrane phagophore surrounds substrates and encloses as the autophagosome. The 
autophagosome fuses with the lysosome, forming the autolysosome, leading to degradation of substrates. 

Currently, treatment for NPC remains largely symptomatic, including through use of 

antiepileptic drugs for seizures or anticholinergic agents to improve dystonia. Miglustat, a 
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reported inhibitor of glucosylceramide synthase, partially stabilizes disease but does not alter the 

disease course 42 and has been approved in the European Union for treatment of NPC. The 

involvement of cholesterol storage in neurodegeneration has spurred the development of 

substrate reduction therapeutics such as hydroxypropyl-beta-dextrin (cyclodextrin). In mice and 

cats, peripheral administration of cyclodextrin corrects liver enzyme activity and weight defects 

but has no effects on neurodegeneration. This was found to be caused by the low blood brain 

permeability of cyclodextrin 43. Alternatively, intrathecal administration of cyclodextrin 

circumvents this challenge and dramatically improves lifespan and slows the disease course. 

These promising results have moved cyclodextrin through stage 1 and 2 clinical trials. Although 

neurological defects are slowed, cyclodextrin has limitations, including challenges associated 

with intrathecal injections, severe hearing loss 44, and more recently described, temporary 

paralysis. The mechanism by which cyclodextrin exerts therapeutic effects is controversial, and 

may include liberation of stored cholesterol from the lysosome by circumventing the need for 

NPC1/NPC2, promotion of lysosomal exocytosis, or redistribution of cholesterol following its 

extraction from the plasma membrane 45-48. 

Although our understanding of NPC has progressed, increased mechanistic understanding 

of disease pathogenesis is essential to uncover new treatment strategies.  

 

1.4 Autophagy 

One pathway that has been implicated in the pathogenesis of NPC is altered autophagy. 

Autophagy, literally meaning ‘self-eating,’ is an essential process for cellular quality control that 

relies on the lysosome to degrade misfolded proteins, protein aggregates or dysfunctional 

organelles. It is divided into three main subtypes – macroautophagy, microautophagy, and 
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chaperone mediated autophagy – based on the mechanism of delivery of cytosolic components. 

In macroautophagy, cytoplasmic cargo is delivered to the lysosome through fusion with a double 

membrane-bound vesicle known as the autophagosome 49. In microautophagy, cytosolic 

components are taken up by the lysosome directly through invagination of the lysosomal 

membrane 50. In chaperone mediated autophagy, chaperones identify cargo that contain a 

pentapeptide KFERQ consensus motif, and these substrates are then unfolded and translocated 

across the lysosomal membrane 51.  

In this thesis, I focus on macroautophagy, which I will herein refer to as autophagy. 

Autophagy begins with the formation of a pre-autophagosomal structure (PAS) that is initiated 

through the function of several autophagy-related (ATG) genes and signaling complexes. The 

PAS gives rise to an isolation membrane or phagophore, which elongates, recruits microtubule-

associated protein 1 light chain 3 (LC3), and envelopes a portion of the cytosol to enclose and 

become a double-membrane vesicle, the autophagosome. During formation of the 

autophagosome, ubiquitinated proteins are recognized by p62, which binds directly to LC3 to 

facilitate delivery of cargo to autophagosomes 52. The autophagosome then fuses to the lysosome 

to form an autolysosome, ultimately leading to the degradation of substrates by the action of 

lysosomal hydrolases 53.  

A subset of these Atg proteins, termed the ‘core molecular machinery,’ are essential for 

autophagosome formation 54.  This core machinery consists of 1) the Atg1/ULK complex, 2) two 

ubiquitin-like protein conjugation systems (Atg12 and Atg8/LC3), 3) the class III 

phosphatidylinositol 3-kinase/Vps34 complex I and 4) two transmembrane proteins Atg9/mAtg9 

and VMP1 55.  
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The ULK complex, which contains ULK1/2, mAtg13 and FIP200, is important for 

autophagy initiation. In addition, hVps34 forms a complex with Beclin-1 and p150, which also 

promotes autophagosome formation and maturation. For elongation and expansion of the 

phagophore, Atg12 is conjugated to Atg5 through the action of Atg7 (an E1-like enzyme) and 

Atg10 (an E2-like enzyme). The Atg12-Atg5 conjugate then interacts with Atg16L, which 

oligomerizes to form the Atg16L complex. In parallel, Atg8/LC3 is cleaved by Atg4 at its C-

terminus to generate cytosolic LC3-I. LC3-I is conjugated to phosphatidylethanolamine (PE) to 

form LC3-II through the action of Atg7 and Atg3 (an E2-like enzyme). LC3-II is then attached to 

the phagophore membrane. These two ubiquitination-like systems appear to be closely 

connected, as inhibition of either system prevents progression of the other 55. 

Upstream, autophagy is regulated by several signaling pathways. mTORC1, when 

activated under nutrient-rich conditions, phosphorylates the Ulk complex with Atg13, which 

inactivates them and inhibits autophagy. Conversely, inactivation of mTORC1 leads to 

dephosphorylation of the Ulk complex and induction of autophagy 8. In addition, calcium plays a 

role in autophagy regulation, and altered calcium homeostasis is also implicated in several LSDs. 

This is the topic of discussion in Chapter 2.  

Autophagy is critical for cellular function, including as a response against metabolic 

stress such as starvation, and eliminating defective proteins and organelles. Thus, it follows that 

dysfunction in autophagy leads to human disease across many organ systems, including cardiac 

disease, cancer, aging, inflammatory disease, and muscle disease 56. Notably, autophagy has been 

found to play an increasingly important role in many neurodegenerative diseases, such as 

Alzheimer and Huntington Disease, where it is essential for degrading disease-related protein 

aggregations 57. Autophagy is particularly important in neurons, as they are non-dividing cells 
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and cannot clear waste through cell division 58. Without functioning autophagy, neurons 

accumulate ubiquitinated proteins and degenerate; mice with neural-specific knockouts of 

essential autophagy genes develop accumulation of cytoplasmic ubiquitin-containing inclusion 

bodies in neurons and develop progressive neurodegeneration 59-62. 

As the lysosome plays an essential role in autophagy by fusing with autophagosomes and 

digesting their content, autophagy dysfunction is also seen across LSDs, and they can be seen 

primarily as “autophagy disorders 63.” Although the specifics of autophagic dysfunction vary, a 

common theme includes accumulation of lysosomal storage material, impairment of autophagic 

flux, and secondary accumulation of autophagic substrates and damaged mitochondria, leading 

to cellular damage and cell death 63. 

In NPC, there is a striking accumulation of LC3, p62 and autophagic vesicles in multiple 

tissues of Npc1-/- mice and cultured patient fibroblasts 64-66. Studies in our lab and others have 

found defects in autophagy in patient fibroblasts at multiple steps of the pathway, including 

increased induction of autophagy through Beclin-1 65, decreased autophagic flux and lysosomal 

fusion 67 and impaired cargo degradation in lysosomes due to altered enzyme activity 65,68. 

Studies in neuronal models of NPC disease also support activation of autophagy and a block in 

autophagy flux that contributes to defective clearance of mitochondria and mitochondrial 

fragmentation 69-71. 

Although some work characterized neuronal autophagy in NPC, it is noteworthy that 

prior studies have been done primarily on non-neuronal cells. This is important considering that 

studies done in our lab have shown that deleting Npc1 specifically in neurons but not in 

astrocytes is capable of recapitulating the neurological phenotype of a global Npc1 null mouse 72.  

In addition, autophagy is regulated differently in neurons compared to non-neuronal cells 73. 
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Neurons exhibit low basal levels of autophagosomes and lack of autophagy induction in response 

to starvation, which is seen in the heart and liver 73-75. Furthermore, the polarized structure of 

neurons adds another layer of complexity to autophagy dynamics. In neurons, autophagosomes 

are formed in the distal axon and undergo retrograde transport towards the cell body where they 

are degraded 76. Thus, autophagy in neurons exhibits spatial and temporal regulation. 

Impairments in neuron autophagy lead to accumulation of autophagosomes within swollen axons 

77. In Npc1 deficient mice, there is a striking accumulation of swollen axons throughout the 

brainstem 78, a pathology reminiscent of the effects of neuron autophagic dysfunction. In Chapter 

4, I characterize these axonal swellings and show that they accumulate autophagic cargo, 

including damaged mitochondria.   

 

1.5 Lysosomal Damage and Lysophagy 

Soon after lysosomes were discovered by de Duve, the possibility that they could act as 

‘suicide bags’ was proposed 79. As lysosomes sequester potent lytic enzymes, such as cathepsins, 

it was thought that integrity of the lysosomal membrane must be critical to protect the cell 

against autolytic injuries. Indeed, this hypothesis has been shown to be accurate; on top of the 

plethora of other cellular functions involving lysosomes, they also play a key role in cell death. 

Lysosomal cell death is preceded by lysosomal membrane permeabilization (LMP). In 

this process, damage to the lysosomal membrane leads to leakage of lysosomal contents, 

including cathepsins, which triggers cell death pathways. LMP can be induced by numerous 

endogenous and exogenous factors, including oxidative stress, iron-catalysed Fenton reactions, 

endocytosed materials such as silica crystals, lipids, pathogens and lysosomotropic drugs 80. 
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Inhibition of cathepsins enhances cell survival, supporting the role that leaked cathepsins play in 

mediating cell death 81. 

LMP can trigger a variety of cell death processes depending on the cellular context and 

cell type. There are varying degrees of LMP, from massive leakage that leads to acidification of 

the cytosol, breakdown of cell components and necrosis, to partial and selective leakage of 

cathepsins that initiate alternative cell death pathways, including apoptosis or pyroptosis 82. One 

of the main cell death pathways triggered by LMP involves cathepsin mediated cleavage of Bid, 

which activates pro-apoptotic Bcl-2 family members Bax and Bak, and induces mitochondrial 

outer membrane permeabilization, cytochrome c release and caspase-dependent apoptosis. 

However, caspase-independent apoptosis can also occur, as lysosomal cell death induced by 

certain infections or microtubule poisons cannot be prevented by caspase inhibitors 83. 

LMP-induced cell death can occur under physiologic conditions as a homeostatic 

response, such as during mammary gland involution or to maintain neutrophil numbers during 

inflammation 83. However, LMP has also been observed in several neurodegenerative diseases, 

including Alzheimer and Parkinson diseases, and an increasing number of LSDs 83. In a mouse 

model of Gaucher disease, changes in the levels and distribution of cathepsins were observed in 

the brain and neurons, indicating release from the lysosome 84. In late-infantile neuronal ceroid 

lipofuscinosis, subunit c of mitochondrial ATP synthase, one of the stored catabolites, was found 

in extra-lysosomal aggregates in neurons, consistent with LMP 85. LMP has also been observed 

in Niemann Pick disease type A, where accumulated sphingomyelin levels induce lysosomal 

damage 86,87, and lysosomal instability can be corrected by treatment with Hsp70 88. Altered 

levels, activity and localization of cathepsins has also been observed in NPC; inhibition of 
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cathepsins attenuates neuron death, whereas activation of cathepsins enhances the degenerative 

phenotype in NPC mice 89,90. 

To limit cytotoxic consequences of LMP, cells can either repair or degrade the damaged 

lysosomes. Lysosomes that have undergone more limited permeabilization can be repaired 

through the function of ESCRT (endosomal sorting complex required for transport) machinery 

91,92. However, upon more significant lysosomal damage, lysosomes are degraded through a form 

of selective autophagy known as lysophagy. In this process, damaged lysosomes are sensed, and 

subsequent ubiquitination of lysosomal proteins leads to recruitment of autophagic machinery, 

engulfment by autophagic membranes, and clearance of the damaged organelles 80. 

Sensing of damaged lysosomes involves the exposure of glycans that are normally on the 

luminal side of lysosomes. These glycans are recognized by cytosolic galectins, including 

galectin-1, -3, -8 and -9 93-96. In addition to their sensing function, galectins also play more active 

roles in lysophagy by recruiting autophagy adapters; galectin-3 interacts with TRIM16 94, and 

galectin-8 recruits NDP52 96, which contributes to ubiquitination of damaged lysosomes and 

recruitment of autophagic membranes, respectively. Further, galectin-8 inhibits mTOR signaling 

through its Ragulator-Rag signaling machinery and galectin-9 activates AMPK, both of which 

activate autophagy after lysosomal damage 97.  

A key intermediate step for lysophagy progression is ubiquitination of lysosomal 

proteins. Polyubiquitination of organelle membrane proteins is a feature of many forms of 

selective autophagy, which mediates recruitment of autophagic machinery, allowing for efficient 

organelle turnover 80,98. LRSAM1 99, TRIM16 94 and the SCFFBXO27 ubiquitin ligase complex 100 

are ubiquitin ligases that have been implicated in lysophagy. In addition, the ubiquitin-directed 

AAA-ATPase p97 is also recruited to damaged lysosomes. Deficiency in p97 delays lysophagy 
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and is thought to extract ubiquitinated proteins from the lysosomal membrane to facilitate 

binding to autophagy receptors 101,102. 

Although components of lysophagy have been identified in recent studies, aspects of the 

machinery that function in organ and cell type specific regulation remain incompletely 

understood. Notably, LMP has been observed in an increasing number of neurodegenerative 

diseases, yet brain specific lysophagy machinery remains unknown. Understanding the role that 

lysosomal damage plays in NPC and uncovering mechanisms of lysophagy in the brain is the 

focus of Chapter 3. 

 

1.6 Autophagy and TDP-43 proteinopathy  

 
Dysfunctional autophagy has also been associated with the cytoplasmic mislocalization 

and aggregation of TAR-DNA binding protein of 43 kDa (TDP-43). TDP-43 is a ubiquitous, 

highly conserved RNA/DNA- binding protein that belongs to the heterogeneous nuclear 

ribonucleoprotein (hnRNP) family and functions in RNA metabolism. It contains two RNA 

recognition motifs, a nuclear localization sequence at the N-terminus, a nuclear export signal, 

and a C-terminal glycine-rich low complexity domain. Though TDP-43 is primarily nuclear, it 

can shuttle between the nucleus and cytoplasm 103, and plays key roles in RNA processing, 

including splicing, translation and degradation 104,105.  

TDP-43 expression levels and localization are critical for normal cellular function, and 

cytoplasmic inclusions of TDP-43 are a pathological hallmark of amyotrophic lateral sclerosis 

(ALS) and frontotemporal degeneration (FTD). Pathologic TDP-43 forms ubiquitinated 

cytoplasmic aggregates, is hyper-phosphorylated, cleaved to generate C-terminal fragments, and 

is depleted from the nucleus 106,107. Although ALS and FTD are biochemically, genetically and 
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clinically heterogeneous, pathological TDP-43 cytoplasmic inclusions are observed in over 90% 

of ALS and over 50% of FTD patients, highlighting its role in disease pathogenesis 108. 

Corresponding to nuclear exclusion, TDP-43 loss-of-function mechanisms have been indicated 

in neurodegeneration. Loss of TDP-43 in diverse model systems from C. elegans to Drosophila 

and zebrafish results in behavioral and neurodegenerative phenotypes 109-111. Furthermore, 

homozygous loss of TDP-43 in mice is embryonic lethal and heterozygous mutants display 

motor deficits and muscle weakness 112, revealing the essential role of TDP-43 in development 

and neuromuscular function. On the flip side, gain-of-function mechanisms have also been 

described. Increased levels of TDP-43 have been detected in ALS patients 113-115, overexpression 

of TDP-43 causes neurodegeneration 116-119, and cytoplasmic mislocalization of TDP-43 is 

sufficient to drive neuron death 120.  

Despite increased understanding of both gain- and loss-of-function pathological 

mechanisms of TDP-43 mislocalization 121, the processes that mediate the formation of these 

pathological aggregates remain incompletely understood. TDP-43 contains a C-terminal low 

complexity domain, which renders it aggregation prone 122. Disordered domains can drive 

dynamic self-assembly into intracellular membraneless organelles. In cell culture, TDP-43 

undergoes liquid-liquid phase separation and forms cytosolic liquid droplets in response to stress. 

These then progressively convert into gels/solids that show characteristics of TDP-43 aggregates 

in vivo and cause neuron death 123. Almost all ALS-associated TDP-43 mutations are 

concentrated in the low complexity domain, which promote its cytoplasmic mislocalization 124-

126. However, they contribute to only 2%-5% of ALS cases 121,122. An alternative mechanism of 

TDP-43 aggregation is thought to arise from its role in stress granule assembly, as TDP-43 

recruitment to stress granules may increase its propensity to form pathological aggregates 127-129. 
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Still, the role of stress granules in TDP-43 aggregation is unclear, as TDP-43 mislocalization has 

also been shown to occur independently of stress granule formation 123,130. More recently, 

neuroinflammation has also been implicated in TDP-43 proteinopathy, as neurotoxic microglia 

and complement activation promote TDP-43 proteinopathy in progranulin deficient neurons 131. 

This is in agreement with prior studies that also pointed to the role of inflammation in TDP-43 

pathology, and an immune response with astrocytes and microglia is seen in both ALS patients 

and mouse models 132,133. 

Of particular interest, impaired clearance of TDP-43 has also been implicated in TDP-43 

pathology. TDP-43 is degraded by both the ubiquitin-proteasome system and by autophagy. 

Dysfunction in the clearance of TDP-43 aggregates by autophagy has been linked to disease 

pathogenesis 134-136. Inhibition of autophagy contributes to TDP-43 cytoplasmic accumulation 135-

137, and autophagy induction reduces cytoplasmic mislocalization and enhances neuronal survival 

in ALS models 73. Consistent with this idea, multiple ALS- and FTD-associated genes are linked 

to autophagy and the lysosomal pathway 138, including C9ORF72, TBK1, UBQLN2, VCP, 

SQSTM1, and OPTN, and mutations in these genes result in TDP-43 pathology 139-144. This link 

between dysfunctional autophagy and TDP-43 proteinopathy is of particular interest to LSDs, in 

which autophagic dysfunction is prominent 63. Mouse and patient brains with progranulin 

mutations accumulate TDP-43 inclusions and exhibit pathologic hallmarks of the lysosomal 

storage disease (LSD) neuronal ceroid lipofuscinosis 145, highlighting a link between lysosomal 

dysfunction and TDP-43 pathology. Altered expression and localization of TDP-43 has also been 

reported in NPC 146. However, the extent to which impaired autophagy in NPC is sufficient to 

drive TDP-43 mislocalization is unclear. Furthermore, a detailed characterization of TDP-43 

proteinopathy and its pathological state from early stage cytoplasmic droplets towards aggregates 
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and nuclear depletion in vivo is lacking. Characterization of TDP-43 mislocalization in NPC and 

examination of factors that drive TDP-43 proteinopathy, including impaired autophagy and 

neuroinflammation is the focus of Chapter 4.   

Increasingly associated with TDP-43 proteinopathy is the disruption of 

nucleocytoplasmic transport 147. Nucleocytoplasmic transport involves the regulated exchange of 

proteins and RNAs between the nucleus and the cytoplasm, which is essential for cellular 

function. The nuclear envelope is composed of an outer and an inner nuclear membrane, and the 

inner membrane is associated with a network of intermediate filaments composed of lamin. The 

gatekeeper of this barrier is the nuclear pore complex, a large structure composed of an assembly 

of nucleoporins (Nups) that form a cylindrical channel and diffusion barrier between the 

cytoplasm and nucleus 148. The import and export of proteins utilizes nuclear transport receptors 

of the karyopherin family, also known as importins and exportins, which recognize nuclear 

localization signals or nuclear export signals 149.  Furthermore, the small GTPase Ran forms a 

gradient of RanGTP in the nucleus and RanGDP in the cytoplasm, which allows for 

directionality in nuclear transport 150. In classical nuclear import, importin α binds to NLS-

containing cargo proteins, which then forms a ternary complex with importin β. This complex is 

targeted to the nuclear pore complex and translocates into the nucleus. In the nucleus, RanGTP 

binding triggers dissociation of the complex and release of cargo proteins. RanGTP bound 

importin α and importin β are then exported back to the cytoplasm where RanGTP is converted 

to RanGDP, releasing the importins to be reused for another round of transport 151.  The export of 

RNAs also requires transport machinery, including the transcription-export (TREX) complex for 

mRNAs 147.  
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Disruption of nucleocytoplasmic transport has emerged as an important mechanism of 

neurodegeneration in ALS/FTD. A plethora of abnormalities have been observed in patient tissue 

and animal and cell models of ALS/FTD, including irregular nuclear membrane morphology, 

loss of the Ran gradient, protein import defects, RNA export defects, and mislocalization or 

aggregation of Nups or importins 152. Notably, mislocalization of TDP-43 has been associated 

with all of these pathologies, and mislocalized transport factors, including importin α and Nups, 

co-localize with cytoplasmic TDP-43 123,153,154. The impact of TDP-43 proteinopathy on 

nucleocytoplasmic transport and nuclear membrane morphology in NPC is explored in Chapter 

4.  

 

1.7 Remaining questions in NPC 

 
Although we have progressed in our understanding of NPC disease and the functions of 

NPC1 and NPC2 in cholesterol trafficking, there are still no FDA approved treatments for this 

disease. Further, studies done in NPC neurons are still lacking, which is a significant gap as 

neurons are a critical cell type in disease. This thesis focuses on examining alterations in 

autophagy in NPC neurons and their impact in disease pathogenesis. In Chapter 2, I discuss the 

intersection between altered calcium homeostasis and dysfunctional autophagy in lysosomal 

diseases. In Chapter 3, I explore the role of lysosomal damage in NPC disease pathogenesis and 

investigate mechanisms of lysophagy in the brain. I discuss data showing that NPC cells are 

more sensitive to lysosomal damage and highlight a role for Fbxo2 in lysophagy in the brain. In 

Chapter 4, I characterize axonal pathology in the NPC mouse brain and reinforce its connection 

to impaired autophagy. Furthermore, I investigate the relationship between dysfunctional 

autophagy and TDP-43 proteinopathy and show that TDP-43 mislocalization in NPC persists for 
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months without progression to aggregates and occurs independently of autophagic substrate 

accumulation. I also highlight vulnerable neuron populations and provide evidence of abnormal 

nucleocytoplasmic transport in NPC neurons. The work presented in this dissertation seeks to 

understand mechanisms underlying neurodegeneration in NPC, and I hope that this work will 

contribute to the identification of novel therapeutic strategies. 
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The Intersection of Lysosomal and ER Calcium with  
Autophagy Defects in Lysosomal Diseases 

 

2.1 Introduction 

The lysosomal storage disorders (LSDs) are a group of more than 50 inherited diseases 

characterized by the accumulation of lysosomal substrates due to organellar dysfunction. As 

lysosomes are ubiquitous cellular organelles, LSDs lead to pathology in many different tissues 

and organ systems. Notably, two-thirds of patients experience significant neurological 

symptoms. However, the mechanisms of neurodegeneration are not well understood, and this 

contributes to the lack of available and effective treatments for these devastating illnesses. As the 

lysosome plays a critical role in autophagy, a wide range of LSDs give rise to defects in 

autophagic flux, which disrupt the ability of the cell to degrade and recycle damaged or 

sequestered materials. As such, LSDs can be seen as “autophagy disorders 1,2.” Still, LSDs 

exhibit a wide range of other cellular defects, including altered Ca2+ homeostasis 3. It is of 

interest that LSDs share defects in both autophagy and Ca2+ regulation, as Ca2+ itself is a critical 

regulator of autophagy. The question arises as to whether the dysregulation in these pathways is 

connected. To address this question, we focus on one class of LSDs, the sphingolipidoses, which 

are disorders of sphingolipid trafficking or metabolism. Included in this group are Niemann-Pick 

type C disease (NPC) and Gaucher disease (GD). Studies in NPC and GD have established 

dysregulation in both autophagy and Ca2+ homeostasis, but further work is required to elucidate 
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possible links between the two. In this review, we discuss the roles of endoplasmic reticulum 

(ER) and lysosomal Ca2+ in autophagy regulation, and we highlight what is known about altered 

ER and lysosomal Ca2+ homeostasis and autophagy in NPC and GD.  

 

2.2 ER calcium and autophagy    

The endoplasmic reticulum (ER) is a major intracellular store of Ca2+, with a resting Ca2+ 

concentration of several hundred µM 4. This composes a dynamic pool of Ca2+ that functions in 

processes ranging from proliferation to cell death, and of note, autophagy. Calcium has been 

implicated in the regulation of autophagy since 1993, when a first report suggested the 

dependence of autophagy on the presence of Ca2+ in an intracellular storage compartment 5. 

Since then, much work has been done to gain insight into this question, and while much progress 

has been made, controversy still remains.  

ER Ca2+ is regulated through various channels and pumps (Table 2.1), including the 

inositol 1,4,5-triphosphate receptors (IP3Rs), ryanodine receptors (RyRs) and the 

sarcoendoplasmic reticulum Ca2+ transport ATPase (SERCA) pumps. These facilitate movement 

of Ca2+ both into (SERCA) and out of (IP3Rs and RyRs) the ER (Figure 2.1) 6. In vertebrates, 

there are three IP3R isoforms, IP3R1, 2 and 3. Most cell types express two or even all three 

isoforms, but IP3R1 is found predominantly in neuronal cells, IP3R2 in liver and muscle, and 

IP3R3 in most cultured cells 7. RyRs also exist as three isoforms, RyR1, 2 and 3. RyR1 is 

primarily expressed in skeletal muscle. RyR2 is expressed in cardiac muscle and also in 

cerebellar Purkinje neurons and the cerebral cortex. RyR3 is expressed in hippocampal neurons, 

Purkinje neurons, skeletal muscle, lung, kidney and various other tissues 8.  
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Table 2.1. Calcium channels and pumps of the ER and lysosome 

Channel Autophagy Refs. NPC Refs. GD Refs. 

E
nd

op
la

sm
ic

 R
et

ic
ul

um
 

RyR   Inhibition of RyRs 
enhances NPC1 
proteostasis and 
ameliorates 
cholesterol storage 

68 Increased Ca2+ 
release  

80-83 

Inhibition of RyRs 
enhances GCase 
proteostasis 

84 

Dantrolene corrects 
Ca2+ signaling and 
autophagy defects  

91 

IP3R Inhibiting IP3Rs induces 
autophagy 

13-17     

Inhibition of IP3R releases 
Beclin-1 to stimulate 
autophagy 

14-15 

Ca2+ transfer to 
mitochondria inhibits 
autophagy 

16 

Ca2+ release important for 
starvation induced 
autophagy 

23 

SERCA Inhibiting SERCA 
activates autophagy 

19-21 Thapsigargin 
induces fusion 
between late 
endosomes and 
lysosomes 

69   

CaMKK-b activation of 
AMPK 

20 

Activation of PKCθ  21 

L
ys

os
om

e 

TPC TPC Ca2+ release induces 
autophagy 

32, 52     

mTOR reactivation and 
autophagy termination in 
prolonged starvation 

53 

Inhibiting TPCs diminishes 
autophagic flux 

54 

TRPML-1 Loss of TRPML-1 function 
leads to accumulation of 
autophagosomes and 
delays autophagosome-
lysosome fusion 

46-47 Sphingomyelin 
inhibits Ca2+ release; 
increased Ca2+ 
channel activity 
corrects late 
endosome and 
lysosome to Golgi 
transport  

70   

Activation of mTORC1 48-49 

Promotion of lysosomal 
motility 

51 

Activation of calcineurin 
and TFEB 

56, 57 
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Similarly, there are three SERCA isoforms, SERCA1, 2 and 3, which form more than 10 

different splice variants. SERCA1 is expressed in fast-twitch skeletal muscle. SERCA2a is 

expressed primarily in cardiac and slow-twitch muscle, and SERCA2b is found in all tissues at 

low levels, including muscle, brain, kidney and stomach. SERCA3 isoforms are also expressed 

in several tissues, including hematopoietic cells, fibroblasts and endothelial cells 9.  

 

Figure 2.1 Ca2+ regulation and autophagy. NPC1 and gCase are synthesized in the ER and traffic through the Golgi to the 
lysosome, where they function to export cholesterol or hydrolyze GlcCer, respectively. Mutations in these proteins lead to 
accumulation of lysosomal substrates and disease. Altered Ca2+ homeostasis and autophagy have been implicated in both NPC 
and GD. ER Ca2+ is regulated through IP3Rs, RyRs and SERCA pumps. IP3Rs and RyRs move Ca2+ out while SERCA pumps 
move Ca2+ into the ER. IP3Rs are also found in MAMs, where they function with VDAC and MCU to transfer Ca2+ from the ER 
to the mitochondria. Lysosomal Ca2+ is regulated by TRPML-1 and TPC, which both facilitate movement of Ca2+ out of the 
lysosome. Autophagy is a process in which a double membraned phagophore surrounds substrates, elongates, and encloses to 
form the autophagosome. The autophagosome fuses with the lysosome to form the autolysosome and degrade substrates. The 
connection between altered Ca2+ regulation and autophagy is of particular interest in lysosomal storage diseases.  
 

Early work examining the role of ER Ca2+ in autophagy centered on the IP3R, which 

releases Ca2+ from the ER in response to elevations in inositol 1,4,5-triphosphate (IP3) 10,11. IP3 

is generated after external signals activate G protein-coupled or tyrosine-kinase linked receptors. 

These in turn activate phospholipase C to hydrolyze phosphatidylinositol 4,5-bisphosphate 
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(PIP2) to form diacylglycerol (DAG) and IP3, which then binds IP3R 12. PIP2 is generated in a 

pathway from inositol, which forms when inositol monophosphatase (IMP) hydrolyzes 

phosphatidylinositol (PI) 10. A continuous supply of PIP2 is necessary to generate IP3.  

Interest in the role of inositol phosphate signaling as a regulator of autophagy was 

prompted by an initial study which showed that lithium induced autophagy by inhibiting IMP, 

leading to decreased IP3 and implicating an inhibitory role of IP3Rs on autophagy 13. Subsequent 

studies from several different groups showed that reducing IP3 levels or inhibiting IP3Rs with 

either the chemical inhibitor xestospongin B or siRNA knockdown induced autophagy, 

supporting the notion that IP3Rs are inhibitory on autophagy 13,14. The mechanism of inhibition 

remains a topic of debate, as some groups attribute it to altered interactions between IP3R and 

Bcl2. In this model, IP3Rs serve as a scaffold to complex Bcl2 and Beclin1, and inhibitory 

treatments alter the interaction of IP3R and Bcl2, which releases Beclin-1 and stimulates 

autophagy 14,15. While this model does not support a role for Ca2+, a variety of other Ca2+ 

dependent mechanisms of autophagy regulation have been proposed. Using IP3R pore-dead 

mutants, IP3R channel activity was found to be essential for autophagy suppression 16,17. 

Suggested underlying mechanisms include the notion that IP3R dependent Ca2+ signals maintain 

mTORC1 activity to inhibit autophagy 17. Alternative possibilities build on the observation that 

IP3Rs are essential for Ca2+ transfer from the ER to mitochondria for normal bioenergetics. This 

function keeps autophagy at basal levels; absence of Ca2+ transfer compromises mitochondrial 

respiration and leads to AMPK dependent activation of autophagy 16. Furthermore, L-type Ca2+ 

channel mediated Ca2+ release was shown to activate calpain, which increases cAMP and IP3, 

creating a cyclical loop of autophagy inhibition 18. 
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Despite studies implicating an inhibitory role of IP3R-mediated Ca2+ release on 

autophagy, others have described, in contrast, an activating role. Many of these studies utilized 

agents that elevate cytosolic Ca2+ through independent mechanisms, such as the SERCA inhibitor 

thapsigargin 19-21 or other Ca2+ mobilizing agents such as cadmium 22. These studies described 

multiple mechanisms for autophagy regulation, including Ca2+ calmodulin-dependent kinase 

kinase-beta (CaMKK-b) dependent activation of AMPK and inhibition of mTOR 20 and Ca2+ 

activation of PKCθ 21. While these studies perturbed Ca2+ in their methodology, even without 

disturbing intracellular Ca2+ homeostasis with drug treatments, starvation induced autophagy was 

found to be dependent on IP3R Ca2+ release 23, and rapamycin induced autophagy was shown to 

require cytosolic Ca2+ 24.  

Various explanations have been proposed to reconcile these seemingly conflicting views 

of the role of Ca2+ in autophagy, including use of different cell types, different forms of 

autophagy and autophagy checkpoints, and differing roles of Ca2+ in basal versus stress 

conditions 25. In particular, stress conditions may increase cytosolic Ca2+, activating autophagy 

through mechanisms described above, while in the basal state, constitutively released Ca2+ from 

ER IP3Rs is taken up by mitochondria, which allows for the production of ATP and inhibits 

autophagy 26.  

The exchange of critical regulatory signals between the ER and mitochondria has 

received increasing interest. ER and mitochondria make close contact at sites known as 

mitochondrial associated membranes (MAMs), which function in Ca2+ signaling, lipid exchange 

and synthesis, and control of mitochondrial bioenergetics. Ca2+ transfer is proposed to occur 

through IP3Rs on the ER membrane to the voltage-dependent anion-selective channel protein 1 

(VDAC) on the outer mitochondrial membrane and the mitochondrial calcium uniporter (MCU) 
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on the inner mitochondrial membrane (Figure 2.1). This Ca2+ exchange is essential for ATP 

generation, which keeps autophagy at basal levels, while excessive Ca2+ uptake leads to 

apoptosis 27. Additionally, it was recently shown that the integral ER protein vesicle-associated 

membrane protein-associated protein B (VAPB) binds to protein tyrosine phosphatase interacting 

protein 51 (PTPIP51) on the outer mitochondrial membrane at MAMs; manipulating this 

tethering between ER and mitochondria was sufficient to regulate autophagy in a Ca2+ dependent 

manner 28. In fact, ER-mitochondria contact sites themselves have been found to serve as a 

membrane origin for autophagosomes 29. Thus, alterations in MAMs are well positioned to 

contribute to both ER Ca2+ and autophagic dysregulation in LSDs. 

 

2.3 Lysosomal calcium and autophagy 

Lysosomes are essential for the efficient degradation of complex macromolecules and 

spent organelles and have emerged as key nodes in the regulation of cellular energy metabolism. 

In their function to maintain cellular quality control, their direct role in autophagy is apparent as 

the endpoint for digestion of substrates. In studying autophagy, small molecules such as 

bafilomycin and chloroquine are commonly used inhibitors, and it is known that the ability of 

these compounds to neutralize lysosomal pH impairs substrate degradation and disrupts 

autophagosome-lysosome fusion 30,31. However, the observation that disruption of lysosomal pH 

also alters lysosomal Ca2+ homeostasis has prompted investigations into the extent to which 

lysosomal Ca2+ regulates autophagy 32. As this question has been pursued, the importance of 

lysosomal Ca2+ has been increasingly revealed.  

Due to the acidic nature of lysosomes, measuring lysosomal Ca2+ is difficult, as many 

fluorescent probes are sensitive to pH. However, experiments controlling for pH found that free 
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Ca2+ in lysosomes is in the 400-600 µM range, which is comparable to ER Ca2+ levels 33. Using 

sea urchin eggs, it was demonstrated that nicotinic acid adenine dinucleotide phosphate 

(NAADP) mobilizes Ca2+ from a lysosome equivalent organelle 34. Both transient receptor 

potential mucolipin-1 (TRPML-1) 35 and the two-pore channel (TPC) have been implicated as 

NAADP receptors that release Ca2+ from lysosomes (Figure 2.1, Table 2.1) 36,37.  

TPCs, which include TPC1-3, are localized on endosomes and lysosomes and belong to 

the superfamily of voltage-gated ion channels. In contrast to plasma membrane-localized 

voltage-gated Na+ and Ca2+ channels, which contain four 6-transmembrane domains, TPCs are 

likely dimeric, with two 6-transmembrane domains 38. There has been considerable controversy 

regarding their ion selectivity and gating. The bulk of evidence suggests that NAADP activates 

TPC channel activity to release Ca2+. However, some reports identify TPCs as Na+ channels that 

are activated by phosphatidylinositol-3,5-bisphosphate (PI(3,5)P2) and not NAADP 39. In 

addition, other reports indicate that TPCs associate with mTOR, and that this complex is 

involved with ATP-mediated inhibition of Na+ currents 40.  Indeed, TPC activation and 

permeability are complex, and they are likely to be co-regulated by NAADP and PI(3,5)P2 and 

permeable to both Na+ and Ca2+ 38.  

TRPML-1 is part of the mucolipin family of TRP ion channels, so named because 

mutations in its founding member, TRPML-1, lead to the lysosomal storage disease 

mucolipidosis type IV 41. TRPML-1 is a major Ca2+ release channel composed of 6-

transmembrane domains with two di-leucine motifs that target TRPML-1 to late endosomes and 

lysosomes. In addition to Ca2+, TRPML-1 has been shown to be permeable to many ions, 

including Fe2+, Zn2+, Na+ and K+ 42. Like TPCs, regulation of TRPML-1 is likely complex, but 

PI(3,5)P2 has been shown to activate TRPML-1, while PI(4,5)P2 inhibits TRPML-1 43. While 
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these Ca2+ release channels have become better characterized, the mechanism of lysosomal Ca2+ 

filling is less well understood. The hypothesis that the acidic pH of the lysosome drives Ca2+ 

filling from cytosolic stores has been widely accepted 44, but a recent study suggests that the ER 

is a critical source of lysosomal Ca2+ 45.  

Loss of TRPML-1 function leads to changes in autophagic flux, including increased 

accumulation of autophagosomes and delayed autophagosome-lysosome fusion 46,47. However, it 

was initially unclear whether TRPML-1 and its Ca2+ channel activity are directly involved in 

these changes or if they occur secondary to alterations in intracellular lipids. Further studies 

resolved this question, showing that TRPML-1 mediated Ca2+ release is important for 

amphisome-lysosome fusion and that the subsequent degradation of proteins promotes TORC1 

activation to inhibit autophagy 48. These effects occur through a cascade in which Ca2+ released 

from TRPML-1 binds calmodulin, which in turn binds mTORC1 to stimulate its kinase activity 

49. In addition, starvation-induced autophagy leads to upregulation of TRPML-1 and increases 

Ca2+ currents to enhance autophagic degradation 50. TRPML-1 Ca2+ release has also been shown 

to regulate lysosome motility, promoting lysosome movement towards autophagosomes 51. 

Like TRPML-1, TPCs have been implicated in autophagy regulation. Modulating 

lysosomal Ca2+ by delivery of NAADP showed that Ca2+ release from TPCs induces autophagy 

32. This was confirmed by work investigating mechanisms of autophagy dysregulation caused by 

mutations in leucine-rich repeat kinase-2 (LRRK2), a gene mutated in familial Parkinson disease. 

LRRK2 over-expression has been found to induce autophagy via the CaMKK-b/AMPK pathway, 

mediated by NAADP dependent release of lysosomal Ca2+ 52. In contrast, in studies of Tpcn2 

null mice, it was shown that TPC2 regulates mTOR reactivation and autophagy termination in 

response to prolonged starvation 53. In cardiomyocytes, genetically inhibiting TPCs diminishes 
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autophagic flux and decreases cell viability under starvation 54. These studies support an 

important role for lysosomal Ca2+ channels in the regulation of autophagy, and suggest that 

additional levels of complexity influence outcomes dependent upon the cell type studied and 

induction paradigm utilized.   

Lysosomal Ca2+ is also implicated in the regulation of autophagy that occurs through 

transcription factor EB (TFEB). TFEB is an important regulator of lysosomal and autophagic 

function by controlling expression of many genes critical to these pathways. Phosphorylation 

retains TFEB in the cytoplasm, but when dephosphorylated, TFEB translocates to the nucleus to 

activate autophagy and lysosomal genes 55. In identifying phosphatases that promote TFEB’s 

nuclear localization, it was found that TRPML-1 mediated Ca2+ release activates calcineurin, 

which dephosphorylates TFEB and leads to its nuclear localization and induction of autophagy 

genes 56. Upstream of this pathway, increased reactive oxygen species (ROS) activate TRPML-1, 

which leads to lysosomal Ca2+ release and calcineurin-dependent TFEB nuclear translocation 57.  

As we are still progressing in our understanding of mechanisms controlling lysosomal 

Ca2+, there is much to clarify regarding the role of lysosomal Ca2+ in the regulation of autophagy. 

Modulation of Ca2+ release by TPCs and TRPML-1 impacts autophagy, but further 

understanding of pathways that regulate the activity of these channels is needed. In addition, 

clarifying cell type specific differences, how these channels respond in situations of autophagy 

induction, and their contribution to autophagy dysfunction in LSDs are critical questions to be 

addressed.  
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2.4 LSDs and ER/lysosomal calcium 

Lysosomal storage disorders (LSDs) are a heterogeneous group of inherited diseases 

resulting from deficiency of lysosomal proteins or non-lysosomal proteins critical for trafficking 

or post-translational modification of lysosomal proteins. Alterations in lysosomal function result 

in the accumulation of lysosomal substrates, a pathological hallmark of disease. Collectively, the 

prevalence of LSDs is quite high compared to other rare diseases, at approximately 1 in 8,000 

live births 58. LSDs lead to a wide spectrum of clinical phenotypes, but notably, two-thirds of 

patients display significant neurological symptoms. A persistent question in the field is why and 

how defects in lysosomal function contribute to organ dysfunction, particularly 

neurodegeneration. Studies of LSDs have revealed impairments in several critical cellular 

functions, including Ca2+ homeostasis and autophagy 1,3. These pathways are increasingly shown 

to be important contributors to disease pathogenesis, and as Ca2+ has been implicated in 

autophagy regulation, alterations in these pathways may be functionally related. Here we discuss 

data from studies of two LSDs, Niemann-Pick type C (NPC) and Gaucher disease (GD), both of 

which exhibit Ca2+ and autophagy defects. These disorders are discussed as exemplars of the 

potential role of lysosomal and ER Ca2+ in autophagy dysregulation in this larger group of 

disorders. 

2.4.1 Niemann-Pick C disease 

NPC is an autosomal recessive LSD characterized by the accumulation of unesterified 

cholesterol in lysosomes and late endosomes 59. The incidence of NPC is estimated to be in a 

range of 1/150,000 to 1/50,000 60,61. It is a devastating, progressive illness that often begins in 

infancy with liver disease, followed by a gradually worsening neurological course, with loss of 

motor skills, cognitive decline, seizures and most often death in early adolescence 60. Later 
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symptomatic onset can occur in adolescents and adults, complicating the clinical spectrum of 

disease phenotypes. Most cases of NPC (~95%) are due to mutations in the NPC1 gene 62, 

although a small subset (~5%) is due to mutations in NPC2 63. NPC1 is a multipass 

transmembrane protein found in the limiting membrane of the lysosome while NPC2 is a soluble 

protein in the lysosomal lumen. It is thought that NPC1 and NPC2 function in concert to export 

cholesterol from lysosomes (Figure 2.1) 64. Crystal structures and cryogenic electron microscopy 

studies have identified a mechanism by which NPC2 binds cholesterol and hands it off to NPC1, 

which then inserts it into the lysosomal membrane 65-67. Although we have progressed in our 

understanding of NPC1’s role in intracellular lipid trafficking, the precise mechanisms by which 

lipid accumulation leads to severe neurodegeneration are not well understood.  

Studies using proteostasis regulators targeting the ER suggest that the ER Ca2+ 

concentration could be altered in NPC disease (Table 2.1). Increasing ER Ca2+ levels with the 

ryanodine receptor antagonist DHBP (1,1’-diheptyl-4,4’-bipyridium) increased steady state 

levels and trafficking of mutant NPC1 containing a substitution of isoleucine at position 1061 for 

threonine (I1061T); this treatment also ameliorated lipid storage 68. The same study also found 

that overexpression of calnexin, a Ca2+ dependent molecular chaperone in the ER, reduced lipid 

storage by similarly impacting NPC1 I1061T proteostasis. It is not currently known whether 

these effects of modulating the ER environment reflect a baseline alteration in ER Ca2+ 

concentration in disease or merely benefits from activating Ca2+ dependent molecular 

chaperones. Direct measures of ER Ca2+ in NPC1 mutant cells have not been reported. 

Nonetheless, indirect analyses using Fura-2AM measurements of cytosolic Ca2+ after 

thapsigargin induced ER Ca2+ depletion found no difference between WT and NPC1 deficient 

cells 69. Notably, this same study found that lysosomal Ca2+ was decreased in NPC1 mutant 
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fibroblasts and human B lymphoblasts. While diminished lysosomal Ca2+ could reflect 

disruptions in ER Ca2+ homeostasis, as the ER is required for lysosomal Ca2+ refilling 45, further 

work is needed to clarify this point. In addition to alterations in lysosomal Ca2+ concentration, 

channels regulating lysosomal Ca2+ release may be dysfunctional in NPC disease. This notion is 

supported by the observation that sphingomyelin in lysosomes of NPC1 deficient Chinese 

hamster ovary (CHO) cells inhibited TRPML-1 mediated Ca2+ release 70.  

Multiple studies have demonstrated autophagy dysregulation in NPC disease. There is a 

striking accumulation of LC3, p62 and autophagic vesicles in multiple tissues of Npc1 deficient 

mice and cultured patient fibroblasts 71-73. Defects in autophagy have been found at multiple 

steps of the pathway, including increased Beclin-1 dependent induction of autophagy 73, 

decreased autophagic flux, defective amphisome-lysosomal fusion 74 and impaired cargo 

degradation in lysosomes 73,75. Studies in neuronal models of NPC disease also support activation 

of autophagy and a block in autophagy progression that contributes to defective clearance of 

mitochondria and mitochondrial fragmentation 76. Although it is clear that autophagy defects 

exist in NPC, how autophagy can be modulated to impact disease progression is not well 

understood, and both autophagy induction and inhibition have been found to be beneficial and 

detrimental, depending on the model system and readout 74-77.  

The relationship between impaired Ca2+ homeostasis and autophagy in NPC is not well 

characterized, but tantalizing data suggest an important link. Modulation of Ca2+ has been shown 

to impact intracellular trafficking in models of NPC. Treating NPC1-mutant CHO cells with 

thapsigargin elevated cytosolic Ca2+, induced fusion between late endosomes and lysosomes and 

corrected endocytic uptake of horseradish peroxidase, which is normally defective due to 

annexin A2 mislocalization 69. In addition, increased expression of TRPML-1 increased 
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TRPML-1 Ca2+ channel activity and corrected late endosome and lysosome to Golgi transport 

and reduced cholesterol storage 70. Whether modulation of Ca2+ could correct autophagy and 

clearance of damaged substrates is an interesting question to pursue. 

2.4.2 Gaucher disease 

GD is the most common LSD, with an incidence of 1/40,000 to 1/50,000 58. It is an 

autosomal recessive sphingolipidosis caused by mutations in the lysosomal enzyme 

glucocerebrosidase (GCase) or its activator protein saposin C, which are responsible for 

hydrolysis of glucosylceramide (GlcCer) to ceramide and glucose (Figure 2.1). It is divided 

clinically into three variants – type 1 mainly involves viscera and bones while types 2 and 3 are 

neuronopathic. Type 1 ranges from childhood to adult-onset disorders and can manifest with 

hematological, visceral and bony involvement. Type 2 is most severe and presents within the 

first few months of life with rapid neurodegeneration and median death by 9 months. Type 3 

exhibits varied levels of peripheral and CNS involvement, but leads to death within the first two 

decades 78. GD is characterized by accumulation of GlcCer particularly in macrophages, which 

contain large amounts of glycosphingolipids. The activation of these macrophages is thought to 

underlie disease pathogenesis, as they infiltrate bone marrow, spleen, liver and other organs. The 

pathogenesis of neurodegeneration and neuron death is less well understood 79.  

Using hippocampal neuron cultures treated with a small molecule inhibitor of GCase, it 

was shown that accumulation of GlcCer in neurons increases ER Ca2+ release in response to 

glutamate and caffeine, and that this increased the susceptibility of neurons to glutamate-induced 

death 80. A subsequent study showed that GlcCer did not directly affect Ca2+ release, but 

augmented agonist-stimulated Ca2+ release through RyRs but not IP3Rs 81. Microsomes from 

brains of type 2 GD patients also exhibited increased Ca2+ release via RyRs compared to type 1 
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and control patients, supporting the notion that altered Ca2+ signaling may play a role in 

neuronopathic forms of disease 81,82. Confirming prior studies, GD iPSC-derived neurons had 

significantly higher cytosolic calcium levels compared to controls, increased RyR mediated ER 

Ca2+ release, and increased vulnerability to ER stress 83. Additionally, studies have shown that 

correcting ER Ca2+ defects alters the disease phenotype. Knockdown or inhibition of RyRs 

increased ER Ca2+ in GD patient fibroblasts and enhanced GCase proteostasis and function 84. 

Notably, the extent to which lysosomal Ca2+ is altered in GD is not well characterized. As ER 

Ca2+ levels impact lysosomal Ca2+ 45, it is reasonable to speculate that these levels are altered in 

GD.  

Similarly to NPC, autophagy is dysregulated in GD. A mouse model deficient in saposin 

C and harboring mutant V394L GCase exhibited axonal degeneration and accumulation of p62 

and Lamp2, suggesting impairment of autophagosome/lysosome fusion 85. In addition, saposin C 

deficient fibroblasts exhibit enhanced autophagy and an accumulation of autophagic vesicles 86. 

Likewise, a block in autophagy in GD macrophages leads to increased inflammasome activation 

87. Other mouse models of neuronopathic GD also show defective autophagy, as evidenced by 

accumulation of p62, ubiquitinated proteins and dysfunctional mitochondria 88. Similarly, iPSC-

derived neurons from GD patients exhibit an accumulation of autophagosomes and impaired 

autophagosome-lysosome fusion 83,89. Notably, TFEB is significantly downregulated in GD 

iPSC-derived neurons, an alteration that impairs lysosomal biogenesis and likely contributes to 

autophagy defects. Furthermore, impaired lysosomal clearance increased susceptibility to death 

following rapamycin-induced autophagy 89. A study in a Drosophila model of GD also showed a 

block in autophagy flux. In contrast to iPSC neurons, the fly model demonstrated increased 

expression of Mitf, the fly ortholog of TFEB, and showed that rapamycin ameliorated rather than 
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exacerbated disease phenotypes 90. The reasons for these discrepancies are unclear, but could 

reflect differences in vitro versus in vivo or different stages of disease. The connection between 

Ca2+ and autophagy dysregulation is not well characterized in GD. However, the RyR antagonist 

dantrolene corrected altered Ca2+ signaling and autophagy defects in a GD mouse model, 

suggesting that stabilizing Ca2+ signaling is a potentially promising therapeutic target for GD 91.  

Taken together, many LSDs share similar cellular defects, and altered Ca2+ homeostasis 

and autophagy have been separately characterized in both NPC and GD. As our understanding of 

the role of Ca2+ in autophagy regulation continues to increase, it will be interesting to explore 

how these processes intertwine to contribute to disease pathogenesis, thereby providing new 

mechanistic insights and suggesting novel therapeutic strategies.  

 

2.5 Conclusion 

Significant advances have been made in our understanding of the pathophysiology of 

LSDs. Studies in NPC and GD have established defects in autophagic flux that lead to 

accumulation of p62, LC3 and damaged organelles. In addition, altered Ca2+ homeostasis in NPC 

and GD likely contribute to defects in protein folding and intracellular trafficking that have been 

associated with the disease phenotype. As ER and lysosomal Ca2+ are critical regulators of 

autophagy, there is an intriguing possibility that these alterations are connected. Further studies 

examining how impaired Ca2+ homeostasis is related to and modulates autophagy in LSDs will 

likely reveal important insights into cellular mechanisms of disease.  
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Fbxo2 Mediates Clearance of Damaged Lysosomes and Modifies 
Neurodegeneration in the Niemann-Pick C Brain 

 

3.1 Abstract 

 A critical response to lysosomal membrane permeabilization (LMP) is the clearance of 

damaged lysosomes through a selective form of macroautophagy known as lysophagy. Although 

regulators of this process are emerging, whether organ and cell specific components contribute to 

the control of lysophagy remains incompletely understood. Here, we examine LMP and 

lysophagy in Niemann-Pick type C disease (NPC), an autosomal recessive disorder characterized 

by the accumulation of unesterified cholesterol within late endosomes and lysosomes, leading to 

neurodegeneration and early death.  We demonstrate that NPC patient fibroblasts show enhanced 

sensitivity to lysosomal damage as a consequence of lipid storage. Moreover, we describe a role 

for the glycan binding F-box protein Fbxo2 in CNS lysophagy. Fbxo2 functions as a component 

of the SCF ubiquitin ligase complex. Loss of Fbxo2 in mouse primary cortical cultures delays 

clearance of damaged lysosomes and decreases viability following lysosomal damage. Moreover, 

Fbxo2 deficiency in a mouse model of NPC exacerbates deficits in motor function, enhances 

neurodegeneration, and reduces survival. Collectively, our data identify a role for Fbxo2 in CNS 

lysophagy and establish its functional importance in NPC.   
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3.2 Introduction 

Lysosomes are critical organelles that function in degrading and recycling cellular waste 

and play broader roles in signaling, membrane repair and metabolism 1. As lysosomes contain 

diverse hydrolytic enzymes, lysosomal membrane integrity is essential for organelle function and 

for containing enzymes within the lysosomal compartment. A variety of factors, including 

lysosomotropic drugs and oxidative stress, lead to lysosomal membrane permeabilization (LMP), 

releasing lysosomal enzymes and triggering cellular processes from inflammasome activation to 

apoptosis 2. LMP-induced cell death can occur under physiologic conditions as a homeostatic 

response, such as during mammary gland involution or to maintain neutrophil numbers during 

inflammation 3. However, LMP has also been observed in several neurodegenerative diseases, 

including Alzheimer and Parkinson diseases and lysosomal storage disorders (LSDs) 3.  

One protective measure against LMP is the clearance of damaged lysosomes through a 

selective form of macroautophagy known as lysophagy. In this process, damaged lysosomes are 

sensed, and subsequent ubiquitination of lysosomal proteins leads to recruitment of autophagic 

machinery, engulfment by autophagic membranes, and clearance of the damaged organelles 2. 

Cytosolic galectins, including galectin-1, -3, -8 and -9, serve as sensors of lysosomal damage 4-7. 

In addition to their sensing function, galectins also play more active roles in lysophagy by 

recruiting autophagy adapters; galectin-3 interacts with TRIM16 5, and galectin-8 recruits 

NDP52 7. A key intermediate step for lysophagy progression is ubiquitination of lysosomal 

proteins. Polyubiquitination of organelle membrane proteins is a feature of many forms of 

selective autophagy, which mediates recruitment of autophagic machinery, allowing for efficient 

organelle turnover 2,8. LRSAM1 9, TRIM16 5 and the SCFFBXO27 ubiquitin ligase complex 10 are 

ubiquitin ligases that have been implicated in lysophagy. Although components of lysophagy 
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have been identified in recent studies, aspects of the machinery that function in organ and cell 

type specific regulation remain incompletely understood. Notably, LMP has been observed in an 

increasing number of neurodegenerative diseases, yet brain specific lysophagy machinery 

remains unknown. 

Here, we probe LMP and lysophagy in Niemann-Pick C, an autosomal recessive LSD 

characterized by accumulation of unesterified cholesterol in lysosomes and late endosomes 11. 

LSDs are a heterogeneous group of more than 70 inherited disorders characterized by the 

accumulation of lysosomal substrates due to organellar dysfunction and frequently cause 

neurodegeneration 12. LMP has been implicated in an increasing number of lysosomal diseases, 

including Gaucher disease 13, late-infantile neuronal ceroid lipofuscinosis 14, Niemann-Pick A 15-

17 and Niemann-Pick C 18,19.  

Niemann-Pick C is a devastating illness that often begins with liver disease, followed by 

a gradually worsening neurological course, with loss of motor skills, cognitive decline, seizures 

and most often death by early adolescence 20. Most cases of Niemann-Pick C (~95%) are due to 

mutations in the NPC1 gene 21, although a small subset (~5%) is due to mutations in NPC2 22. 

NPC1 is a multi-pass transmembrane protein in the limiting membrane of lysosomes, while 

NPC2 is a soluble protein in the lysosomal lumen. NPC1 and NPC2 function in concert to export 

cholesterol from lysosomes 23; thus, mutations in either of these proteins lead to cholesterol 

accumulation. Although lipid accumulation is a hallmark of disease, the pathogenesis of 

neurodegeneration in Niemann-Pick C remains incompletely understood. Prior studies have 

demonstrated mislocalization of lysosomal cathepsins outside of the lysosomal compartment in 

neurons in the Niemann-Pick C mouse brain, suggestive of LMP 18,19. In addition, NPC1-

deficient cells experience increased toxicity with oxidative stress, a known inducer of LMP, and 
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Niemann-Pick C mice deficient in cystatin B, an inhibitor of cathepsins, exhibit exacerbated 

cerebellar degeneration 19.  

 Here, we sought to further establish the role of LMP in Niemann-Pick C pathogenesis 

and define mechanisms of lysophagy, a critical response to lysosomal damage. We show that 

Niemann-Pick C patient fibroblasts exhibit increased lysosomal damage after exposure to 

lysosome damaging agents, and that this sensitivity is dependent upon the presence of stored 

lipids. Furthermore, we describe a novel role for Fbxo2 in CNS lysophagy. Fbxo2 is a glycan 

binding F-box protein that functions in the S phase kinase-associated protein 1 (SKP1)-cullin 1 

(CUL1)-F-box protein (SCF) ubiquitin ligase complex, one of the largest classes of E3 ubiquitin 

protein ligases. We demonstrate that Fbxo2 localizes to damaged lysosomes, and that Fbxo2 

deficiency impairs clearance of damaged lysosomes and exacerbates the Niemann-Pick C disease 

phenotype. 

 

3.3 Results 

3.3.1 I1061T NPC1 patient fibroblasts are more sensitive to lysosomal damage 

Prior work has described LMP in Purkinje neurons and cerebellar lysates of Niemann-

Pick C mice, as evidenced by cytosolic mislocalization of cathepsins outside of the lysosomal 

compartment 18,19. To further investigate the role of LMP in Niemann-Pick C disease 

pathogenesis, we utilized control (Ctrl) fibroblasts homozygous for WT NPC1 and Niemann-

Pick C patient fibroblasts homozygous for I1061T NPC1 (I1061T), the most common disease-

causing allele in patients of Western European ancestry 24. Cells were treated with increasing 

doses of the lysosomotropic compound L-leucyl-L-leucine methyl ester (LLOMe), a widely used 

lysosomal damaging agent that accumulates in lysosomes and is converted to a membranolytic 
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form, (Leu-Leu)n-OME (n>3), by a lysosomal thiol protease, dipeptidyl peptidase I (DPPI)  

4,25,26. To detect damaged lysosomes, we quantified the number of galectin-3 (Gal3) puncta, 

which accumulate on damaged lysosomes and are a sensitive indicator of LMP 4,6. Even at the 

lowest doses of LLOMe, I1061T patient fibroblasts exhibited significantly higher levels of Gal3 

puncta per cell (Figure 3.1A). As accumulated storage of lysosomal substrates leads to an 

increase in both size and number of lysosomes 27, we wondered if the greater number of 

damaged lysosomes also reflected a greater proportion of damaged lysosomes in Niemann-Pick 

C cells. To address this, we treated Ctrl and I1061T patient fibroblasts with LLOMe, stained for 

both Gal3 and LAMP-1, and quantified their co-localization (Figure 3.1B). A significantly 

higher portion of LAMP-1 signal co-localized with Gal3 in I1061T patient fibroblasts (~40%) 

compared to Ctrl (~10%), indicating a higher percentage of damaged lysosomes.  

To limit cytotoxic consequences of LMP, damaged lysosomes are eliminated by a form 

of selective macroautophagy known as lysophagy 5,7,8,10,25,28. As impairments in autophagic flux 

have been characterized in Niemann-Pick C 29-35, we wondered whether the increased lysosomal 

damage was due to deficient autophagic clearance. Thus, we performed a time course, treating 

Ctrl and I1061T patient fibroblasts with LLOMe for 1 hr followed by washout, and Gal3 puncta 

were quantified up to 24 hrs. Cells that are deficient in autophagy exhibit impaired clearance of 

Gal3 puncta 25,28. Our time course confirmed significantly increased Gal3 puncta per cell in 

I1061T patient fibroblasts but showed that these puncta were cleared through time, decreasing 

markedly by 16 and 24 hrs (Figure 3.2A) and indicating functioning lysophagy. To assess if 

markers of autophagy also correlated with the transient accumulation and subsequent clearance 

of Gal3 puncta, we quantified LC3 puncta after LLOMe treatment. Similar to the pattern seen 

with Gal3 (Figure 3.2A), I1061T patient fibroblasts exhibited significantly higher numbers of 
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LC3 puncta per cell compared to Ctrl, and these puncta were cleared out by 24 hrs (Figure 3.2B). 

Plotting the percentage of Gal3 and LC3 puncta clearance through time also showed that both 

Ctrl and I1061T patient fibroblasts clear Gal3 and LC3 puncta at similar rates (Figure 3.3). These 

data support the induction of lysophagy and clearance of damaged lysosomes following 

treatment with LLOMe.  

 

Figure 3.1 I1061T NPC1 patient fibroblasts are more sensitive to lysosomal damage. (A) Primary human fibroblasts 
homozygous for WT NPC1 (Ctrl) or I1061T NPC1 (I1061T) were treated with vehicle (Veh) or indicated doses of LLOMe for 
1hr and stained for Gal3 to detect damaged lysosomes. Gal3 puncta per cell quantified below. (B) Ctrl and I1061T patient 
fibroblasts were treated with Veh or 2mM LLOMe for 1 hr and stained for Gal3 and LAMP-1. Co-localization was performed on 
4 fields each from 3 independent experiments, with 100-200 cells per experiment. Data are shown as mean ± s.e.m. from 3 
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independent experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by (A) one-way ANOVA with Tukey’s 
multiple comparisons (B) t-test ((A) F=24.04; (B) F=12.78). Scale bar: 25µm 

 

Figure 3.2 Gal3 and LC3 puncta induced by lysosomal damage are cleared in I1061T NPC1 patient fibroblasts. (A) Ctrl and 
I1061T patient fibroblasts were treated with Veh or 2mM LLOMe for 1 hr and stained for Gal3 at indicated times after washout. 
Quantified at the right. (B) Ctrl and I1061T patient fibroblasts were treated with Veh or 0.5mM LLOMe for 1 hr and stained for 
LC3 at indicated times. LC3 puncta per cell quantified at the right. Data are shown as mean ± s.e.m. from (A) 3 or (B) 4 
independent experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by two-way ANOVA with Sidak’s test. Scale 
bar: 25µm 

 
Figure 3.3 I1061T patient fibroblasts exhibit similar rates of Gal3 and LC3 clearance. CTRL and I1061T patient fibroblasts 
were treated with Veh or 2mM LLOMe for 1hr and stained for Gal3 or LC3 at indicated times after washout. % of Gal3 or LC3 
puncta clearance is plotted. Data are shown as mean ± s.e.m. from 3-4 independent experiments. Clearance of Gal3 and LC3 are 
not significantly different (P>0.5) by two-way ANOVA with Sidak’s test.   
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3.3.2 Increased lysosomal damage is dependent upon lipid storage  

In addition to the marked accumulation of Gal3 puncta in NPC patient fibroblasts after 

inducing lysosomal damage with LLOMe, we also observed lysosomal damage in Npc1-I1061T 

knock-in mice 36. These mice develop age-dependent phenotypes including cholesterol 

accumulation, neuron loss, motor impairment, and early death. Wild type (WT) and mutant mice 

were treated with vinblastine for 2 hrs to slow autophagosome maturation 37. This facilitated the 

identification of Gal3+, Lamp-2+ vesicles in liver macrophages of Npc1-I1061T mutants 

(Mander’s coefficient = 0.76 for I1061T), suggesting the occurrence of lysosomal damage in 

vivo (Figure 3.4A).  

 

Figure 3.4 Increased lysosomal damage is dependent upon lipid storage. (A) Seven-week-old WT and I1061T mice were 
treated with vinblastine for 2 hr. Liver was collected and stained for Gal3 and LAMP-2. Mander’s coefficient in I1061T liver: 
0.76. Scale bar: 5µm (B) Ctrl and I1061T patient fibroblasts were treated with Veh or 1mM cyclodextrin (Cyclo) for 48 hrs, then 
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treated with 2mM LLOMe for 1 hr and stained for Gal3. Quantified at the right. Scale bar: 25µm (C) Ctrl, I1061T and two 
independent lines of NPC2 patient fibroblasts were treated with Veh or 2mM LLOMe for 1 hr and stained for Gal3. Quantified at 
the right. Scale bar: 25µm. Data are shown as mean ± s.e.m. from (B-C) 4 independent experiments. n.s., not significant, *P ≤ 
0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by (B) t-test (C) one-way ANOVA with Tukey’s multiple comparisons ((B) 
F=2.845, (C) F=30.99). 

As accumulated lipids contribute to LMP 15-17,38-40, we reasoned that lipid storage in 

I1061T patient fibroblasts could increase sensitivity to lysosomal damage. To test this notion, we 

treated I1061T patient fibroblasts with hydroxypropyl-β-cyclodextrin to remove stored lipids 

including unesterified cholesterol. Treatment with cyclodextrin for 48 hrs did not significantly 

change levels of LAMP-1 (Figure 3.5) indicating that lysosome number was unaltered during the 

experiment. However, cyclodextrin treatment significantly reduced Gal3 puncta per cell in 

I1061T patient fibroblasts following treatment with LLOMe, demonstrating that sensitivity to 

lysosomal damage was dependent upon lipid storage (Figure 3.4B). The mutant I1061T NPC1 

protein is known to misfold in the endoplasmic reticulum and be degraded, preventing its 

trafficking to the lysosome 37,41. To examine whether loss of NPC1 at the lysosomal membrane 

plays a role in sensitivity to lysosomal damage, we treated NPC2-mutant patient fibroblasts with 

LLOMe. These cells express WT NPC1 yet accumulate lipids due to functional deficiency of 

NPC2 42-44. Similar to I1061T patient fibroblasts, two independent lines of NPC2-mutant 

fibroblasts (g.IVS1+2T>C/g.IVS1+2T>C and c.58G>T/c.140G>T) also exhibited significantly 

increased lysosomal damage (Figure 3.4C). These data corroborate our findings from NPC1-

I1061T patient fibroblasts that lipid accumulation is linked to lysosomal damage. Further, they 

support the notion that lipid accumulation, independent of loss of NPC1 at the lysosomal 

membrane, contributes to increased lysosomal damage.  
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Figure 3.5 LAMP-1 levels do not change after cyclodextrin treatment. CTRL and I1061T patient fibroblasts were treated with 
Veh or 1mM cyclodextrin (Cyclo) for 48 hrs, then treated with 2mM LLOMe for 1 hr. LAMP-1 levels were analyzed by western 
blot. Data are shown as mean ± s.e.m. from 3 independent experiments. n.s., not significant 

3.3.3 Increased lysosomal damage is not due to impaired clearance 

 Our prior time course experiments demonstrated clearance of Gal3 puncta in I1061T 

patient fibroblasts (Figure 3.2A, Figure 3.3) suggesting functioning lysophagy. To examine the 

rate at which damaged lysosomes were cleared from cells, we utilized a cycloheximide (CHX) 

chase assay 10 (Figure 3.6A). Cells were treated with LLOMe and CHX for 1 hr. Following 

LLOMe washout, CHX treatment was continued for various times to assess degradation rates of 

LAMP-1 or Gal3 as indicators of lysosomal clearance. We first corroborated the use of this assay 

as a readout of lysophagy. Without lysosomal damage, LAMP-1 and Gal3 levels remained 

constant for the duration of the CHX chase (Figure 3.7). After lysosomal damage, LAMP-1 

levels diminished with time in WT mouse embryonic fibroblasts (WT MEFs), but this effect was 

prevented in Atg5-/- MEFs, which are autophagy deficient 45 (Figure 3.6B). We next performed 

this analysis on Ctrl and I1061T patient fibroblasts, and consistent with prior time course 

experiments (Figure 3.2), found that Gal3 was cleared in both Ctrl and I1061T patient fibroblasts 

at equivalent rates (Figure 3.6C); similarly, LAMP-1 was efficiently cleared from I1061T patient 

fibroblasts (Figure 3.8). We conclude that Niemann-Pick C cells exhibit enhanced sensitivity to 

lysosomal damage but clear damaged lysosomes at a similar rate to controls.   
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Figure 3.6 Increased lysosomal damage is not due to impaired clearance. (A) To examine lysophagy progression, cells were 
treated with 30µg/mL CHX and 2mM LLOMe for 1 hr and CHX treatment continued for indicated times before lysates were 
collected. (B) WT and Atg5-/- MEFs were treated as in (A). LAMP-1 levels were analyzed and quantified at the right. (C) Ctrl 
and I1061T patient fibroblasts were treated as in (A). Gal3 levels were analyzed and quantified at the right. Data are shown as 
mean ± s.e.m. from (B) 4 or (C) 3 independent experiments. n.s., not significant, *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 by one-
way ANOVA with Tukey’s multiple comparisons ((B) F=2.862, (C) F=25.49) 

 

Figure 3.7 LAMP-1 and Gal3 levels are not changed in the absence of LLOMe treatment. (A) WT and Atg5-/- MEFs were 
treated with 30µg/mL CHX for the indicated times and LAMP-1 levels were analyzed by western blot. (B) CTRL and I1061T 
patient fibroblasts were treated with CHX for the indicated times and Gal3 levels were analyzed by western blot. Data are shown 
as mean ± s.e.m. from 3 independent experiments. n.s., not significant 
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Figure 3.8 LAMP-1 levels are decreased after LLOME treatment. CTRL and I1061T patient fibroblasts were treated with 
30µg/mL CHX and 2mM LLOMe for 1hr. CHX treatment continued for the indicated time points. LAMP-1 levels were analyzed 
and quantified at the right. This blot was derived from the same gel as in Figure 3.6C and has the same loading control. Data are 
shown as mean ± s.e.m. from 3 independent experiments. n.s., not significant, ***P ≤ 0.001 by one-way ANOVA F=40.7 
 

3.3.4 Fbxo2 is the most highly expressed glycan binding F-box protein in the brain  

 With evidence that Niemann-Pick C fibroblasts are more susceptible to lysosomal 

damage, we sought to further elucidate mechanisms of lysophagy, a critical cellular response to 

lysosomal damage. LMP exposes N-glycan-modified proteins of the limiting membrane of the 

lysosome to the cytosol, making them accessible to lectin binding. A recent study showed that 

following lysosomal damage, Fbxo27, a glycan binding F-box protein, ubiquitinates lysosomal 

proteins and targets damaged lysosomes for degradation by autophagy 10. F-box proteins 

function within the S phase kinase-associated protein 1 (SKP1)-cullin 1 (CUL1)-F-box protein 

(SCF) ubiquitin ligase complex, one of the largest classes of E3 ubiquitin protein ligases. There 

are ~70 different F-box proteins in humans, and the variable F-box protein determines substrate 

specificity 46. Confirming the importance of ubiquitination in lysophagy, inhibiting E1 ubiquitin-

activating enzymes with MLN7423 47 delayed clearance of damaged lysosomes (Figure 3.9A).  
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Figure 3.9 Fbxo2 is the most highly expressed glycan binding F-box protein in the brain. (A) Ctrl patient fibroblasts were pre-
treated with DMSO or 1µM MLN7243 for 4 hrs and then treated as indicated with 30µg/mL CHX and 2mM LLOMe. LAMP-1 
levels quantified at the right. (B) Allen Brain Atlas expression data of Fbxo2, Fbxo6 and Fbxo27 in mouse brain. (C) Relative 
expression of Fbxo2, Fbxo6 and Fbxo27 was determined in the cerebellum, cortex and brainstem of WT and I1061T mice at 12 
wks by qPCR. N=4-5 mice per genotype. Data are shown as mean ± s.e.m from (A) 4 independent experiments. n.s., not 
significant, *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001 by (A, C) one-way ANOVA with Tukey’s multiple comparisons ((A) 
F=2.803, (C) F=78.88 (CB), F=95.66 (CX) F=128.7 (BS)). Fbxo2, F-box protein 2; Ctrl, control; CHX, cycloheximide; 
LLOMe, L-leucyl-L-leucine methyl ester; CB, cerebellum; CX, cortex; BS, brainstem 

  

Prior studies have provided evidence of LMP in the Niemann-Pick C brain 19 and 

established neurons as a critical cell type for disease pathogenesis 48. Therefore, we were curious 

as to the function of Fbxo27 in the brain. Utilizing the Allen Brain Atlas, we found, however, 

that Fbxo27 exhibits very low expression in the brain (Figure 3.9B). As the importance of 

ubiquitination in lysophagy has been described 2, we wondered whether other glycan binding F-

box proteins might play a more significant role in the brain. Fbxo2, Fbxo6 and Fbxo27 are in the 
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F-box associated (FBA) family of F-box proteins, which is the only family of ubiquitin ligase 

subunits thought to target glycoproteins 49. Utilizing the Allen Brain Atlas, we found that both 

Fbxo27 and Fbxo6 exhibit low brain expression; in contrast, Fbxo2 is highly expressed 

throughout the brain (Figure 3.9B). Indeed, Fbxo2 was originally identified as a brain enriched 

F-box protein 50, with expression annotated in neurons, astrocytes, oligodendrocytes and 

microglia 51. We confirmed by qPCR that Fbxo2 is the most highly expressed glycan binding F-

box protein in multiple brain regions, with no significant change in expression in WT compared 

to Npc1-I1061T knock-in mice 36, except for a slight increase in the cerebellum (Figure 3.9C). 

Similarly, protein levels of Fbxo2 were not significantly different between WT and Npc1-I1061T 

mice (Figure 3.10). 

 

Figure 3.10 WT and Npc1-I1061T mice have similar levels of Fbxo2. Cortex and cerebellum lysates were collected from 12wk 
WT and Npc1-I1061T mice. Fbxo2 levels are quantified at the right. N=4 mice per genotype. Data are shown as mean ± s.e.m. 
n.s., not significant by t-test. 
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3.3.5 Fbxo2 localizes to damaged lysosomes 

 Fbxo2 has been shown to play roles in glycoprotein quality control through ER-

associated degradation 52. To our knowledge, it has not been shown to play a role in lysophagy, 

though prior work has demonstrated interaction with LAMP-1 and LAMP-2 after lysosomal 

damage 10. To begin to investigate whether Fbxo2 contributes to lysophagy, we overexpressed 

HA-FBXO2 in Ctrl and I1061T patient fibroblasts. As 

anticipated, this manipulation did not affect cholesterol 

accumulation in I1061T fibroblasts (Figure 3.11).  

Notably, we found a strikingly altered distribution of 

HA-FBXO2 following lysosomal damage. Prior to 

LLOMe treatment, HA-FBXO2 exhibited diffuse, 

cytoplasmic staining, similar to Gal3 (Figure 3.12A). 

After lysosomal damage, HA-FBXO2 became punctate 

and partially co-localized with Gal3, indicating 

recruitment to damaged lysosomes (Mander’s 

coefficient = 0.80 (Ctrl), 0.81 (I1061T)) (Figure 3.12A). 

This recruitment of HA-FBXO2 to damaged lysosomes suggested that it may function in their 

clearance. Overexpressed FBXO6 and FBXO27 showed similar recruitment to Gal3 puncta after 

lysosomal damage (Figure 3.13), raising the possibility that functional differences among the 

FBA family of F-box proteins is determined, in part, by expression patterns, with Fbxo2 

expression in the CNS being most prominent.  Co-immunoprecipitation experiments after 

LLOMe treatment confirmed that HA-FBXO2 interacts with LAMP-2 and Skp1, demonstrating 

its interaction with damaged lysosomes in the SCF complex (Figure 3.12B). We also observed 

Figure 3.11 Overexpression of HA FBXO2 
does not affect cholesterol storage. I1061T 
patient fibroblasts were electroporated with HA 
FBXO2 and stained for filipin. Data are shown 
as mean ± s.e.m. from 3 independent 
experiments. Data are shown as mean ± s.e.m. 
n.s., not significant by t-test. 
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interaction of HA-FBXO2 with LAMP-2 and Skp1 following vehicle treatment (Figure 3.14), 

consistent with prior co-immunoprecipitation experiments with FBXO2, FBXO6 and FBXO27 

before and after lysosomal damage 10 and suggesting their recruitment to damaged lysosomes 

even in the absence of treatment with a lysosomal damaging agent. With evidence that HA-

FBXO2 is recruited to damaged lysosomes in patient fibroblasts, we asked whether Fbxo2 plays 

a role in lysophagy in the CNS. In primary cortical cultures transfected with HA-FBXO2, we 

saw a similar transition from diffuse cytoplasmic to punctate staining in neurons after lysosomal 

damage (Figure 3.12C) and partial co-localization with LAMP-1 (Figure 3.15), indicating 

recruitment to damaged lysosomes.  

 

Figure 3.12 Fbxo2 localizes to damaged lysosomes. (A) Ctrl and I1061T patient fibroblasts were transfected with HA-FBXO2 
and then treated with Veh or 1mM LLOMe for 1 hr and stained for HA and Gal3. Co-localization is indicated by yellow staining 
in merged image. Mander’s coefficients: 0.80 (Ctrl) and 0.81 (I1061T) (B) I1061T patient fibroblasts were electroporated with 
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HA-FBXO2, and after 48hr treated with 2mM LLOMe for 2hr. Lysates were immunoprecipitated with either HA antibody or 
control IgG. Arrowheads at ~50kD and ~25kD indicate immunoglobulin heavy and light chains, respectively. Asterisk denotes a 
non-specific band detected by the LAMP2 antibody. (C) WT primary cortical cultures were transfected with HA-FBXO2 and 
treated with Veh or 2mM LLOMe for 1 hr on D9IV. Cell were stained for HA and NeuN, a neuronal marker. 

 

Figure 3.13 FLAG FBXO2, FBXO6 and FBXO27 show similar levels of recruitment to damaged lysosomes. I1061T patient 
fibroblasts were transfected with FLAG constructs, treated with 2mM LLOMe for 1hr and stained 2hrs after washout. Mander’s 
coefficients for co-localization of Gal3 and Flag are shown at the right. Data are shown as mean ± s.e.m. from 3 independent 
experiments. Scale bar: 25µm 

 

Figure 3.14 Co-immunoprecipitation shows interaction of HA-FBXO2 with Skp1 and LAMP2. I1061T patient fibroblasts were 
electroporated with HA-FBXO2, and after 48hr treated with vehicle for 2hr. Lysates were immunoprecipitated with either HA 
antibody or control IgG. Arrowheads at ~50kD and ~25kD indicate immunoglobulin heavy and light chains, respectively. 
Asterisk denotes a non-specific band detected by the LAMP2 antibody. 
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3.3.6 Fbxo2 plays a role in CNS 

lysophagy 

 To investigate a role for Fbxo2 in 

lysophagy in the brain, we established 

primary cortical cultures from WT and 

Fbxo2 deficient (Fbxo2-/-) mice 53. qPCR 

demonstrated that Fbxo2 was the most 

highly expressed glycan binding F-box 

protein in WT primary cortical cultures and that there was no compensatory upregulation of 

Fbxo6 or Fbxo27 in response to Fbxo2 deficiency (Figure 3.16A). Notably, clearance of 

damaged lysosomes was significantly delayed in Fbox2-/- cultures. When we overexpressed 

Gal3 in WT and Fbxo2-/- primary cortical cultures, we found significantly slower clearance of 

Gal3 puncta in Fbxo2-/- cultures (Figure 3.16B). Further, by CHX chase assay (Figure 3.6A), the 

half-life of Gal3 was extended from ~30 min in WT cultures to ~105 min in Fbxo2-/- primary 

cortical cultures (Figure 3.16C). These data demonstrate delayed lysophagy progression and 

support a role for Fbxo2 in the clearance of damaged lysosomes. As lysosomal membrane 

damage releases luminal enzymes and can lead to cell death 2, we next compared cell viability in 

WT and Fbxo2-/- primary cortical cultures after lysosomal damage. When assessing toxicity 4 

hrs after LLOMe treatment, we observed significantly decreased viability in Fbxo2-/- cultures 

compared to WT (Figure 3.16D), indicating increased cell death following lysosomal damage. 

Supporting on-target effects of LLOMe, this toxicity was rescued by preventing lysosomal 

damage with the cathepsin inhibitor E64D 54 (Figure 3.16E, Figure 3.17).  

Figure 3.15 FBXO2 is recruited to damaged lysosome in primary 
cortical neurons. WT primary cortical cultures were transfected with 
HA-FBXO2 and treated with vehicle (Veh) or 2mM LLOMe for 1hr 
and stained after 2hrs. Scale bar:10µm 
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Figure 3.16 Fbxo2 mediates CNS lysophagy. (A) Relative expression of Fbxo2, Fbxo6 and Fbxo27 was determined in WT and 
Fbxo2-/- primary cortical cultures at D9IV by qPCR. (B) WT and Fbxo2-/- primary cortical cultures were transfected with 
EGFP-hGal3 on D4IV, treated with Veh or 2mM LLOMe for 1hr, and stained at various times after washout. Percentage of cells 
with Gal3+ puncta was quantified. (C) WT and Fbxo2-/- primary cortical cultures were treated on D9IV with 30µg/mL CHX and 
2mM LLOMe for 1 hr and CHX treatment continued for indicated times before lysates were collected. Gal3 levels quantified at 
the right. (D) WT and Fbxo2-/- primary cortical cultures were treated with Veh or LLOMe (0.5 or 2 mM) for 1 hr and cell 
viability was determined by XTT assay 4 hrs after LLOMe washout. (E) Fbxo2-/- primary cortical cultures were pre-treated with 
Veh (-) or 100µM E64D for 30min, then treated with 2mM LLOMe for 1 hr and viability determined by XTT assay 4 hrs after 
LLOMe washout. Data are shown as mean ± s.e.m. from (A, B, D) 3, (C) 5 or (E) 4 independent experiments. n.s., not 
significant, *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 by (A, D-E) one-way ANOVA with Tukey’s multiple comparisons or (B-
C) two-way ANOVA with Sidak’s test. ((A) F=81.08, (D) F=23.2, (E) F=14.55). 
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Figure 3.17 Pre-treatment with E64D prevents lysosomal damage. I1061T patient fibroblasts were treated with 100µM E64D 
for 30min, then treated with 2mM LLOMe for 1 hr and stained for Gal3. Gal3 puncta per cell quantified at the right. Data are 
shown as mean ± s.e.m. from 3 independent experiments. ****P≤0.0001 by one-way ANOVA with Tukey’s multiple 
comparisons. F=67.39 Scale bar: 25µm 

3.3.7 Loss of Fbxo2 exacerbates the Niemann-Pick C disease phenotype 

 As our analyses indicated the occurrence of increased susceptibility to lysosomal damage 

in NPC1 or NPC2 deficient cells, we sought to determine whether loss of Fbxo2 modified the 

disease phenotype in a mouse model of NPC disease. To accomplish this, we generated Npc1-

I1061T mutant mice deficient in Fbxo2. Fbxo2 deficiency is well tolerated in mice, except for 

the occurrence of hearing loss 53. Similarly, Fbxo2-/- mice were indistinguishable from WT 

littermates in our analyses (Figure 3.18). However, loss of Fbxo2 in Npc1-I1061T mice 

exacerbated deficits in motor function as quantified by performance on the balance beam (Figure 

3.18A) and rotarod (Figure 3.18B) and significantly decreased survival (Figure 3.18C). 

Consistent with expression analysis in primary cortical cultures, loss of Fbxo2 did not lead to 

compensatory upregulation of Fbxo6 or Fbxo27 in the mouse brain (Figure 3.18D). Fbxo2 

deficient mice also had similar expression levels of the SCF component Cul1 and a slight 

increase in expression of Rbx1 (Figure 3.19). 
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Figure 3.18 Loss of Fbxo2 exacerbates the Niemann-Pick C disease phenotype. (A) Age-dependent performance on balance 
beam. Mice were trained at 5 wks and run every other week starting at 6 wks. The average of 3 trials was taken and max time was 
set at 20 s. N=5 males and 5 females per genotype. (B) Performance on accelerating rotarod from 4-40 rpm at 9 wks. N=5 males 
and 5 females per genotype. (C) Kaplan-Meyer survival curves. N=6-10 males and 6-10 females per genotype. (D) Relative 
expression of Fbxo2, Fbxo6 and Fbxo27 was determined by qPCR in 8 wk brainstem. N=4 mice per genotype. (E) Quantification 
of Purkinje cell density in lobules IV and V of midline cerebellar sections. N=3-4 mice per genotype. (F) The relative abundance 
of p62 in brainstem from 8 wk mice was determined by western blot. N=5 mice per genotype. Data are shown as mean ± s.e.m. 
n.s., not significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by (A) two-way ANOVA, (B,E,F) one-way 
ANOVA or (C) Log-rank (Mantal-Cox) test and Gehan-Breslow-Wilcoxon test with (A,E) Bonferroni or (B, F) Tukey’s 
multiple comparisons ((A) F=26.88, (B) F=63.59, (E) F=19.49, (F) F=11.64). Scale bar: 25µm 

 Exacerbation of motor phenotypes prompted us to examine changes in neuropathology. 

We focused our analysis on Purkinje neurons, the major output neurons of the cerebellar folia, 
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which degenerate in Niemann-Pick C brain 19,55 and whose loss is sufficient to trigger motor 

impairment 56. Npc1-I1061T mice deficient in Fbxo2 exhibited significantly increased Purkinje 

cell loss, correlating with their exacerbated motor phenotypes (Figure 3.18E). In contrast, Fbxo2 

deficiency alone did not alter Purkinje cell density. Furthermore, brain tissue from Npc1-I1061T, 

Fbxo2-/- mice showed enhanced accumulation of p62 protein (Figure 3.18F, Figure 3.20A) 

without upregulation of p62 mRNA (Figure 3.20B), similar to findings in cell culture after 

lysosomal damage 14. Taken together, these data indicate that loss of Fbxo2 in Niemann-Pick C 

mice exacerbates behavioral phenotypes and neurodegeneration while altering markers of 

autophagy.  

 

Figure 3.19 Expression of SCF components in Fbxo2-/- mice. Relative expression of Cul1 and Rbx1 was determined by qPCR 
in 8wk brainstem. N=4 mice per genotype. Data are shown as mean ± s.e.m. *P ≤ 0.05, **P ≤ 0.01 by one-way ANOVA 
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Figure 3.20 p62 protein levels are increased in Npc1-I1061T, Fbxo2-/- mice without changes in gene expression. Brainstem 
was collected from 8 wk mice and p62 levels were analyzed by (A) western blot or (B) qPCR. N=4 mic per genotype. Data are 
shown as mean ± s.e.m. n.s., not significant by one-way ANOVA. 
 

3.4 Discussion  

In this study, we describe a novel role for Fbxo2 in CNS lysophagy and demonstrate the 

importance of lysophagy as a key compensatory pathway in Niemann-Pick C knock-in mice. We 

show that Niemann-Pick C patient fibroblasts are more sensitive to lysosomal damage by 

LLOMe and that this occurs in the context of functioning lysophagy (Figures 3.1, 3.2, 3.4, 3.6). 

Our data suggest that the primary driver of increased sensitivity to lysosomal damage is a factor 

intrinsic to the lysosome that affects membrane stability. Increased oxidative stress has been 

posited as a contributor to LMP in Niemann-Pick C 19, but it is likely that additional factors also 

function in this context. We now show that lipid storage, independent of loss of the NPC1 

protein, contributes to increased sensitivity to lysosomal damage (Figure 3.4). Consistent with 

this finding, studies have demonstrated that lipids including accumulated sphingomyelin 16,17,41 

and cholesterol 39,40 induce lysosomal damage. As diverse storage materials in Gaucher disease 13 
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and late-infantile neuronal ceroid lipofuscinosis 14 also contribute to lysosomal damage, LMP is 

likely the consequence of aberrant accumulations within lysosomes. In contrast, studies have also 

described the importance of lipids in membrane rigidity and lysosomal membrane stability 57-59. 

Notably, the absence of functional NPC1 protein is expected to impair the movement of luminal 

cholesterol into the limiting membrane of the lysosome. Defining the role of altered luminal 

versus lysosomal membrane lipid composition and their effects on lysosomal membrane stability 

will be important in furthering our understanding of lysosomal dysfunction in Niemann-Pick C. 

Additionally, as some of our studies were conducted in patient fibroblasts, we acknowledge that 

these cells may not fully mirror events in neurons in a complex disorder like Niemann-Pick C 

disease, and further work on LMP in NPC neurons will be of importance.   

 Lysophagy is a critical response to LMP, and we show that of the FBA family of 

glycoprotein binding F-box proteins, Fbxo2 is most highly expressed in the brain (Figure 3.9) 

and is recruited to damaged lysosomes (Figure 3.12). Supporting its function in lysophagy, loss 

of Fbxo2 in primary cortical cultures delays clearance of damaged lysosomes and leads to 

decreased viability after lysosomal damage (Figure 3.16). This finding is consistent with work on 

the glycan binding F-box protein Fbxo27, where Fbxo27 deficiency slows but does not abolish 

lysophagy 10. Likely, additional pathways function to mediate lysophagy in the brain. TRIM16, a 

RING-type ubiquitin ligase, has also been shown to mediate lysophagy progression 5 and may 

function redundantly with Fbxo2.   

 Supporting the function of Fbxo2 in lysophagy, Niemann-Pick C mice deficient in Fbxo2 

exhibit exacerbated disease phenotypes, with significantly worse impairments in motor function 

and decreased survival (Figure 3.18). This correlates with increased loss of Purkinje cells and an 

increase in the autophagic adapter protein p62 (Figure 3.18). These findings support a model 
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wherein impairing lysophagy in a background of increased lysosomal damage exacerbates the 

disease phenotype. The characterization of Fbxo2 as a component of the machinery that regulates 

efficient lysophagy in the CNS is intriguing, as it demonstrates specificity of the mediators of 

this process. Among CNS cell types, RNA-seq datasets demonstrate broad expression of Fbxo2 

in neurons and glia 51. Loss of functional Npc1 in mouse neurons and oligodendrocytes, but not 

astrocytes, has been shown to contribute to Niemann-Pick C neuropathology 30,48,56,60. As such, it 

is possible the Fbxo2 functions in multiple cell types to maintain efficient lysophagy and 

promote CNS homeostasis. 

 Collectively, our data describe a novel function for Fbxo2 in lysophagy and establish its 

proof-of-concept disease relevance in compensating for Niemann-Pick C pathophysiology. Our 

findings suggest that strategies aimed at targeting the lysosomal cell death pathway and 

enhancing lysophagy function may be protective against neurodegeneration in Niemann-Pick C. 

Furthermore, additional studies to probe the function of Fbxo2 will continue to advance our 

understanding of mechanisms involved in protein and organellar quality control pathways that 

likely contribute to the neuropathology in a diverse array of lysosomal diseases.   

 

3.5 Methods 

Antibodies 

Primary antibodies (antigen, dilution, vendor): galectin-3, 1:100 (IF), 1:500 (WB), Santa Cruz 

Biotechnology Inc. sc-20157 (discontinued); galectin-3, 1:100, Santa Cruz Biotechnology Inc. 

sc-23938; LAMP-1, 1:100 (IF), DSHB at the University of Iowa H4A3; LAMP-2, 1:10 (IF), 

DSHB at the University of Iowa ABL-93; LC3B, 1:500 (IF), 1:1000 (WB) Novus Biologicals 

NB600-1384; LAMP-1, 1:1000, abcam ab24170; Calbindin-D-28K, 1:500, Sigma-Aldrich 
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C2724; HA.11, 1:500, BioLegend 901501; NeuN, 1:500, Sigma-Aldrich ABN90; β-Actin, 

1:2000, Sigma-Aldrich A5441; Vinculin, 1:2000, Sigma-Aldrich V9131, p62, 1:1000, Sigma-

Aldrich P0067; Skp1, 1:1000, BD 610530; LAMP2, 1:100 (WB), abcam ab25631; FBXO2, 

1:100, Santa Cruz Biotechnology Inc. sc-393873; FLAG, 1:500, Sigma-Aldrich F1804 

 

The following secondary antibodies (dilution, antibody, and vendor) were used: Alexa Fluor 488 

goat anti–rabbit IgG (H+L) (1:500, A11008, Invitrogen); Alexa Fluor 495 Fab’2 fragment of 

goat anti–mouse IgG (H+L) (1:500, A11020, Invitrogen); Alexa Fluor 488 goat anti–mouse IgG 

(H+L) (1:500, A11029, Invitrogen); Alexa Fluor 594 goat anti–guinea pig IgG (H+L) (1:500, 

A11076, Invitrogen); Goat anti–mouse IgG (H+L)-HRP conjugate (1:2000, Bio-Rad 170-6516); 

Alexa Fluor 488 goat anti–rat IgG (H+L) (1:500, A11006, Invitrogen); and goat anti–rabbit IgG 

(H+L)-HRP conjugate (1:2000, Bio-Rad 170-6515). 

 

Reagents 

The following drugs and small molecules were used: MLN7243 (CT-M7243, Chemietek); Leu-

Leu methyl ester hydrobromide (L7393, Sigma-Aldrich); Cycloheximide (C7698, Sigma-

Aldrich); E-64d (13533, Cayman); 2-hydroxypropyl-beta-cyclodextrin (H-107, Sigma-Aldrich); 

vinblastine sulfate salt (cat. V1377, Sigma); filipin (F9765, Sigma). Plasmid encoding HA-

FBXO2 was from Dr. Henry Paulson (University of Michigan, Ann Arbor). Plasmids encoding 

FLAG-FBXO2, FLAG-FBXO6 and FLAG-FBXO27 were from Dr. Yukiko Yoshida (Tokyo 

Metropolitan Institute of Medical Science, Tokyo, Japan). Plasmid encoding EGFP-hGal3 was 

from addgene (#73080). 
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Cells 

The following cell lines were obtained from the NIGMS Human Genetic Cell Repository at the 

Coriell Institute for Medical Research: GM08399 (Ctrl), GM18453 (I1061T/I1061T), and 

GM18429 (NPC2-1), GM18455 (NPC2-2). Fibroblasts were cultured in MEM (Gibco 10370), 

PSG (Gibco), and 20% premium FBS (Atlanta Biologicals). WT and Atg5-/- MEF cell lines 

RCB2710 and RCB2711 were obtained from the RIKEN BRC Cell Bank and were cultured in 

MEM (Gibco 10370), PSG (Gibco), and 20% premium FBS (Atlanta Biologicals). 

 

Mice 

Npc1-I1061T mice 36 were a gift from Daniel Ory (Washington University in St Louis) and 

backcrossed to C57BL/6 (≥10 generations). Fbxo2-/- mice 53 were a gift from Henry Paulson 

(University of Michigan, Ann Arbor) and on the C57BL/6 background. 

 

Western blot 

Cell culture media was aspirated, cells were washed 1x with ice cold PBS, then cells were 

removed with a cell scraper and centrifuged at 1000xg for 5 min at 4°C. The cell pellet was 

resuspended in RIPA (Teknova) with complete protease inhibitor (Thermo Scientific 

11836153001) and 0.625mg/ml N-ethylmaleimide (Sigma E3876) and sonicated. For primary 

cortical cultures, lysates were centrifuged at 12,000xg for 10min at 4°C and the supernatant was 

collected. For tissue preparation, mice were perfused with saline before tissue was collected and 

flash frozen in liquid nitrogen. Tissue was homogenized and sonicated in RIPA buffer. Protein 

concentrations were determined by DC™-protein assay (Bio-Rad) and normalized. Proteins were 

separated on NuPAGE™ 4-12% Bis-Tris Protein Gels (Thermo Scientific NP0336BOX) and 
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transferred to Immobilon-P 0.45um PVDF (Merck Millipore). Immunoreactivity was detected 

with ECL (Thermo Scientific) or SuperSignal™ West Pico PLUS Chemiluminscent Substrate 

(Thermo Scientific) and an iBright (Thermo Fisher Scientific). Quantification was performed 

using Image Studio. Band intensity was normalized to the indicated loading control.  

 

RT-qPCR 

RNA was collected using TRIzol® (Thermo Fisher) according to manufacturer’s instructions and 

converted to cDNA using the High Capacity Reverse Transcription kit (Applied Biosystems 

4368814). Quantitative real-time PCR was performed using 10ng cDNA, FastStart Taqman 

Probe Master Mix (Roche), and gene-specific FAM-labeled TaqMan probes (Thermo Scientific) 

for mouse Fbxo2 (Mm00805188), Fbxo6 (Mm01257500), Fbxo27 (Mm01179110), Sqstm1 

(Mm0044809), Rbx1 (Mm01705487), and Cul1 (Mm00516318). Gene expression was 

normalized to mouse Cpsf2-Vic (Mm00489754) multiplexed within the same well. RT-qPCR 

was performed using an ABI 7900HT Sequence Detection System and relative expression 

calculated by the 2^(-∆∆Ct) method. 

 

Transfection 

Human patient fibroblasts: Cells were transfected with Lipofectamine® LTX with Plus™ 

Reagent (Invitrogen). Briefly, 320ng of endotoxin-free plasmid was incubated in 43uL opti-

MEM (Gibco) and .425uL PLUS reagent for 5 min. Separately, 43uL opti-MEM was incubated 

with 1.28uL LTX reagent for 5 min. Then, the LTX mixture was added to the plasmid mixture 

and incubated for 30 min before adding dropwise to cells.   
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Mouse primary cortical cultures: Cells were transfected on D2-4IV with Lipofectamine 2000 

(Invitrogen). Briefly, cells were washed 2x with Neurobasal™-A Medium (Gibco). 200ng of 

endotoxin-free plasmid was incubated with 50uL opti-MEM (Gibco) for 5min. Separately, 50uL 

opti-MEM and 1uL Lipofectamine 2000 was incubated for 5min. After 5min, the Lipofectamine 

mixture was added to the plasmid mixture and incubated 20 min before adding dropwise to cells. 

Transfection mixture was kept on cells for 20 min before removing, and cells were washed 2x in 

Neurobasal™-A Medium (Gibco). 

 

Immunofluorescence staining 

Cells were washed 3x with HBSS and fixed with ice cold 100% methanol for 20min at -20°C. 

Cells were washed 3x with PBS and placed in 2.5mg/ml glycine for 10 min at room temperature. 

Cells were washed 3X with PBS, permeabilized with 0.1% Triton in PBS for 20min, then placed 

in blocking solution (10% goat serum, 1% BSA in PBS) for 1 hr. Cells were incubated with 

primary antibodies diluted in blocking solution overnight at 4°C. The next day, slides were 

washed 3x with PBS and incubated with secondary antibody diluted in blocking solution for 1 hr 

at room temperature. Slides were washed 3x with PBS and mounted with Vectashield + DAPI 

(Vector Laboratories). For LAMP-1 staining, after glycine incubation, cells were placed in 

saponin blocking solution (0.02% saponin, 5% NGS, 1% BSA) for 1 hr and then incubated with 

primary antibody diluted in saponin blocking solution overnight at 4°C. Slides were washed with 

PBS + 0.02% saponin and incubated with secondary antibody diluted in saponin blocking 

solution, washed and mounted. 
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For tissue preparation, mice were perfused with saline and 4% PFA and tissue was removed and 

post-fixed in 4% PFA overnight at 4°C prior to paraffin embedding. Paraffin-embedded tissues 

were cut on a Reichert-Jung 2030 microtome into 5µm sections and placed on Fisher Scientific 

Superfrost Plus microscope slides. Sections were adhered onto slides in an oven at 55-60°C for 1 

hr. Samples were deparaffinized and antigen retrieval was performed by boiling in 10mM 

sodium citrate (pH 6.0) for 10 min and incubating in hot citrate solution for an additional 20 min, 

then washed 3x in deionized water. For staining, slides were incubated in a solution with 0.1% 

Triton, 10% goat serum and 1% BSA in PBS for 20 min. Then, slides were placed in blocking 

solution (10% goat serum, 1% BSA in PBS) before incubating in primary antibody diluted in 

blocking solution overnight at 4°C. Slides were washed 3x in PBS and incubated for 1 hr with 

secondary antibody diluted in blocking solution. Slides were then washed 3x in PBS and 

mounted with Vectashield + DAPI (Vector Laboratories).  

 

Filipin staining 

Cells were stained following the immunofluorescence protocol described above, with the 

exception of being fixed in 4% PFA. After the secondary antibody incubation, cells were washed 

and incubated with 1mL filipin staining solution (5% FBS + 40uL filipin solution (1mg filipin + 

40uL DMSO) in PBS) for 2 hr at room temperature. Cells were washed 3x in PBS and slides 

were mounted with ProLong® Gold (Thermo Fisher). 

 

Primary cortical cultures 

Cortices were dissected using the Papain Dissociation System (Worthington) from P0-P1 WT or 

Fbxo2-/- pups. Briefly, cortices were dissected free of meninges, placed in papain solution and 
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incubated at 37°C for 20 min. Cortices were triturated 15x with a 10mL pipette tip and spun at 

30.9 xg for 5 min. Cells were resuspended and spun over a discontinuous density gradient at 22 

xg for 5 min. Cells were then resuspended in Neurobasal™-A Medium (Gibco) with B-27™ 

Supplement (Gibco), GlutaMAX™ (Gibco) and Pen Strep, counted and plated. Media was 

changed every 3 days.  

 

Cell Survival 

The XTT assay (ATCC) was used to assess cell survival according to manufacturer’s protocol. 

Briefly, 50µL of XTT solution was added to 100µL of cell culture media for 4 hrs in a CO2 

incubator at 37°C. Plates were read on a Synergy HTX multimode plate reader (BioTek) at 475 

and 660nm. 

 

NeonTM Transfection System 

Cells were transfected by NeonTM Transfection System (Thermo Fisher) according to 

manufacturer’s protocol. Briefly, cells were counted and resuspended in DPBS (Gibco) along 

with plasmid DNA. Cell culture plates were pre-incubated with culture medium without 

antibiotics. Neon® Tube was set up with 3mL Electrolytic Buffer E2 and the 100µL Neon® Tip 

was used at 1200V, 40ms, 1 pulse.   

 

Co-Immunoprecipitation 

Cells were washed in PBS and cross-linked with DSP (Thermo 22585) for 30 min at RT. Tris-

HCl pH 7.5 was added to a final concentration of 20mM and cells were incubated on a rotator for 

15 min at 4°C. Cells were centrifuged for 5 min at 1000g and resuspended in lysis buffer (.025M 
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Tris, 0.15M NaCl, 0.001M EDTA, 1% NP-40, 5% glycerol; pH 7.4) with complete protease 

inhibitor (Thermo Scientific 11836153001). Lysates were pre-cleared with protein A/G beads for 

30 min at 4°C. Beads were pelleted at 1000g for 1 min and lysates were incubated with HA 

(BioLegend) antibody or control IgG on a rotator overnight at 4°C. Protein A/G beads were then 

added and lysates tumbled at 4°C for 1 hr. Beads were placed into spin columns (Pierce) and 

washed 6 times in lysis buffer. Finally, beads were boiled at 95°C for 5 min in 6X loading buffer 

and loaded on NuPAGE 4-12% 10 well gels (Invitrogen). 

 

Microscopy 

Confocal images were collected using a Nikon A-1 confocal with diode-based laser system. Co-

localization and puncta quantification were determined using CellProfiler Analyst Software. For 

Gal3 puncta quantification, 100-200 cells per experiment were examined. 

 

Phenotype analysis 

Balance beam: The balance beam consists of a 5mm wide square beam suspended at 50cm. Mice 

were trained at 5 wks of age to cross the beam and then tested every other week starting at 6 wks. 

For testing, mice were run 3 times across the beam, and the average time was taken. Maximum 

time was set at 20 sec and falls were scored as 20 sec.  

 

Rotarod: After acclimating to the testing room for 30 min, mice were gently placed on a moving 

(4 RPM) rotarod for 30 sec. Then, over a period of 235 sec, rotarod speed was increased to 40 

RPM. The trial ended if mice stopped walking for two revolutions or dropped onto the paddle. 

Mice were trained three times per day with a 30 min interval between each training session over 
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a period of 3 days. The following week, mice were tested on a single day using the training 

protocol. 

 

Survival: All deaths were recorded. Mice that lost >20% maximal body weight were euthanized 

and recorded as deaths. 

 

Purkinje Cell Quantification 

Quantification of Purkinje cells was performed as described previously 19. Briefly, midline 

sagittal sections were stained with calbindin to identify Purkinje cells. The number of cells was 

normalized to the length of the Purkinje layer as measured by NIH ImageJ software.  

 

Vinblastine treatment 

Mice were injected with vinblastine (0.04mg/g) I.P. at 7 weeks of age as previously described 37. 

Liver was collected 2 hr post-injection and processed for immunofluorescence staining.  

 

Statistics 

Graphpad Prism 7.0 was used to determine significance (P<0.05), F (F-statistic) and t (T-

statistic) values. Unpaired Student’s t-test (two-tailed) and one-way or two-way ANOVA were 

used as indicated in the figure legends. A P value less than 0.05 was considered significant. All 

error bars are s.e.m.  

 

Study Approval 
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All procedures involving mice were approved by the University of Michigan Committee on Use 

and Care of Animals (PRO00008133) and conducted in accordance with institutional and federal 

guidelines.  
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TDP-43 Proteinopathy Occurs Independently of Autophagic 
Substrate Accumulation and Underlies Nuclear Defects in                       

Niemann-Pick C Disease 
 

4.1 Abstract 

Neuronal cytoplasmic inclusions of TDP-43 are a pathological hallmark of amyotrophic 

lateral sclerosis (ALS) and frontotemporal degeneration (FTD), but the processes that mediate 

their formation and their functional significance remain incompletely understood. Dysfunction in 

autophagy has been linked to TDP-43 mislocalization, as mutations in autophagy genes cause 

ALS/FTD, and autophagy induction rescues neuron survival in ALS models. Here, we 

investigate TDP-43 proteinopathy in Niemann-Pick type C disease (NPC), an autosomal 

recessive lysosomal storage disease (LSD) distinguished by the accumulation of unesterified 

cholesterol within late endosomes and lysosomes. NPC is characterized by neurodegeneration, 

early death, and multifocal disruption of the autophagy pathway. Unexpectedly, we found that 

cytoplasmic TDP-43 mislocalization in Npc1-/- neurons was independent of autophagic substrate 

accumulation. These pathologies occurred in distinct neuronal subtypes, as brainstem cholinergic 

neurons were more susceptible to TDP-43 mislocalization while glutamatergic neurons exhibited 

hallmarks of autophagic dysfunction. Furthermore, TDP-43 mislocalization did not co-localize 

with markers of stress granules or progress to ubiquitinated aggregates over months in vivo, 
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indicating an early stage in the aggregation process. Neither microgliosis nor neuroinflammation, 

also implicated in TDP-43 pathology, were sufficient to drive TDP-43 proteinopathy in the NPC 

brain. Notably, cytoplasmic TDP-43 co-localized with the nuclear import factor importin α, and 

TDP-43 mislocalized neurons demonstrated nuclear membrane abnormalities and disruption of 

nucleocytoplasmic transport. Collectively, our findings reinforce the relationship between LSDs 

and TDP-43 proteinopathy, define its functional importance in NPC, and expand the spectrum of 

TDP-43 pathology in the diseased brain. 

 

4.2 Introduction 

A pathological hallmark of amyotrophic lateral sclerosis (ALS) and frontotemporal 

degeneration (FTD) is nuclear depletion and neuronal cytoplasmic inclusions of TAR-DNA 

binding protein of 43 kDa (TDP-43) 1,2. Although ALS and FTD are biochemically, genetically, 

and clinically heterogeneous, pathological TDP-43 cytoplasmic inclusions are observed in over 

90% of ALS and over 50% of FTD patients, highlighting its role in disease pathogenesis 3. TDP-

43 is a nuclear RNA-binding protein that functions in RNA processing, including splicing, 

translation and degradation, and its expression levels and localization are critical for normal 

cellular function. TDP-43 knockout and overexpression cause neurodegeneration 4-7, and 

cytoplasmic mislocalization of TDP-43 is sufficient to drive neuron death 8. Despite increased 

understanding of both gain- and loss-of-function pathological mechanisms of TDP-43 

mislocalization 9, the processes that mediate the formation of these pathological aggregates 

remain incompletely understood.  

TDP-43 contains a C-terminal low-complexity domain which renders it aggregation 

prone 10. Nearly all ALS-associated TDP-43 mutations are concentrated in this region, but 
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contribute to only 2%-5% of ALS cases 9,10. Increasingly, dysfunction in the clearance of TDP-

43 aggregates by autophagy has been linked to disease pathogenesis 11-13, and autophagy 

induction enhances neuronal survival in ALS models 14. Consistent with this idea, multiple ALS- 

and FTD-associated genes are linked to autophagy and the lysosomal pathway 15, including 

C9ORF72, TBK1, UBQLN2, VCP, SQSTM1, and OPTN, and mutations in these genes result in 

TDP-43 pathology 16-21. Furthermore, a link between lysosomal dysfunction and TDP-43 

proteinopathy has been described. Mouse and patient brains with progranulin mutations 

accumulate TDP-43 inclusions and exhibit pathologic hallmarks of the lysosomal storage disease 

(LSD) neuronal ceroid lipofuscinosis 22.   

Here, we investigate TDP-43 proteinopathy in Niemann-Pick type C disease (NPC), an 

autosomal recessive LSD characterized by the accumulation of unesterified cholesterol in 

lysosomes and late endosomes 23. Most cases of NPC (~95%) are due to mutations in the NPC1 

gene 24, although a small subset (~5%) is due to mutations in NPC2. NPC1 and NPC2 function in 

concert to export cholesterol from lysosomes 25-28. Loss-of-function mutations in either of these 

proteins lead to cholesterol accumulation, liver disease, severe neurodegeneration, and early 

death, often in childhood 29. Several general principles have emerged that guide our 

understanding of NPC pathogenesis. The importance of lipid storage in the disease phenotype is 

apparent, as reduction of cholesterol storage by hydroxypropyl-beta-cyclodextrin dampens 

neurodegeneration and prolongs lifespan in Npc1 mutant mice and cats 30-32; similarly, peripheral 

administration of synthetic HDL nanoparticles to NPC mice mobilizes cholesterol and rescues 

liver dysfunction and body weight 33. Lipid storage has also been linked to lysosomal membrane 

permeabilization in NPC 34-36, highlighting the importance of functional lysophagy to mitigate 

cytotoxicity 36. Furthermore, the significance of neurons in disease has been established. 
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Conditional deletion of Npc1 in neurons leads to age-dependent, cell autonomous neuron loss 

without evidence of a critical window for neuronal vulnerability 37 as well as dysmyelination 38. 

Conversely, transgenic over-expression of Npc1 in neurons of null mice ameliorates 

neurodegeneration 39. Notably, as lysosomal function is essential for autophagy, LSDs can also 

be viewed primarily as “autophagy disorders” 40, and NPC models exhibit multifocal disruption 

of macroautophagy 41-48. 

With the association between dysregulated autophagy and TDP-43 proteinopathy, we 

sought to characterize neuronal TDP-43 pathology in NPC, examine mechanisms that drive 

TDP-43 mislocalization, and explore functional consequences in the NPC brain. We show that 

Npc1-/- neurons accumulate cytoplasmic mislocalized TDP-43. Unexpectedly, this TDP-43 

pathology occurs independently of autophagic substrate accumulation and does not progress to 

ubiquitinated protein aggregates over months in vivo. Moreover, we find that alternative factors 

implicated in TDP-43 pathology, including microgliosis and neuroinflammation are insufficient 

to drive TDP-43 mislocalization in the NPC brain. We also present evidence of nuclear 

pathology and disruption in nucleocytoplasmic transport in Npc1-/- neurons with mislocalized 

TDP-43. Our findings highlight the relationship between TDP-43 pathology and LSDs, expand 

the spectrum of TDP-43 pathology in the diseased brain, and provide evidence of nuclear 

dysfunction in an LSD.  

 

4.3 Materials and Methods 

Antibodies 

Primary antibodies (antigen, dilution, vendor) 
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Neurofilament, 1:200, Millipore MAB5266; Neurofilament, 1:1000, Abcam ab8135; 

NeuN, 1:500, Millipore ABN78; NeuN, 1:500, Millipore ABN90; Synapsin-1, 1:200, Cell 

Signaling D12G5; GFAP, 1:500, Dako Z0334; Tom20, 1:500, Santa Cruz Biotechnology Inc. sc-

11415; Ubiquitin, 1:400, Cell Signaling 3933S; phospho-Ubiquitin (Ser65), 1:100, Millipore 

ABS1513-I; SQSTM1, 1:500, Abnova H00008878-MO1; LC3B, 1:500, Novus NB100-2220; 

TDP-43, 1:500, Proteintech 10782-2-AP; karyopherin α2, 1:150, Santa Cruz Biotechnology Inc. 

sc-55538; TDP43 Phospho (Ser409/410), 1:100 Biolegend 829901; TIA-1, 1:200, Abcam 

ab40693; G3BP1, 1:500 Proteintech 103057-2-AP; Nup62, 1:500 BD 610497; Lamin B1, 

1:1000, abcam ab16048; LMP2, 1:1000, abcam ab3328; Iba1, 1:500, Wako 019-19741; Iba1, 

1:100 abcam ab5076, LMP7, 1:500, abcam ab3329; PSMB10, 1:1000, abcam ab183506; β-

Actin, 1:2000, Sigma-Aldrich A5441; Vinculin, 1:2000, Sigma-Aldrich V9131; p62/SQSTM1, 

1:1000, Sigma-Aldrich P0067; VDAC1, 1:500, abcam ab14734; VGLUT1, 1:500, Synaptic 

Systems 135303; VGAT cytoplasmic domain, 1:100, Synaptic Systems 131008; Choline 

Acetyltransferase, 1:100, Sigma-Aldrich AB144P 

Secondary antibodies 

Alexa Fluor™ 594 donkey anti-goat IgG (H+L), 1:500, Invitrogen A11058; Alexa 

Fluor™ 594 Fab’2 fragment of goat anti-rabbit IgG (H+L), 1:500, Invitrogen A11072; Alexa 

Fluor™ 594 Fab’2 fragment of goat anti-mouse IgG (H+L), 1:500, Invitrogen A11020; Alexa 

Fluor™ 488 goat anti-rabbit IgG (H+L), 1:500, Invitrogen A11008; Alexa Fluor™ 594 goat anti 

guinea pig IgG (H+L), Invitrogen A1076; Alexa Fluor™ 488 goat anti-mouse IgG (H+L), 

Invitrogen A11029; Alexa Fluor™ 488 rabbit anti mouse IgG (H+L), 1:500, Invitrogen A11059; 

Goat anti-mouse IgG (H+L)-HRP conjugate, 1:2000, Bio-Rad 170-6516; Goat anti-rabbit IgG 

(H+L)-HRP conjugate, 1:2000, Bio-Rad 170-6515 
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Reagents 

Filipin was from Sigma (F9765). 

 

Mice 

Npc1nih Balb/cJ mice were obtained from Jackson Laboratories (#003092) and 

backcrossed to C57BL6/J (≥10 generations). Npc1-/- mice were F1 hybrids between Npc1+/- mice 

on the C57BL6/J and Balb/cJ backgrounds, respectively, to restore the Mendelian frequency of 

the Npc1-/- genotype 41. Npc1flox/flox were generated as previously described 49. Syn1-Cre mice 

were obtained from Jackson Laboratories (#003474) and backcrossed to C57BL6/J (≥10 

generations). Npc1-I1061T mice 50 were a gift from Daniel Ory (Washington University in St 

Louis) and backcrossed to C57BL/6 (≥10 generations).  

 

Western blot 

For tissue preparation, mice were perfused with saline before tissue was collected and 

flash frozen in liquid nitrogen. Tissue was homogenized and sonicated in RIPA buffer (Teknova) 

with complete protease inhibitor (Thermo Scientific 11836153001) and 0.625mg/ml N-

ethylmaleimide (Sigma E3876). Protein concentrations were determined by DC™-protein assay 

(Bio-Rad) and normalized. Proteins were separated on NuPAGE™ 4-12% Bis-Tris Protein Gels 

(Thermo Scientific NP0336BOX) and transferred to Immobilon-P 0.45um PVDF (Merck 

Millipore). Immunoreactivity was detected with ECL (Thermo Scientific) or SuperSignal™ West 

Pico PLUS Chemiluminscent Substrate (Thermo Scientific) and an iBright (Thermo Fisher 

Scientific). Quantification was performed using Image Studio. Band intensity was normalized to 

the indicated loading control.  
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RT-qPCR 

RNA was collected using TRIzol® (Thermo Fisher) according to manufacturer’s 

instructions and converted to cDNA using the High Capacity Reverse Transcription kit (Applied 

Biosystems 4368814). Quantitative real-time PCR was performed using 10ng cDNA, FastStart 

Taqman Probe Master Mix (Roche), and gene-specific FAM-labeled TaqMan probes (Thermo 

Scientific) for mouse C3 (Mm01232779_m1), C1qa (Mm07295529_m1), PSMB8 

(Mm00440207_m1), PSMB9 (Mm00479004_m1), PSMB10 (Mm00479052_g1), PSME1 

(Mm00650858_g1), PSME2 (Mm01702832_g1), PSMB5 (Mm01615821_g1), and PSMB7 

(Mm01327044_m1). Gene expression was normalized to mouse Cpsf2-Vic (Mm00489754) 

multiplexed within the same well. RT-qPCR was performed using an ABI 7900HT Sequence 

Detection System and relative expression calculated by the 2^(-∆∆Ct) method. 

 

Immunofluorescence staining 

For tissue preparation, mice were perfused with saline and 4% PFA. Then, tissue was 

removed and post-fixed in 4% PFA overnight at 4°C. Brains were bisected; one hemisphere 

processed for paraffin embedding, and the other half was incubated in 30% sucrose for 48hr at 

4°C and frozen in O.C.T. (Tissue-Tek). Paraffin-embedded tissues were cut on a Reichert-Jung 

2030 microtome into 5µm sections and placed on Fisher Scientific Superfrost Plus microscope 

slides. Sections were adhered onto slides in an oven at 55-60°C for 1 hr. Frozen sections were 

prepared at 16µm in a cryostat. 

For staining of paraffin embedded sections: Samples were deparaffinized and antigen 

retrieval was performed by boiling in 10mM sodium citrate (pH 6.0) for 10 min and incubating 
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in hot citrate solution for an additional 20 min, then washed 3x in deionized water. For staining, 

slides were incubated in a solution with 0.1% Triton, 10% goat or donkey serum and 1% BSA in 

PBS for 20 min. Then, slides were placed in blocking solution (10% goat or donkey serum, 1% 

BSA in PBS) before incubating in primary antibody diluted in blocking solution overnight at 

4°C. Slides were washed 3x in PBS and incubated for 1 hr with secondary antibody diluted in 

blocking solution. Slides were then washed 3x in PBS and mounted with Vectashield + DAPI 

(Vector Laboratories).  

 

Filipin staining 

For filipin staining of tissue, frozen sections were stained for immunofluorescence as 

described above (without deparaffinization). Following the washes after secondary antibody 

incubation, sections were incubated in filipin staining solution (4mL FBS + 40uL filipin solution 

(1mg filipin + 40uL DMSO) + 16mL PBS) for 2 hrs at room temperature. Slides were washed 3x 

in PBS and mounted with Vectashield (Vector Laboratories). 

 

RNA Fluorescence In Situ Hybridization with Immunofluorescence 

Immunofluorescence staining was performed on paraffin embedded tissue sections as 

described above. Following the washes after secondary antibody incubation, slides were washed 

in Stellaris® RNA FISH Wash Buffer A (Biosearch Technologies) with 10% formamide for 2-5 

min. Then, slides were incubated with a solution containing 125 nM oligo-d(T) probes 

conjugated to CAL Fluor Red 610 (Biosearch Technologies) in Stellaris® RNA FISH 

Hybridization Buffer (Biosearch Technologies) with 10% formamide for 4 hrs at 37°C. Slides 

were then washed in Stellaris® RNA FISH Wash Buffer A (Biosearch Technologies) for 30 min 
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at 37°C, Stellaris® RNA FISH Wash Buffer B (Biosearch Technologies) for 2-5 min, then 3x in 

PBS. Finally, slides were mounted with Vectashield + DAPI (Vector Laboratories). 

 

Proteasome activity 

To measure the activity of immunoproteasome subunits, Me4BodipyFL-Ahx3Leu3VS was 

used as previously described 51. Briefly, tissue was homogenized and sonicated in HR buffer 

(50mM Tris-HCl [pH 7.4], 5mM MgCl2, 250mM sucrose, 1mM DTT, 2mM ATP). Protein 

concentrations were determined by DC™-protein assay (Bio-Rad) and incubated with 1µM 

Me4BodipyFL-Ahx3Leu3VS for 1 hr at 37°C. Samples were run on NuPAGE™ 12% Bis-Tris 

Protein Gels (Thermo Scientific) at 140V for 2 hrs and imaged using a Typhoon Trio Plus 

Scanner (Amersham Bioscience). 

 

Electron Microscopy 

Mice were perfused with 0.9% normal saline followed by 3% paraformaldehyde and 

2.5% glutaraldehyde in 0.1 M Sorensen's buffer. The brainstem was removed and post-fixed in 

perfusion solution overnight, followed by fixation in 1% osmium tetroxide solution for 1 h at 

room temperature. After dehydration, tissues were embedded in epoxy resin. For transmission 

electron microscopy, ultrathin sections were cut, and images were captured on a Philips CM-100 

imaging system. 

 

Microscopy 

Confocal images were collected using a Nikon A-1 confocal microscope with diode-

based laser system. Filipin images were captured on a Zeiss Axioplan 2 imaging system. For 
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quantification of the nuclear-to-cytoplasmic (N:C) ratio of poly(A) RNA, the pixel intensity in 

the nucleus and cytoplasm was measured by ImageJ. Quantification of circularity of Lamin B1 

staining was performed by ImageJ. Co-localization was determined using CellProfiler Analyst 

Software. 

 

Phenotype analysis 

Balance beam: The balance beam consists of a 12mm diameter circular beam (thick 

beam) and a 5mm wide square beam (thin beam) suspended at 50cm. Mice were trained at 4 

weeks of age to cross the beam and then tested every other week starting at 5 weeks. For testing, 

mice were run 3 times across the beam, and the average time was taken. Maximum time was set 

at 20 sec and falls were scored as 20 sec.  

Rotarod: After acclimating to the testing room for 30 min, mice were gently placed on a 

moving (4 RPM) rotarod for 30 sec. Then, over a period of 235 sec, rotarod speed was increased 

to 40 RPM. The trial ended if mice stopped walking for two revolutions or dropped onto the 

paddle. Mice were trained three times per day with a 30 min interval between each training 

session over a period of 3 days. The following week, mice were tested on a single day using the 

training protocol. 

 

Statistics 

Graphpad Prism 7.0 was used to determine significance (P<0.05), F (F-statistic) and t (T-

statistic) values. Unpaired Student’s t-test (two-tailed) and one-way or two-way ANOVA were 

used as indicated in the figure legends. A P value less than 0.05 was considered significant. All 

error bars are s.e.m.  
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4.4 Results 

4.4.1 Npc1 deficiency triggers age-dependent accumulation of swollen axons containing 

autophagic cargo  

As NPC1 deficiency causes autophagic impairment, we sought to characterize the 

accumulation of autophagic substrates in mutant mouse brain, initially focusing on swollen 

axons (so-called spheroids) that are a prominent neuropathologic feature in the brainstem of 

diseased mice. Axonal spheroids, as identified by neurofilament staining, appeared as NPC1 

deficient mice aged (Figure 4.1). In 4-week Npc1-/- mice, before the onset of behavioral 

phenotypes (Figure 4.2), axonal spheroids were sparse; as mice progressed in the disease course 

to 11 weeks, the numbers of axonal spheroids significantly increased (Figure 4.3a, Figure 4.1a). 

Similar pathology occurs in the brainstem of mice deficient for Npc1 only in neurons 37. To 

further characterize the cell autonomous development of axonal spheroids, we utilized Npc1flox, 

Syn1-Cre+ mice, which harbor a conditional null allele of the Npc1 gene (Npc1flox) 49 and express 

Cre recombinase as a transgene under the control of the Synapsin1 promoter (Syn1-Cre+). In 

these mice, Npc1 is deleted in neurons throughout the brain during late embryonic development 

52. As with global Npc1-/- mice, axonal spheroids increased in an age-dependent manner in 

Npc1flox/-, Syn1-Cre+ mice from 7 to 16 weeks (Figure 4.3a, Figure 4.1b).   
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Figure 4.1 Age dependent accumulation of axonal spheroids. (a-b) Brain sections were stained with neurofilament and LC3 to 
identify axonal spheroids in the brainstem. Sections were imaged by confocal microscopy. Scale bar: 10 µm. 
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Figure 4.2 Age-dependent progression of weight loss and motor deficits of Npc1-/- mice. (a) Body weight of male and female 
Npc1+/+ and Npc1-/- mice. N=4-5 mice per sex and genotype. (b) Age-dependent performance on balance beam using thick or 
thin beams. N=4-6 mice per genotype. (c) Age-dependent performance on accelerating rotarod. N=4-6 mice per genotype. Data 
are shown as mean ± s.e.m. n.s., not significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by (a-c) two-way 
ANOVA with Sidak’s multiple comparisons test. 
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Figure 4.3 Npc1 deficiency triggers age-dependent accumulation of swollen axons containing autophagic cargo. (a) Axonal 
spheroids in brainstem, quantified from 4-5 fields, N=3 mice per genotype and age. (b) Electron micrographs of brainstem taken 
from 16-week Npc1flox/-, Syn-Cre+ mice. Top: An axonal spheroid surrounded by normal sized axons. Scale bar: 2 µm. Bottom: 
Higher magnification shows accumulation of vesicular cargo. Scale bar: 500 nm. (c) Brain sections from 16-week Npc1flox/+, Syn-
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Cre+ and Npc1flox/-, Syn-Cre+ mice were stained with the indicated markers and imaged by confocal microscopy. Scale bar: 10 
µm. Data are shown as mean ± s.e.m. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 by (a) one-way ANOVA with Tukey’s multiple 
comparisons (a) F=10.04 (top); F=566.1 (bottom) 
 

Axonal spheroids may reflect impaired autophagy, as autophagosomes are formed at the 

distal ends of axons and must be transported in a retrograde manner towards the cell soma for 

autolysosome formation and degradation; disruption of this process can cause accumulation of 

cargo and dysfunctional organelles within swollen axons 53-55. Accordingly, deleting essential 

autophagy genes in Purkinje cells causes axonal swellings 56,57, and swollen axons in mouse 

models of Alzheimer’s disease contain autophagic cargo 58-60. In agreement with these 

observations, electron 

micrographs of 16-week 

Npc1flox/-, Syn1-Cre+ mice 

revealed striking enlargement of 

axons in the brainstem with the 

accumulation of polymorphous 

vesicular structures, including 

vesicles consistent with double-membraned autophagosomes and mitochondria (Figure 4.3b). To 

confirm the presence of autophagic and organellar cargo, we performed immunofluorescence 

staining in the brainstem of Npc1flox/-, Syn1-Cre+ mice. Both ubiquitinated cargo and 

autophagosomes were visualized within axonal spheroids (Figure 4.3c). Furthermore, Tom20 

staining identified mitochondria (Figure 4.3c). As impaired neuronal autophagy leads to 

accumulation of dysfunctional mitochondria 61 and mitochondrial abnormalities occur in NPC 

46,62,63, we wondered if damaged mitochondria accumulated within swollen axons. Indeed, 

staining for pS65-Ub, a marker of damaged mitochondria 64, indicated the presence of 

Figure 4.4 pS65-Ub co-localizes with mitochondrial marker VDAC1. Brainstem 
from 16-week Npc1flox/-, Syn-Cre+ mice were stained with pS65-Ub and VDAC1 
and imaged by confocal microscopy. Mander’s coefficient = 0.84. Scale bar: 5 µm.  
 



 104 

mitochondria targeted for degradation by autophagy (Figure 4.3c). Supporting this conclusion, 

staining for pS65-Ub co-localized with VDAC1 (Mander’s coefficient = 0.84) (Figure 4.4). 

Altogether, these findings demonstrated an accumulation of autophagic and organellar cargo 

within the swollen axons of Npc1-deficient mice.  

 

4.4.2 Independent accumulation of autophagic cargo and cytoplasmic TDP-43 

mislocalization 

Defective autophagy is linked to the development of ALS/FTD and to the cytoplasmic 

mislocalization and aggregation of TDP-43 11,13-15,65. As autophagic impairment is prominent in 

NPC 41-48 and manifests with the accumulation of autophagic cargo (Figure 4.3), we sought to 

determine whether TDP-43 proteinopathy was present in Npc1-deficient mice. Interestingly, in 

4-week Npc1-/- mice, we observed cytoplasmic mislocalization of TDP-43 primarily within 

brainstem neurons (Figure 4.5a). This occurred at an early age, before the onset of behavioral 

phenotypes (Figure 4.2). With the described connection between deficient autophagy and TDP-

43 mislocalization, we determined whether TDP-43 mislocalized neurons also accumulated 

autophagic cargo. As a marker of autophagic substrate accumulation, we stained for p62, 

showing accumulation in neuronal cell bodies, stained by NeuN, of Npc1-deficient mice, but not 

at synapses or in astrocytes (Figure 4.6). Unexpectedly, we observed that neurons accumulating 

p62 did not accumulate cytoplasmic TDP-43 and vice versa (Figure 4.5b, 4.5d). This indicated 

that Npc1-/- mice harbor distinct subpopulations of neurons: those that accumulate autophagic 

cargo and those that accumulate mislocalized TDP-43. Notably, filipin staining showed that both 

subpopulations of neurons accumulated unesterified cholesterol (Figure 4.7), suggesting 

divergent pathologic responses following lipid storage.  



 105 

 

Figure 4.5 Independent accumulation of autophagic cargo and cytoplasmic TDP-43 mislocalization. (a-c) Brainstem from 4-
week Npc1+/+ and Npc1-/- mice was stained for the indicated markers and imaged by confocal microscopy. Scale bar: 10 µm. (d) 
Left: The percentage of TDP-43 mislocalized cells co-localized with importin α or p62. Right: The percentage of p62+ cells co-
localized with cytoplasmic TDP-43. Twenty to thirty TDP-43+ or p62+ cells were quantified per mouse, N=3 mice. Data are 
shown as mean ± s.e.m.  
 

Lack of p62 co-localization indicated that cytoplasmic TDP-43 was not present in 

ubiquitinated aggregates, but instead resembled TDP-43 de-mixing (the formation of 

cytoplasmic liquid droplets) that has been reported to occur in cell culture at an early stage of 

progressive TDP-43 aggregation 66. We wondered if this cytoplasmic TDP-43 co-localized with 
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other proteins shown to de-mix with it in 

vitro, including nuclear transport factors 

66. Indeed, the nuclear import factor 

importin α co-localized with TDP-43 in 

affected neurons (Figure 4.5c-d), 

suggesting the occurrence of impaired 

nucleocytoplasmic transport with TDP-43 

mislocalization. Unlike ALS/FTD, we did 

not observe coincident nuclear clearance 

of TDP-43 (Figure 4.5a), a hallmark of 

TDP-43 aggregation 2 that has been 

shown to promote neurodegeneration 67. 

Our findings support an early stage of 

TDP-43 proteinopathy in 4-week Npc1-/- 

mice. 

 

Figure 4.6 p62 accumulates in neuron cell bodies and not in 
presynaptic terminals or astrocytes. Brain sections from 16-week 
Npc1flox/+, Syn-Cre+ and Npc1flox/-, Syn-Cre+ mice were stained 
with the indicated markers and imaged by confocal microscopy. 
Scale bar: 10 µm. 
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Figure 4.7 Cholesterol accumulates in both p62+ and importin α+ neurons. Brain sections from 11-week Npc1+/+ and Npc1-/- 
mice were stained with the indicated markers and imaged by fluorescent microscopy. Scale bar: 10 µm. The percentage of p62+ 
or importin α+ cells that stain for filipin is shown below. Data are shown as mean ± s.e.m. 
 

4.4.3 TDP-43 cytoplasmic mislocalization persists in vivo for months, up to end-stage in 

Npc1-/- mice 

With prolonged stress, cytoplasmic TDP-43 droplets progress to aggregates and clear 

TDP-43 from the nucleus in cell culture 66. As aberrant phase transitions are suggested to drive 

the formation of pathological inclusions of RNA-binding proteins 10,68,69, we wondered if 

cytoplasmic mislocalized TDP-43 in 4-week Npc1-/- mice progressed to aggregates at end-stage. 

Thus, we examined 11-week Npc1-/- mice, which have developed significant weight loss and 

motor impairment (Figure 4.2). Unexpectedly, TDP-43 pathology at this stage was 

indistinguishable from that present at 4-weeks of age (Figure 4.5). TDP-43 mislocalized to the 

cytoplasm of 11-week Npc1-/- neurons, with continued localization in the nucleus (Figure 4.8a).  
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Figure 4.8 TDP-43 cytoplasmic mislocalization persists in vivo for months, up to end-stage in Npc1-/- mice. (a-c) Brainstem 
from 11-week Npc1+/+ and Npc1-/- mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 
10 µm. (d-e) Left: The percentage of TDP-43 mislocalized cells co-localized with importin α or p62. Right:  The percentage of 
p62+ cells co-localized with cytoplasmic TDP-43. Twenty to thirty TDP-43+ or p62+ cells were quantified per mouse, N=3 mice 
per genotype. (f) Top: Brainstem from 11-week Npc1-/- mice was stained with the indicated markers and imaged by confocal 
microscopy. Scale bar: 5 µm. Bottom: The percentage of importin α+ or p62+ that were ChAT+. Fifteen to twenty-five cells were 
quantified per mouse, N=3 mice per genotype. (g) Left: Brainstem from 11-week Npc1-/- mice was stained with the indicated 
markers and imaged by confocal microscopy. Scale bar: 5 µm. Right: The percentage of VGLUT1+ cells that were p62+ or 
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importin α+. Fifteen to twenty-five cells were quantified per mouse, N=3 mice per genotype. (h) Brainstem from 11-week Npc1-/- 
mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 5 µm. Data are shown as mean ± 
s.e.m. **P ≤ 0.01 by (f-g) Student’s t-test (f) t=5.388 (g) t=7.429 
 
Furthermore, neurons that accumulated mislocalized TDP-43 did not accumulate p62, but co-

localized with importin α (Figure 4.8b-d). Similar findings were observed in 16-week Npc1flox, 

Syn1-Cre+ mice following conditional deletion of Npc1 in neurons (Figure 4.8e, Figure 4.9). 

Therefore, cytoplasmic mislocalized TDP-43 in Npc1-deficient neurons persisted in vivo for 

months without progression to ubiquitinated aggregates or nuclear depletion and remained 

independent of autophagic substrate accumulation. Moreover, as TDP-43 can be recruited to 

stress granules, which may increase its propensity to form pathological aggregates 70-72, we 

stained for stress granule markers G3BP1 and TIA-1 but found no co-localization (Figure 4.10a-

b). We conclude that TDP-43 mislocalization occurred independently of stress granule 

formation, in agreement with prior observations of TDP-43 de-mixing 66,73.  

 

Figure 4.9 TDP-43 mislocalization in neurons occurs cell autonomously. (a-c) Brainstem from 16-week Npc1flox/+, Syn-Cre+ 
and Npc1flox/-, Syn-Cre+ mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 10 µm. 
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We sought to determine whether other hallmarks of TDP-43 proteinopathy were present 

in Npc1-deficient neurons, including phosphorylated TDP-43 and the accumulation of C-

terminal fragments 2. Immunofluorescence and western blot analysis were negative for these 

pathologies, and TDP-43 protein levels were unchanged in brain lysates (Figure 4.10c, Figure 

4.11). Furthermore, despite co-localization with importin α (Figure 4.5c, Figure 4.8c), we did not 

observe mislocalization of the nucleoporin Nup62 (Figure 4.10d), which has been associated 

with TDP-43 pathology in vitro 66,74.  

 

Figure 4.10 Npc1-/- mice do not accumulate stress granules, P-TDP43 or mislocalized Nup62. (a-d) Brainstem from 11-week 
Npc1+/+ and Npc1-/- mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 10 µm. 
 

To examine neuron subtypes involved by these pathologies, we first co-stained for 

choline acetyltransferase (ChAT) to identify brainstem cholinergic neurons. Interestingly, almost 
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50% of neurons that were importin α+, but not p62+, co-stained with ChAT (Figure 4.8f), 

indicating a preferential susceptibility to TDP-43 pathology among brainstem cholinergic 

neurons. Conversely, p62 but not importin α accumulated in VGLUT1+ cells (Figure 4.8g), 

indicating that brainstem glutamatergic neurons preferentially accumulated autophagic substrates 

over mislocalized TDP-43. VGAT expressing neurons have been shown to form inhibitory 

synapses on excitatory neurons 75. Correspondingly, we found VGAT+ synapses surrounding the 

soma of p62+ but not importin α+ neurons (Figure 4.8h), revealing differential inhibitory 

signaling and connectivity between these neuron populations.  

 

Figure 4.11 TDP-43 protein levels are unchanged, and C-terminal fragments do not accumulate in Npc1-/- mice. (a-b) The 
relative abundance of TDP-43 was determined in the brainstem of 11-week Npc1+/+ and Npc1-/-  mice using an N-terminal (a) or 
C-terminal (b) TDP-43 antibody. Quantified at right. N=3 mice per genotype. Data are shown as mean ± s.e.m. n.s., not 
significant. 
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4.4.4 Progressive accumulation of autophagic cargo without TDP-43 cytoplasmic 

mislocalization in Npc1-I1061T mice  

To further characterize the relationship between autophagic dysfunction and TDP-43 

pathology we studied Npc1-I1061T knock-in mice 50, which harbor the most common disease-

causing allele in patients of Western European ancestry 76. In contrast to null models, Npc1-

I1061T mice express mutant NPC1 protein that misfolds in the ER and is largely degraded, while 

a small fraction of protein that escapes degradation can traffic to the lysosome and function in 

cholesterol efflux 77,78. Therefore, Npc1-I1061T mice exhibit a similar although milder 

phenotype than Npc1-/- mice. We first assessed autophagic impairment in this model. Npc1-

I1061T mice developed stored cholesterol as early as 3.7 weeks of age and showed progressive 

accumulation of ubiquitinated substrates, axonal spheroids and p62 by 7 weeks of age (Figure 

4.12, Figure 4.13). However, despite the progressive accumulation of autophagic cargo, Npc1-

I1061T mice did not accumulate either cytoplasmic TDP-43 or importin α in neurons (Figure 

4.12e). This observation further supported the conclusion that autophagic impairment is not 

sufficient to drive TDP-43 mislocalization, and provided a model system in which to test the 

contribution of alternative factors that have been implicated as underlying TDP-43 pathology.  
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Figure 4.12 Progressive accumulation of autophagic cargo without TDP-43 cytoplasmic mislocalization in Npc1-I1061T 
mice. (a-c) Brainstem from Npc1-I1061T mice at 3.7, 7, and 10-weeks of age was stained with the indicated markers and imaged 
by confocal microscopy. Scale bar: 10 µm. (d) Timeline summarizes the age dependent accumulation of cholesterol and 
autophagic substrates in I1061T mice. (e) Importin α+ cells in the brainstem, quantified from N=3 mice per genotype. Data are 
shown as mean ± s.e.m. 
 

 



 114 

 

Figure 4.13 WT mice do not accumulate cholesterol or autophagic substrates. (a-c) Brainstem from 3.7, 7 and 10-week WT 
mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 10µm. 
 

 Recent studies have focused on the role of microglia in neurodegenerative disease 79,80 

because of their production of pro-inflammatory cytokines and other factors that underlie 

neuroinflammation 81. Neurotoxic microglia and complement activation promote TDP-43 

proteinopathy in progranulin deficient neurons 82. Thus, we quantified the number of Iba1+ 

microglia in the brainstem of 4-week and 11-week Npc1+/+ and Npc1-/- mice and compared them 
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with 11-week WT and Npc1-I1061T mice. We found that 11-week Npc1-I1061T mice exhibited 

intermediate levels of microgliosis compared to 4- and 11-week Npc1-/- mice (Figure 4.14a). 

Despite microgliosis at greater levels than that of 4-week Npc1-/- mice, TDP-43 was not 

mislocalized in Npc1-I1061T neurons (Figure 4.12e). Similarly, expression of genes encoding 

complement factors C1qa and C3 in 11-week Npc1-I1061T mice was intermediate to that of 4- 

and 11-week Npc1-/- mice (Figure 4.14b). Thus, induction of microgliosis and expression of 

complement components were not sufficient to account for TDP-43 mislocalization in NPC1 

deficient neurons.  

 

Figure 4.14 11-week Npc1-I1061T mice exhibit intermediate levels of microgliosis and complement activation compared to 4- 
and 11-week Npc1-/- mice.. (a) Brainstem from 4-week Npc1+/+ and Npc1-/- mice, 11-week WT and Npc1-I1061T mice, and 11-
week Npc1+/+ and Npc1-/- mice was stained with Iba-1 and imaged by confocal microscopy. Scale bar: 10 µm. Right: Iba1+ cells 
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per field, quantified from 4-5 fields, N=3 mice per genotype. (b) Relative expression of C1qa and C3 mRNA in brainstem by 
qPCR. N=4-5 mice per genotype. Data are shown as mean ± s.e.m. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 by (a-b) one-way 
ANOVA with Tukey’s multiple comparisons (a) F=64.48; (b) F=40.57 (C1qa) and F=22.51 (C3) 
 

To more broadly assess neuroinflammation in the NPC brain, we examined induction of 

the immunoproteasome 83. While the constitutive proteasome is a key effector of proteolysis, the 

immunoproteasome plays an important role in antigen processing and is induced in response to 

oxidative stress and proinflammatory cytokines in neurodegenerative diseases 84,85. The 

constitutive proteasome is composed of a 20S cylindrical core containing four stacked α and β 

rings, with the β rings containing three catalytic β subunits (PSMB5-7). In contrast, the 

immunoproteasome incorporates three alternative β subunits (PSMB8-10) that replace the 

constitutive catalytic subunits as well as distinct 11S lid components (PSME1-2) 86. In Npc1-

I1061T mice, expression of these immunoproteasome subunits was increased in the cerebellum 

and brainstem in an age-dependent manner (Figure 4.15a-b, Figure 4.16a-b). This induction was 

specific to immunoproteasome subunits as expression of constitutive proteasome β subunits was 

unchanged (Figure 4.16c). Correspondingly, protein levels (Figure 4.15c) and activity (Figure 

4.16d) of immunoproteasome subunits were increased, and immunofluorescence localized the 

immunoproteasome to both microglia and axonal spheroids (Figure 4.16e). Notably, 

immunoproteasome subunit expression was increased to comparable levels in the brainstem of 

11-week Npc1-/- mice (Figure 4.15d).  Thus, robust neuroinflammation as reflected by 

microgliosis, complement expression, and immunoproteasome induction occured similarly in 

Npc1-/-and I1061T mice. Our analyses suggest a role for alterative stressors in the occurrence of 

TDP-43 pathology in Npc1-/- neurons. 
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Figure 4.15 The immunoproteasome is induced in Npc1-I1061T and Npc1-/- mice. (a-b) Relative expression of 
immunoproteasome 20S core subunits (a) and alternative lid (b) was determined in the cerebellum (CB) and brainstem (BS) of 
12-week WT and Npc1-I1061T mice by qPCR.  N=5 mice per genotype. (c) The relative abundance of immunoproteasome 
subunits in the cerebellum of 12-week WT and Npc1-I1061T mice was determined by western blot. N=3 mice per genotype. 
Quantified at right. (d) Relative expression of immunoproteasome, alternative lid and constitutive proteasome subunits was 
determined by qPCR in the brainstem of 11-week Npc1+/+ and Npc1-/- mice. Data are shown as mean ± s.e.m. *P ≤ 0.05, **P ≤ 
0.01, ***P ≤ 0.001, **** P ≤ 0.0001 by (a-d) Student’s t-test (a) t=5.833 (CB PSMB8); t=6.27 (BS PSMB8); t=4.23 (CB 
PSMB9); t=3.088 (BS PSMB9); t=3.864 (CB PSMB10); t=1.083 (BS PSMB10) (b) t=5.893 (CB PSME1); t=2.556 (BS 
PSME1); t=2.853 (CB PSME2); t=2.077 (BS PSME2) (c) t=8.039 (PSMB8); t=4.454 (PSMB10) (d) t=8.351 (PSMB8); 
t=8.067 (PSMB9); t=2.077 (PSMB10); t=8.281 (PSME1); t=3.216 (PSME2); t=2.05 (PSMB5) 
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Figure 4.16 Age dependent induction of the immunoproteasome in Npc1-I1061T mice. (a-c) Relative expression of 
immunoproteasome 20S core (a), alternative lid (b) and constitutive proteasome (c) subunits was determined by qPCR in the 
cerebellum (CB) and brainstem (BS) of 4-week (a-b) and 12-week (c) WT and Npc1-I1061T mice. N=4-5 mice per genotype. (d) 
Lysates from 8-week brainstem were incubated with a BODIPY-labeled activity-based probe, then resolved by SDS-PAGE. 
Quantification at right, N=3 mice per genotype. (e) Brainstem from 11-week WT and Npc1-I1061T mice was stained with the 
indicated markers and imaged by confocal microscopy. Scale bar: 10 µm. Data are shown as mean ± s.e.m. n.s., not significant, 
**P ≤ 0.005 by (a-d) Student’s t-test (a) t=1.023 (CB PSMB8); t=1.088 (BS PSMB8); t=1.11 (CB PSMB9); t=0.5413 (BS 
PSMB9); t=1.873 (CB PSMB10); t=1.126 (BS PSMB10) (b) t=1.307 (CB PSME1); t=0.4092 (BS PSME1); t=1.353 (CB 



 119 

PSME2); t=0.1487 (BS PSME2) (c) t=0.1711 (CB PSMB5); t=0.1898 (BS PSMB5); t=0.3676 (CB PSMB7); t=0.4048 (BS 
PSMB7) (d) t=7.489  
 

4.4.5 Importin α mislocalization marks neurons with disrupted poly(A) RNA export and 

nuclear membrane morphology 

With persistent cytoplasmic TDP-43 mislocalization in Npc1-/- mice, we sought to 

characterize the functional consequences of this pathology. As TDP-43 proteinopathy has been 

associated with mislocalization or aggregation of nucleocytoplasmic transport factors and 

disruption of the nuclear membrane and nuclear pore complexes 66,74,87,88, we hypothesized that 

nucleocytoplasmic transport was disrupted in TDP-43 mislocalized neurons. To assess this 

hypothesis, we performed RNA fluorescence in situ hybridization (FISH) to quantify the N:C 

ratio of poly(A) RNA in Npc1-/- neurons. We focused on the subpopulations of neurons that 

accumulated p62 versus those that accumulated importin α. We detected a significantly increased 

N:C ratio in importin α+ neurons (Figure 4.17a), indicating nuclear retention and a defect in 

poly(A) RNA export. Similar findings have been observed in models of TDP-43 proteinopathy 

74,87,89. Further indication of nuclear pathology in TDP-43 mislocalized neurons came from our 

observation of altered nuclear membrane morphology. Lamin B1 staining demonstrated 

significantly decreased circularity of the nuclear membrane in importin α+ neurons compared to 

p62+ neurons (Figure 4.17b). These results indicated that TDP-43 mislocalization in Npc1-/- 

neurons compromises nucleocytoplasmic transport and nuclear membrane integrity, providing 

the first evidence of nuclear pathology in an LSD.  
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Figure 4.17 Importin α mislocalization marks neurons with disrupted poly(A) RNA export and nuclear membrane 
morphology. (a) Brainstem from 11-week Npc1-/- mice was stained with p62 or importin α. Poly(A) RNA was detected by RNA 
fluorescence in situ hybridization (FISH) with an oligo(dT) probe and imaged by confocal microscopy. Scale bar: 5 µm. Poly(A) 
RNA N:C ratio quantified from 20-30 p62+ or importin α+ cells per mouse, with N=6 mice. (b) Brainstem from 11-week Npc1-/- 
mice was stained with the indicated markers and imaged by confocal microscopy. Scale bar: 5 µm. Circularity of Lamin B1 
staining was quantified from 20-30 p62+ or importin α+ cells per mouse, with N=6 mice. Data are shown as mean ± s.e.m. *P ≤ 
0.05, **P ≤ 0.01, by (a-b) Student’s t-test (a) t=2.603 (b) t=4.53 
 

4.5 Discussion 

We demonstrate novel aspects of degeneration in the NPC brain that are mediated by 

TDP-43 proteinopathy, which we integrate into a model (Figure 4.18). NPC1-deficient neurons 

exhibit mislocalization of TDP-43 that is characterized by hallmarks of cytoplasmic de-mixing, 
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an early stage in the aggregation process that was recently described in stressed neurons in cell 

culture 66. Cytoplasmic TDP-43 in Npc1-/- neurons co-localizes with the nuclear import factor 

importin α, but not with markers of stress granules or ubiquitinated protein aggregates, nor is it 

associated with loss of nuclear TDP-43 or the generation of C-terminal cleavage fragments. This 

pathology is remarkably stable in the brainstem of Npc1 null mice, appearing as early as 4 weeks 

of age, before the onset of behavioral phenotypes, and remaining constant through end stage 

disease, almost two months later. Similarly long-lasting TDP-43 de-mixing has been documented 

to occur in cell culture 66.  

 

Figure 4.18 TDP-43 cytoplasmic 
mislocalization in NPC. TDP-43 cytoplasmic 
mislocalization and autophagic substrate 
accumulation occur independently and in 
distinct neuron subpopulations. VGLUT1+ 
neurons accumulated p62, while ChAT+ 
neurons accumulated mislocalized TDP-43 and 
importin α. These neurons were also marked 
with impaired poly(A) RNA export and 
abnormal nuclear membrane morphology. 
Autophagic dysfunction and neuroinflammation 
were not sufficient to drive TDP-43 
mislocalization in NPC and point to the 
presence of other biological stressors involved. 

 

 

Prior work has linked TDP-43 proteinopathy to LSDs in the context of progranulin 

mutations 22 and has suggested the occurrence of slightly diminished nuclear TDP-43 in 

cerebellar neurons of Npc1-/- mice 90. Our findings strengthen this connection with LSDs and 

expand the spectrum of TDP-43 proteinopathy in neurodegenerative brains by providing a first in 

vivo demonstration of stable cytoplasmic mislocalization that does not progress to ubiquitinated 

aggregates, even over several months. These observations indicate that while certain stressors are 

sufficient to induce TDP-43 mislocalization, distinct stressors are needed to promote its 
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cytoplasmic aggregation. This is in line with data from in vitro models where exposure of 

neurons to fragmented amyloid-like fibrils promotes TDP-43 de-mixing while additional sodium 

arsenite-induced stress converts these liquid droplets to gels/solids that later recruit p62 66.  

TDP-43 mislocalization occurs independently from the accumulation of autophagic cargo 

in the NPC brain. This conclusion is based on finding that these pathologies occur in distinct 

populations of neurons in Npc1-/- mice and that Npc1-I1061T mice accumulate autophagic cargo 

but not mislocalized TDP-43. This was unexpected as autophagic dysfunction has been 

postulated to mediate TDP-43 proteinopathy 11-13, as mutations in autophagy genes cause 

ALS/FTD 15, and as inhibiting autophagy induces cytoplasmic accumulation of pathologic TDP-

43 65. Furthermore, we demonstrate the occurrence of preferential susceptible to either TDP-43 

proteinopathy (cholinergic) or autophagic dysfunction (glutamatergic) in distinct subpopulations 

of neurons, highlighting differential contributions to disease pathogenesis. Notably, 

neuroinflammation, as reflected by micogliosis, complement expression, and immunoproteasome 

induction, is insufficient to account for TDP-43 mislocalization in the NPC brain. Identifying the 

biological stressors in NPC that induce TDP-43 mislocalization without progression to insoluble 

aggregates emerges as an important unknown to be addressed by future research. 

One intriguing hypothesis is that our observed cytoplasmic TDP-43 mislocalization 

represents a physiological response to neuronal injury. While TDP-43 cytoplasmic 

mislocalization without concomitant nuclear depletion and progression to aggregates is an 

unusual finding, it has been detected in motor neurons following axotomy. In these injured 

neurons, TDP-43 expression was upregulated and showed prominent cytosolic localization, 

findings that were restored following neuron recovery 91. This was proposed to be due in part to 

TDP-43’s involvement in neurofilament mRNA metabolism and transport to facilitate axonal 
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repair 92. Thus, investigating the relationship between neuronal injury and TDP-43 cytoplasmic 

mislocalization could provide important insights on physiologic and/or pathologic roles of TDP-

43 mislocalization in NPC. 

Finally, our studies also provide the first demonstration of nuclear pathology in an LSD. 

Importin α mislocalizes with cytoplasmic TDP-43 in Npc1-/- neurons. These neurons also exhibit 

impaired nuclear export of RNA and abnormal nuclear membrane morphology. Similar 

disruption of nucleocytoplasmic transport and abnormalities of nuclear membrane architecture 

have been documented in other disorders with TDP-43 pathology 66,74,87,88. Our observations 

suggest that shared mechanisms of lysosomal dysfunction and TDP-43 proteinopathy impair 

neuronal function in diverse degenerative disorders, including both LSDs and ALS/FTD. These 

shared disease mechanisms may provide future opportunities for therapeutic interventions that 

will benefit patients affected by these relentlessly progressive disorders. 
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Conclusion 
 

In this dissertation, I investigated mechanisms of neurodegeneration in Niemann-Pick 

type C disease (NPC). I demonstrated that NPC cells are more sensitive to lysosomal damage, 

and that this sensitivity is dependent upon lipid storage. Furthermore, I described a novel role of 

Fbxo2 in lysophagy and show that depletion of Fbxo2 in NPC mice exacerbates disease 

phenotypes. My data support a model in which increased levels of lysosomal damage in NPC 

makes neurons vulnerable to lysosomal membrane permeabilization (LMP), necessitating 

functional lysophagy to prevent cytotoxicity. Additionally, I provide a detailed characterization 

of TDP-43 pathology in NPC. I show that TDP-43 mislocalization persists for months in vivo 

and resembles TDP-43 de-mixing rather than ubiquitinated aggregates. I show that this 

pathology occurs independently of autophagic dysfunction and is associated with nuclear 

membrane and nucleocytoplasmic transport abnormalities. In this final chapter, I will discuss 

questions that remain from this work and suggest future directions.   

 

5.1 Lysosomal damage and lysophagy in NPC 

In Chapter 3, I highlighted the importance of functioning lysophagy to protect against 

lysosomal membrane permeabilization in NPC. Our interest in this work began as LMP has been 

implicated in an increasing number of lysosomal diseases 1-7. Prior work in our lab also 
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demonstrated mislocalization of lysosomal cathepsins outside the lysosomal compartment in 

NPC neurons and showed that NPC mice deficient in cystatin B, an inhibitor of cathepsins, 

exhibited exacerbated cerebellar degeneration 2. I sought to build on this work and examine 

factors that cause increased sensitivity to lysosomal damage in NPC and investigate mechanisms 

the cell uses to respond to LMP and reduce its cytotoxic effects.  

As autophagy defects are well described in NPC, I examined whether inability to clear 

damaged lysosomes by lysophagy could explain the increased numbers of damaged lysosomes. 

Through time-course experiments, I showed that lysophagy progresses at a similar rate to 

controls, indicating that impaired lysophagy is not the primary driver of the increased lysosomal 

damage. LMP can be induced by numerous endogenous and exogenous factors, including 

oxidative stress, pathogens and lysosomotropic drugs 8. Notably, accumulated lipids have been 

shown to trigger LMP 3-5,9-11. I showed that reduction of cholesterol storage with cyclodextrin 

significantly reduced the level of lysosomal damage triggered by LLOMe, supporting a role for 

stored lipids in altering lysosomal membrane integrity. In contrast, studies have also described 

the importance of lipids in membrane rigidity and lysosomal membrane stability, and others have 

shown that reducing lysosomal cholesterol sensitizes cells to lysosomal damage 12-14. This raises 

questions as to the extent to which stored lipids either exacerbate or guard against LMP in NPC. 

Notably, the absence of functional NPC1 protein is expected to impair the movement of luminal 

cholesterol into the limiting membrane of the lysosome, leading to luminal cholesterol 

accumulation. Still, NPC1 deficient cells also accumulate cholesterol in the lysosomal limiting 

membrane, which is deposited from the ER through organelle membrane contact sites 15. Thus, 

there may be opposing effects between destabilizing effects of luminal cholesterol and stabilizing 

effects of membrane cholesterol, although, increased lipid content in membranes could also alter 
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membrane fluidity and impact membrane stability. Defining the role of altered luminal versus 

lysosomal membrane lipid composition and their effects on lysosomal membrane stability, in 

addition to the mechanisms by which cholesterol transfers between different compartments, will 

be important in furthering our understanding of lysosomal dysfunction in NPC.   

In this study I also identified a novel role for Fbxo2 in the clearance of damaged 

lysosomes in the brain. Depletion of Fbxo2 exacerbated the disease phenotype in NPC mice and 

Fbxo2-/- neurons exhibited delayed clearance of damaged lysosomes and increased toxicity in 

response to LLOMe. This work highlights the critical importance of functioning lysophagy in 

NPC where there exists a background of increased lysosomal damage. An important next step 

would be to identify methods of targeting the lysophagy pathway to determine whether 

enhancing lysophagy or modulating the pathway could protect against neuron death in NPC. 

Overexpression of Fbxo27, previously shown to function in the SCF complex to ubiquitinate 

glycoproteins and target damaged lysosome for degradation, increased ubiquitination of 

glycoproteins 16. However, it is unclear whether this could also enhance clearance of damaged 

lysosomes. Similarly, the question arises as to whether increased expression of Fbxo2 could 

impact lysophagy progression in the brain. However, overexpression of Fbxo2 has been shown 

to be detrimental in other systems, as it leads to aberrant glucose homeostasis and promotes 

proliferation of endometrial cancer by promoting ubiquitination and degradation of essential 

proteins 17,18 . Thus, balancing a possible induction of lysophagy with off target effects of 

ubiquitination would be a likely challenge. Notably, depletion of Fbxo2 did not completely 

abolish lysophagy progression in neurons, but rather delayed it. Additional pathways likely 

function to mediate lysophagy in the brain, and other proteins been shown to function in 

lysophagy and ubiquitination, including TRIM16 19. Investigating additional factors at play 
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would open up targets for lysophagy modulation. On a broader level, it is still an area of 

investigation as to how modulation of autophagy impacts disease pathogenesis in NPC, as both 

induction and inhibition have been shown to be detrimental and beneficial 20-23. Autophagy 

inhibition impairs lysophagy progression 24,25, which could contribute to worsening disease 

phenotypes as it increases levels of lysosomal damage. Thus, investigating how autophagy 

modulation impacts lysosomal damage and lysophagy in NPC would provide insight on optimal 

autophagy modulation methods to improve disease phenotypes.  

In examining lysosomal damage, I focused on characterizing lysophagy, which is 

important to clear damaged lysosomes. However, damaged lysosomes can also be repaired by 

the Endosomal Sorting Complex Required for Transport (ESCRT) machinery 26,27. ESCRT-

mediated repair is thought to be an early event in “low damage” conditions; lysosomes that are 

not repaired are degraded by lysophagy 19. A recent study showed increased accumulation of 

ESCRT III components, including CHMP1A and CHMP2B, on lysosomes, a finding that 

indicates ongoing lysosomal damage 28. However, despite recruitment of ESCRT machinery, the 

extent to which ESCRT repair functions adequately to repair damaged in lysosomes in NPC is 

not determined. Investigating the ESCRT repair pathway in NPC, the extent to which it functions 

and the effects of modulation would be an interesting future direction and open up the possibility 

of another pathway that can be targeted to minimize lysosomal damage in NPC.  

 

5.2 Neuron autophagy dysregulation and TDP-43 proteinopathy  

In Chapter 4, I characterized TDP-43 mislocalization in the NPC brain, factors that 

contribute to its development, and its functional effects. I found that TDP-43 mislocalization 

begins at an early stage in the disease course in Npc1-/- mice and resembles TDP-43 de-mixing 
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rather than cytoplasmic aggregates. Despite the connection between autophagic dysfunction and 

TDP-43 pathology, I found that TDP-43 mislocalization occurs independently of autophagy 

defects in NPC. Similarly, microgliosis and complement activation, also implicated in TDP-43 

pathology, were not sufficient to drive TDP-43 pathology. These data raise questions as to the 

biological stressors that drive TDP-43 mislocalization without progression to ubiquitinated 

aggregates and nuclear depletion in Npc1-/- mice. TDP-43 mislocalization has been described in 

an NPC human neuronal model, where it was shown that oxidative stress and stored lipids 

contribute TDP-43 cytoplasmic accumulation 29. Another possibility arises from alternative 

degradative pathways that have been implicated in clearing TDP-43. In yeast and human cell 

lines, TDP-43 turnover, aggregation and toxicity strongly depend on endocytosis 30. TDP-43 co-

localizes with multiple endocytosis proteins, TDP-43 expression impairs endocytosis, and 

enhancing endocytosis rescues TDP-43 levels and toxicity 30. Although in human cells, 

endocytosis and autophagic pathways typically converge prior to lysosomal fusion 31, Rab5 

overexpression, while blocking autophagy, reduced TDP-43 protein to pre-treatment levels, 

indicating that a Rab5-enhanced, autophagy-independent mechanism exists to clear TDP-43 30. 

Additionally, TDP-43 was found to co-localize with VCP in ALS patient tissue, and VCP 

facilitated endocytic function to regulate TDP-43 toxicity and turnover 32. NPC1 deficient cells 

also display disruption in endocytosis 33. Whether this contributes to TDP-43 mislocalization is 

not described, but could shed insight on mechanisms of TDP-43 proteinopathy in NPC. 

Although I found that autophagic dysfunction occurred independently of TDP-43 

mislocalization, the finding of autophagic substrate accumulation within axonal spheroids is of 

interest as it implies a defect in axonal transport during neuronal autophagy. Autophagosomes 

are formed in the distal axon and undergo retrograde transport towards the cell body where they 
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are degraded 34. Impairments in neuron autophagy lead to accumulation of autophagosomes 

within swollen axons 35. This is often linked to defects in retrograde transport, suggesting that 

impaired cargo motility leads to accumulation of dysfunctional organelles along axons 36. 

Consistent with this hypothesis, inhibition of dynein leads to the accumulation of 

autophagosomes and axonal swellings 37. Deficiency in JIP3, a motor scaffolding protein, leads 

to accumulation of autophagic vacuoles 38 and JIP3 KO neurons accumulate axonal swellings 39. 

Similarly, deletion of Snapin, another scaffolding protein, leads to retention of autophagic 

vacuoles in distal axons, while overexpression of Snapin rescues impairments in retrograde 

transport and reduces the accumulation of autophagic vacuoles in Alzheimer disease neurons 40. 

Exploring the extent to which axonal transport is impaired and its contribution to axonal 

pathology, mechanisms of dysregulation of axonal transport, and ways to modulate transport and 

rescue autophagic dysfunction are interesting directions to pursue.  

Furthermore, my work provided the first description of nuclear pathology in an LSD. I 

showed that TDP-43 mislocalization is associated with abnormal nuclear membrane 

morphology, mislocalization of importin α and impaired mRNA export. A next step would be to 

investigate other proteins that could exhibit altered trafficking in TDP-43 mislocalized neurons. 

Importin α mislocalization is expected to lead to impaired import of other NLS-containing 

proteins. Furthermore, importin α has been demonstrated to be involved in functions in addition 

to nuclear import, including spindle formation, retrograde axonal transport in neurons, stress 

granule assembly, and nuclear envelope and lamin assembly 41 . Exploring other downstream 

effects of TDP-43 and importin α mislocalization would shed greater insight on disease 

mechanisms. Another major function of TDP-43 is in RNA processing. TDP-43 binds to over 

6000 pre-mRNAs and affects levels of 601 mRNAs and splicing of another 965 42. Some ALS-
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linked TDP-43 mutations also cause altered RNA splicing and promote motor neuron disease 

without cytoplasmic aggregation or loss of nuclear TDP-43 43. Thus, despite lack of TDP-43 

aggregates or nuclear clearing seen in NPC, mislocalized TDP-43 could impact normal RNA 

processing in neurons. In addition to impaired mRNA export, altered splicing would have large 

effects on gene expression. This would be an important future direction to investigate.  

With the observation that TDP-43 mislocalization occurs in a separate subset of neurons 

than those that accumulate autophagic substrates, I sought to identify affected neuron 

populations. Interestingly, I found that brainstem cholinergic neurons were preferentially 

affected by TDP-43 mislocalization, while brainstem glutamatergic neurons exhibited hallmarks 

of autophagic dysfunction.  Although cholinergic neurons comprise less than one percent of 

neurons in the nervous system, their influence is vast as almost every brain region and peripheral 

target receives a cholinergic input, and cholinergic neurons are involved in functions from gross 

movement to consciousness 44. Descending projections from mesopontine cholinergic neurons 

play a role in decreasing muscle tone  during rapid eye movement (REM) sleep, and ascending 

projections play roles in higher cognitive function 44. Sleep abnormalities have also been 

observed in NPC patients, including REM sleep behavior disorder 45,46. This raises the possibility 

that TDP-43 mislocalization in cholinergic neurons could contribute to disrupted sleep in NPC. 

Lower motor neurons in the brainstem and spinal cord are also cholinergic and lesions in lower 

motor neurons lead to paralysis 47. TDP-43 proteinopathy is also localized in spinal cord motor 

neurons in ALS. My studies focused on examining TDP-43 pathology in the brainstem, but its 

presence in cholinergic neurons raises the possibility of similar pathology within spinal cord 

lower motor neurons. Spinal cord and lower motor neuron pathology is not well characterized in 

NPC. Thus, characterizing spinal cord pathology would provide insight on mechanisms of 
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neurodegeneration and motor impairment in NPC. Further investigation of TDP-43 

proteinopathy in human patients will also be of importance, particularly as it relates to the wide 

spectrum of patient mutations.  

 

5.3 Concluding Remarks 

Niemann-Pick type C is an autosomal recessive lipid storage disorder that causes 

neurodegeneration and early death. Currently, there are no FDA approved treatments. 

Understanding cellular mechanisms of disease is vital to uncover therapeutic targets to combat 

this devastating disease. In my thesis, I examined the effects of lysosomal damage and the 

importance of lysophagy in disease, while defining a new function for Fbxo2. Furthermore, I 

provided a detailed characterization of TDP-43 proteinopathy in the NPC brain and its functional 

effects as it relates to nucleocytoplasmic transport and nuclear pathology. I hope the work I 

described will enhance our understanding of disease mechanisms and enable the development of 

targeted and effective treatments for NPC patients.   
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