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Abstract 

 

The Characterization of the PARK10 Gene USP24 in Autophagy and Mitophagy 

  

Julia Thayer, Doctor of Philosophy, 2019 

 

Dissertation directed by:  

 

Marta M. Lipinski, PhD 

Associate Professor, Department of Anesthesiology  

University of Maryland School of Medicine 

 

Parkinson’s disease (PD) is the second most common neurodegenerative disease in 

the world and there is currently no cure, just treatments to mask symptoms. PD results in 

loss or damage to dopaminergic (DA) neurons within the substantia nigra pars compacta. 

Autophagy, a lysosome-dependent degradation pathway, is essential for neuronal survival. 

Dysregulation of this pathway has been linked to several neurodegenerative diseases. 

Defects in autophagy and mitochondrial specific autophagy (mitophagy) have been 

implicated in PD. The goal of this project was to characterize the function of the 

deubiquitinating enzyme (DUB) ubiquitin-specific peptidase 24 (USP24) in autophagy as 

well as in mitophagy. USP24 is located on chromosome 1p of the PARK10 locus that has 

been associated with late-onset PD. As a DUB USP24 is responsible for removing ubiquitin 

chains from target substrates, thus altering their stability and function. The precise role of 

USP24 in PD is not yet known. My data demonstrate that USP24 is a negative regulator of 

autophagy that is downstream of MTROC1 and acts via the class III PtdIns3K and ULK1 

complexes. Specifically, USP24 negatively regulates ubiquitination levels and stability of 

the ULK1 protein, thus decreasing autophagy flux. I have also shown that USP24 is able 

to regulate autophagy in induced pluripotent stem cells (iPSC)-derived DA neurons with 

no adverse effects. In fact, knockdown of USP24 led to increased neurite length in aged 



 
 

iPSC-DA neurons, suggesting a potential neuroprotective effect. Furthermore, in addition 

to ULK1, USP24 may regulate levels of the PD-associated Parkin protein. Recruitment of 

Parkin to the outer mitochondrial membrane is necessary for initiation of mitophagy. My 

data demonstrate that similarly to ULK1, stability of Parkin is increased following USP24 

knockdown, suggesting that USP24 may negatively regulate Parkin-dependent mitophagy. 

Together, my data provide a better understanding of USP24 function in regulation of 

autophagy, mitophagy and PD. In addition, the data suggest that USP24 could be a possible 

new therapeutic target for PD. 
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CHAPTER 1: INTRODUCTION 

1.1 Degradation 

 

 Degradation of cellular components is an important mechanism that helps maintain 

homeostasis in cells, tissues, and organisms (Rivero-Rios et al., 2016). In healthy cells 

there is a balance between protein synthesis and degradation that allows cells to function 

properly. Dysregulation of the equilibrium between the two cellular processes can lead to 

detrimental results, including cancers, neurological diseases, and inflammation 

(Mizushima, 2018; Myung et al., 2001).  

Two of the most prominent ways to degrade cellular components are through 

autophagy and the Ubiquitin-Proteasome System (UPS). Since these processes work 

differently, it was originally believed that the UPS and autophagy were two independent 

systems that did not interact with one another. More recent data indicate that this is not 

true; the UPS and autophagy systems interact with one another by cross-regulation (can 

regulate one another) and common regulation (can be co-regulated by common pathways) 

(Lilienbaum, 2013).  

1.2 The UPS 

 

As the name suggests, the UPS is dependent on ubiquitin, with proteins specifically 

targeted for proteasomal degradation by covalently attached ubiquitin tags. Ubiquitin is a 

76-amino acid protein that plays a vital role in several aspects of cell biology, including 

degradation and regulation of signaling pathways (Johnson, 2002; Sun and Chen, 2004). 

Ubiquitination is a reversible process; ubiquitin can be added and removed (Johnson, 

2002).  During ubiquitination, ubiquitin is covalently tagged onto lysine residues within 
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targets to be degraded, and the process is repeated until there is a polyubiquitin chain of at 

least 4 ubiquitin moieties on the substrate (Hicke, 2001). The tagged substrates are 

delivered to the proteasome, where the ubiquitin is removed, and the substrate will be 

unfolded in order to enter the proteasome (Lecker et al., 2006). The proteasome is barrel-

shaped and is made up of a 20S central catalytic complex and two 19S lid complexes (Coux 

et al., 1996; Tanaka, 2009). The 19S lid subunits unfold and translocate the substrates into 

the core for degradation (Inobe and Matouschek, 2014).  

There are 3 major steps to ubiquitination of a target protein: activation, conjugation 

and ligation. First, the E1 (ubiquitin-activating enzyme) activates the ubiquitin polypeptide 

in an ATP-dependent process. Next the ubiquitin molecule is transferred to the E2, the 

ubiquitin-conjugating enzyme. Finally, the E3 (ubiquitin-protein ligase) transfers the 

activated ubiquitin from the E2 to the substrate (Gomez-Diaz and Ikeda, 2018; Hershko 

and Ciechanover, 1998). This process is repeated on the ubiquitin itself until the correct 

number of ubiquitins are placed on the substrate (Gomez-Diaz and Ikeda, 2018; Hershko 

and Ciechanover, 1998). The initial ubiquitin is bound to a lysine on the targeted protein 

(Lecker et al., 2006). The ubiquitin chain is constructed off the original ubiquitin that is 

tagged to the substrate. There are multiple lysine residues in the ubiquitin moiety. The 

purpose of the ubiquitin tag is dependent on which lysine is used for construction of the 

chain. The ubiquitin can be a tag for degradation or can act as a regulatory modification. 

For example, a chain of at least four ubiquitin moieties with the lysine 48 (K48) linkage 

must be present for the substrate to be degraded by the 26S proteasome. However, if the 

ubiquitin is bound through a K63 linkage it could be a signal for protein targeting, 

stabilization, complex assembly; or it could affect the activity of the target protein (Gomez-
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Diaz and Ikeda, 2018; Hershko and Ciechanover, 1998). There are several other ubiquitin 

linkages, including, but not limited to, K6 and K11, which play a role in DNA repair and 

cell cycle signaling, respectively (Akutsu et al., 2016; Gomez-Diaz and Ikeda, 2018). 

1.3 Deubiquitinating Enzymes (DUBs) 

 

DUBs are responsible for removing ubiquitin from proteins (Gomez-Diaz and 

Ikeda, 2018; Magraoui et al., 2015). This can occur in 3 different ways: through base 

cleavage, endo-cleavage, or exo-cleavage. These different mechanisms remove the whole 

ubiquitin chain, cut between ubiquitins or remove ubiquitin from the end of the chain, 

respectively (Gomez-Diaz and Ikeda, 2018; Heride et al., 2014; Maurer and Wertz, 2016).  

DUBs are necessary for removing ubiquitin from the target protein, so it can enter 

the proteasome for degradation (de Poot et al., 2017). However, DUBs can also play 

regulatory functions. For example, they can remove a ubiquitin chain responsible for 

degradation (K48-linked) before delivery to the proteasome, thereby saving a substrate 

from degradation. DUBs can also inactivate or destabilize a protein by removing a K63-

linked regulatory ubiquitin (Gomez-Diaz and Ikeda, 2018). DUBs have also been 

suggested as targets for treatment in several diseases, including neurodegenerative diseases 

(Jacomin et al., 2018).  

1.4 Autophagy 

 

Another important cellular degradation pathway is the autophagy pathway. 

Christian de Duve’s 1955 discovery of the lysosome and the subsequent paper on the 

process he termed autophagy is the first report of this degradation process (De Duve et al., 

1955; De Duve and Wattiaux, 1966; Klionsky, 2007). Autophagy comes from the Ancient 
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Greek word meaning “self-devouring”. Three types of general autophagy have been 

identified: chaperone-mediated autophagy (CMA); microautophagy; and macroautophagy. 

Although these types differ from one another in how the substrates are identified and 

processed, they have the same end result: lysosomal delivery and degradation of the 

substrates (Klionsky, 2005; Yang and Klionsky, 2010). Both CMA and microautophagy 

utilize the chaperone protein HSC70 when selecting substrates for degradation (Kaushik 

and Cuervo, 2018). CMA uses direct translocation of soluble cytosolic proteins across the 

lysosomal membrane for degradation by the lysosome (Bandyopadhyay et al., 2008). 

HSC70, along with other chaperones, recognizes a specific peptide motif on the substrate 

targeted for degradation. The substrate-chaperone complex then binds to the lysosome at 

the lysosome-associated membrane protein type 2A (LAMP-2A) receptor that is located in 

the lysosomal membrane. Here, the substrate is unfolded, enters the lysosome, and is then 

degraded (Kaushik and Cuervo, 2012; Majeski and Dice, 2004).  

In yeast, microautophagy is a degradation pathway where the lysosomal membrane 

folds in on itself to produce vesicles in the lysosomal lumen (Ahlberg and Glaumann, 1985; 

Cuervo, 2010; Marzella et al., 1981). In mammalian cells, microautophagy can occur 

through the direct engulfment of cytosolic proteins at the lysosomal membrane or during 

the formation of multivesicular bodies (Sahu et al., 2011). This pathway is dependent on 

the endosomal sorting complexes required for transport (ESCRT) and the cytosolic 

chaperone HSP70 (Henne et al., 2011; Oku et al., 2017). HSC70 recognizes and attaches 

to cytosolic proteins through a specific motif on the cargo to be degraded and then directly 

binds to the lipids on the endosomal membrane (Kaushik and Cuervo, 2018; Sahu et al., 

2011; Shpilka and Elazar, 2011). The late endosome fuses to the lysosome for degradation 
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(Fader and Colombo, 2009; Kaushik and Cuervo, 2018; Li et al., 2012; Sahu et al., 2011). 

Unlike CMA, protein unfolding is not required, and this process is LAMP-2A independent.  

Macroautophagy, referred to as autophagy from here, differs from the other 

autophagy types due to its reliance on the autophagosome (Gatica et al., 2018). There are 

two main categories of autophagy: general (non-selective) and targeted (selective).   

Autophagy is always occurring in cells at low levels but is upregulated when cells are 

stressed or deprived of nutrients (Klionsky, 2005). It plays a role in the degradation of 

proteins, aggregates, and turnover of aged or dysfunctional cell organelles (Parzych and 

Klionsky, 2014). This process begins with the formation of the phagophore (or “isolation 

membrane”) and its expansion around the proteins, aggregates, and organelles that are to 

be degraded. The exact membrane origin of the phagophore is still under debate, but it has 

been suggested to stem from the endoplasmic reticulum, the Golgi, and/or mitochondria 

(Axe et al., 2008; Dagda et al., 2013; van der Vaart et al., 2010; Yen et al., 2010). When 

the phagophore closes off around the cargo to be degraded, it becomes a dedicated and 

distinct double-membraned vesicular compartment, the autophagosome. Finally, the 

autophagosome fuses with the lysosome to form the autolysosome, therefore allowing 

cargo degradation by lysosomal acid hydrolases (Figure 1.1) (Parzych and Klionsky, 2014; 

Yang and Klionsky, 2009). The cargo is degraded into amino acids, fatty acids and 

nucleotides that are released back into the cytoplasm and either contribute to new protein 

and organelle formation or are used as a source of energy (Kaur and Debnath, 2015; Yang 

and Klionsky, 2009).  
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Autophagy adaptor proteins, also known as autophagy cargo receptors, are 

responsible for helping to recognize autophagy cargo by only binding substrates destined 

for  autophagic degradation (Parzych and Klionsky, 2014). Some of these adaptors include 

the proteins sequestosome-1 (SQSTM1 or p62); next to BRCA1 gene 1 (NBR1); optineurin 

(OPTN); histone deacetylase 6 (HDAC6); and nuclear domain 10 protein 52 (NDP52) 

(Johansen and Lamark, 2011; Wild et al., 2011; Yan et al., 2013). Ubiquitin is essential to 

cargo recognition by many of the autophagy adaptor proteins. SQSTM1/p62 relies on 

ubiquitin tagging to recognize the targets that should be degraded (Dupont et al., 2010; 

Gomez-Diaz and Ikeda, 2018). Once p62 recognizes the substrates through their ubiquitin 

tag, it aggregates the substrates together and recruits the phagophore (Johansen and 

Lamark, 2011). Prior to phagophore recruitment, p62 resides in the cytoplasm, or it shuttles 

back and forth between the cytoplasm and the nucleus (where it possibly assists with 

proteasomal degradation of nuclear protein aggregates (Lippai and Low, 2014; Pankiv et 

al., 2010b)). NBR1 also relies on ubiquitin to distinguish the cargo to be degraded via 

Autophagy begins with the formation of the phagophore which, when closed off, becomes the 

autophagosome. When the autophagosome fuses with the lysosome, degradation of its contents can 

occur. 

Figure 1. 1 The autophagy process 
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autophagy (Dupont et al., 2010). Lastly, to target the cargo for degradation, adaptor 

proteins must also bind to microtubule-associated protein 1A/1B-light chain 3 (LC3) on 

the phagophore through the LC3-interacting region (LIR) (Galindo-Moreno et al., 2017; 

Schaaf et al., 2016).  

Autophagy is mediated by several genes, many of which are in the autophagy 

related gene (ATG) family. There have been at least 30 ATG genes identified. The first, 

ATG1, was initially found in yeast, subsequently most of the ATG genes discovered in 

yeast have orthologs in humans (Shah et al., 2017; Tsukada and Ohsumi, 1993). Of all the 

ATG genes identified, 15 have been shown to be required for all types of autophagy 

(Longatti and Tooze, 2009; Suzuki and Ohsumi, 2007; Xie and Klionsky, 2007). These 

include ATG1-10, ATG12-14, ATG16, and ATG18 (Longatti and Tooze, 2009; Suzuki 

and Ohsumi, 2007; Xie and Klionsky, 2007). ATG9 is conserved across all species and 

contributes to the formation of the phagophore by retrieving membrane to assist with 

phagophore elongation (Xie and Klionsky, 2007). The initiation of autophagosome 

development also requires the class III phosphatidylinositol 3-kinase (class III PtdIns3K) 

complex, which produces phosphatidylinositol-3-phosphate (PtdIns3P) (Burman and 

Ktistakis, 2010; Parzych and Klionsky, 2014).  

PtdIns3P recruits two ubiquitin-like conjugation systems. The first complex is 

comprised of ATG12, ATG5, and ATG16. ATG12 is covalently conjugated to ATG5, 

which then directly binds to ATG16 (Ohsumi, 2001; Parzych and Klionsky, 2014; 

Yorimitsu and Klionsky, 2005). This complex requires the catalytic activity from ATG7 

and ATG10, to form and dissociates after the autophagosome is closed off (Figure 1.2) 

(He and Klionsky, 2009; Menzies et al., 2015). The second complex is produced by the 
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cleavage of LC3 by ATG4 to produce LC3-I. With the assistance of ATG7 and ATG3, 

LC3-I is conjugated to phosphatidylethanolamine (PE) to form LC3-II (Fujita et al., 2008; 

Ichimura et al., 2000; Kirisako et al., 2000; Rockenfeller et al., 2015) (Figure 1.2). LC3-II 

inserts into the autophagosomal membrane via the PE moiety and plays a role in cargo 

degradation by interacting with the adaptor proteins (Schaaf et al., 2016). It also signals for 

the phagophore to seal itself off to become an autophagosome (Saha et al., 2018). When 

the autophagosome is completely closed, LC3-II on the outer membrane is removed by 

ATG4 and is recycled. LC3-II present on the inner membrane remains in the 

autophagosome and is eventually degraded together with its cargo (Kirisako et al., 2000; 

Maruyama and Noda, 2017). 

Figure 1. 2 Autophagosome development 

PtdIns3P helps with the formation of the autophagosome by recruiting two ubiquitin-

like conjugation systems. The first complex contains ATG12, ATG5, and ATG16. The 

second complex is formed by the cleavage of LC3 by ATG4 to produce LC3-I. Followed 

by the formation of LC3-II by the conjugation of PE to LC3-I with assistance from 

ATG3 and ATG7.  
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The association of autophagosomes with microtubules is required for the transport 

to the lysosome (Mackeh et al., 2013; Saha et al., 2018). The autophagosome travels along 

microtubules with help from the dynein motor protein and kinesin/FYCO1 motor (Jahreiss 

et al., 2008; Mackeh et al., 2013; Olsvik et al., 2015; Pankiv et al., 2010a). The 

autophagosome and lysosome then fuse, as a result of the actions of Rab7, the HOPS 

complex, SNARES (including syntaxin 17, SNAP-29) and TECPR1 (Chen et al., 2012; 

Fader et al., 2009; Ganley, 2013; Ganley et al., 2011; Gutierrez et al., 2004; Liang et al., 

2008).  

Although autophagy is usually a protective mechanism that helps maintain cell 

homeostasis and, in times of nutrient deprivation, can promote cell survival, there are also 

instances where the cell will undergo autophagic cell death (Galluzzi et al., 2012). 

According to the “Nomenclature Committee on Cell Death”, autophagy-dependent cell 

death is a form of cell death that “mechanistically depends on the autophagic machinery” 

(Bialik et al., 2018; Galluzzi et al., 2018). For example, cells that experience an abnormal 

amount of degradation via autophagy flux can become so overwhelmed that the 

homeostasis of the cell is disrupted, leading to death (Denton et al., 2012). However, the 

presence of autophagosomes in a dead cell does not guarantee that it died of autophagic 

cell death (for example autophagosomes could be a result of the cell trying to survive). The 

defining criterion is that autophagic cell death is dependent on the autophagy machinery 

alone and no other cell death pathway components (Bialik et al., 2018; Denton et al., 2012). 

1.5 How we study autophagy 

 

There are several ways to investigate autophagy in cell lines, mice, induced 

pluripotent stem cells (iPSC), etc.  Autophagosome formation can be tracked by looking at 
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the levels of PE-conjugated LC3. LC3-I is present in the cytosol. When the autophagosome 

is being formed, LC3-I becomes conjugated with PE and forms LC3-II which is then 

implanted in the autophagosomal membrane (Kabeya et al., 2000). Therefore, LC3-II 

levels can be used to observe the formation of autophagosomes and track their changes. 

The lipidated form of LC3 (LC3-II) will be visible on a western blot at ~14kDa while the 

position of the unlipidated (LC3-I) form is ~17kDa.  (Klionsky et al., 2016). Another way 

to investigate autophagy is by utilizing an LC3-II reporter cell line. These cells have a 

fluorescent GFP tag on LC3-II that permits the visualization of autophagosomes as 

intracellular puncta. Therefore, the difference in puncta number and intensity following 

experimental treatment will represent a quantitative output to measure the treatment effect 

on autophagy (Figure 1.3) (Kabeya et al., 2000) (Yoshii and Mizushima, 2017).   

 

  

GFP fluorescent tag is bound to the LC3-II that is implanted in the autophagosomal 

membrane. Therefore, GFP fluorescence can be used to measure autophagosome 

formation by counting the number of green fluorescent puncta within the cell. 

 

Figure 1. 3 LC3-II Fluorescent Reporter Cell Line 
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When studying autophagy, in addition to assessing number of autophagosomes, a 

flux assay should also be used. Autophagy flux measures the progress of cargo from the 

formation of the autophagosome through cargo degradation. Essentially, it represents the 

rate of the degradation activity (Loos et al., 2014). Flux assays utilize a lysosomal 

autophagy inhibitor, such as bafilomycin A1 (BafA), to distinguish between increases in 

autophagosome accumulation due to either more formation or less degradation (Klionsky 

et al., 2016). Another method to measure autophagy flux is to examine changes in levels 

of autophagy cargo adaptors, for example, NBR1 and p62. When autophagy occurs, LC3-

II levels go up and autophagy adaptor proteins are degraded. When autophagy is blocked, 

LC3-II and adaptor protein levels will increase due to autophagosomes not being degraded 

and/or autophagy being halted (Figure 1.4) (Klionsky et al., 2016; Yoshii and Mizushima, 

2017). 

  

Example western blot showing LC3-II and autophagy adaptor protein levels when autophagy 

flux is functioning properly versus when flux is blocked. 

 

Figure 1. 4 Autophagy Flux Assay 
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Another method for studying autophagy flux is a dual reporter assay. This assay 

uses a tandem, fluorescent mCherry-GFP reporter attached to LC3-II, which is inserted in 

the autophagosomal membrane. This reporter relies on the pH of the lysosome to determine 

if autophagy is occurring. Under basal conditions the autophagosome fluoresces both at 

red and green wavelengths. When the autophagosome is delivered to the lysosome, a pH 

drop occurs, causing the pH-sensitive GFP signal to quench while the pH-insensitive red 

mCherry signal persists. Thus, when autophagy flux is high there will be a greater red to 

green signal. Conversely, when autophagy is blocked and the autophagosome and the 

lysosome cannot fuse, both signals will be present and the ratio of red to green will be close 

to 1 (images will appear yellow, Figure 1.5) (Kimura et al., 2007; Yoshii and Mizushima, 

2017). 

  



13 
 

 

 

  

A mCherry-GFP fluorescent tag is bound to LC3-II. When autophagy is induced, the 

autophagosome (filled with proteins, protein aggregates and organelles to be degraded) is 

delivered to the lysosome where a pH drop occurs. With the pH drop, the GFP signal is quenched, 

leaving only the red mCherry signal. When autophagy is blocked by the inhibitor bafilomycin 

A1, the lysosome and autophagosome cannot fuse. Therefore, the pH drop does not occur, and 

the green and red signals are both present. 

 

Figure 1. 5  Autophagy Dual Reporter Assay 
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1.6 Upstream Regulators of Autophagy 

  

To ensure the preservation of cell homeostasis, autophagy levels are regulated in 

response to many different stimuli. These include extracellular factors (nutrients, 

hormones, and oxygen levels) as well as intracellular regulators (cellular stress and 

intracellular nutrients) (He and Klionsky, 2009). Many of these factors converge on the 

upstream regulators of autophagy. Mechanistic target of rapamycin complex 1 (MTORC1) 

and adenosine monophosphate-activated protein kinase (AMPK) regulate autophagy as 

well as other aspects of cell metabolism. AMPK and MTORC1 relay these signals to the 

Unc-51-like autophagy activating kinase 1 (ULK1) and the class III PtdIns3K complexes, 

which are the direct and specific autophagy regulators (Petiot et al., 2000) (Figure 1.6).  

  

MTORC1 and AMPK are upstream regulator of autophagy. MTORC1 inhibits the 

ULK1 complex, while AMPK can help to activate the complex. ULK1 then acts 

on the class III PtdIns3K complex.  

 

Figure 1. 6 Upstream regulators of autophagy 
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1.6.1 MTORC1 

 

 The MTORC1 includes the DEP domain-containing MTOR-interacting protein 

(DEPTOR); mammalian lethal with Sec13 protein 8 (GβL); proline-rich Akt substrate of 

40 kDA (PRAS40); regulatory-associated protein of mammalian target of rapamycin 

(RAPTOR); and the catalytic subunit mammalian target of rapamycin kinase (MTOR) 

(Rabanal-Ruiz et al., 2017).  The role of MTOR in autophagy was first reported by the 

Meijer laboratory. They observed that the MTOR inhibitor rapamycin upregulated 

autophagy (Blommaart et al., 1997). MTOR activity is regulated by several factors, 

including the nutrient status in the cell, growth factors, and oxygen levels (Kim et al., 

2011). MTOR is a negative regulator of autophagy; and inhibition of MTOR due to nutrient 

deprivation or extracellular factors induces autophagy (Jung et al., 2010; Kim et al., 2011). 

MTOR specifically inhibits autophagy by directly phosphorylating ULK1 at Ser758 to 

block its activity (Hosokawa et al., 2009; Shah et al., 2017). MTORC1 also plays a role in 

protein translation, by phosphorylating 70S6 kinase. This kinase then goes on to 

phosphorylate the ribosomal protein S6 (RPS6), which is important for the translation of 

specific mRNAs (Magnuson et al., 2012; Moser et al., 1997; Pullen et al., 1998; Ruvinsky 

and Meyuhas, 2006). Therefore, phospho-S6 is a marker of MTORC1 activity. MTORC1 

also regulates the transcription factor TFEB by inhibiting TFEB through phosphorylation 

during nutrient-rich conditions, which inhibits lysosome biogenesis (Medina et al., 2015; 

Rabanal-Ruiz et al., 2017). MTORC1 contributes to cellular homeostasis by helping to 

balance degradation and synthesis. During nutrient-rich conditions, MTORC1 blocks 

degradation by autophagy and promotes protein synthesis. Conversely, when MTORC1 is 
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inactivated during starvation, protein turnover occurs via autophagy and synthesis is 

decreased.  

1.6.2 AMPK 

 

The upstream regulator of autophagy, AMPK is regulated by energy status in the 

cell and helps to maintain cell energy homeostasis (Gwinn et al., 2008). AMPK induces 

autophagy under conditions of nutrient deprivation, stress, and ATP depletion by inhibiting 

MTORC1 activity and by directly activating the ULK1 complex (Gwinn et al., 2008; 

Rabanal-Ruiz et al., 2017). AMPK directly phosphorylates ULK1 at Ser467, Ser555, 

Ser637, and Thr574 to induce autophagy, phosphorylation sites are different from the one 

used by MTORC1 to inhibit autophagy (Egan et al., 2011; Shah et al., 2017). Another 

group has shown (using different techniques) that ULK1 is also phosphorylated at Ser317 

and Ser777 by AMPK (Kim et al., 2011).  

1.6.3 ULK1 

  

The ULK1 protein kinase complex functions downstream of MTORC1 and 

crosstalks directly with the class III PtdIns3K complex (Nazio et al., 2013). The ULK1 

complex is made up of ULK1, ATG13, and focal adhesion kinase family interacting protein 

of 200 kD (FIP200) (Itakura and Mizushima, 2010; Jung et al., 2009). When autophagy is 

initiated by the inactivation of MTORC1, ULK1 and AMBRA1 of the class III PtdIns3K 

complex are no longer inhibited by MTORC1-dependent phosphorylation (Jung et al., 

2009). The dephosphorylated AMBRA1 interacts with the ubiquitin ligase TRAF6. This 

complex of TRAF6/AMBRA1 ubiquitinates ULK1 with K63-linked ubiquitin (Nazio et 

al., 2013). A K63 linkage is not a tag for degradation, but instead is a regulatory ubiquitin 



17 
 

which stabilizes and activates ULK1. With this stabilization, ULK1 goes on to 

phosphorylate its own complex at ATG13 and FIP200 as well as phosphorylate 

components of the class III PtdIns3K complex (Jung et al., 2009; Nazio et al., 2013). This 

positive feedback loop allows autophagy to both occur and continue (Figure 1.7) (Nazio 

et al., 2013). This data on the regulation of ULK1 by ubiquitin is fairly new and not fully 

understood. For example, it is not known what could remove the K63-linked ubiquitin from 

ULK1. ULK1 can also be directly activated by AMPK, under starvation conditions. In this 

scenario, AMPK phosphorylates ULK1 to induce autophagy (Kim et al., 2011).  

  

The ULK1 complex enters a positive feedback loop with the class III PtdIns3K complex when 

autophagy is induced. When MTORC1 is blocked the inhibitory phosphorylation on ULK1 

and AMBRA1 are removed. Therefore, AMBRA1 can interact with the ubiquitin ligase 

(TRAF6), this interaction allows for ubiquitination of ULK1 with a K63 regulatory ubiquitin 

linkage. Once ULK1 is stabilized and activated with this K63-linkage it goes on to 

phosphorylate its own complex at ATG13 and FIP200 as well as components of the class III 

PtdIns3K complex.  

Figure 1. 7 ULK1 and class III PtdIns3K interaction. 
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1.6.4 Class III PtdIns3K Complex  

 

The class III PtdIns3K complex is part of the PI3K family. This family of lipid 

kinases (including classes I, II, and III), is responsible for many cellular processes, 

including membrane trafficking, cell growth, and autophagy (Jean and Kiger, 2014). The 

specific class III is one of the only PtdIns3K classes to be conserved from yeast to humans 

(Brown and Auger, 2011; Yang and Klionsky, 2009). This kinase class has several cellular 

roles, including protein sorting and endocytosis, and it also plays an important regulatory 

role in autophagy. The same laboratory that discovered that MTOR is a negative regulator 

of autophagy demonstrated that wortmannin is an inhibitor of PtdIns3K-inhibited 

autophagy (Blommaart et al., 1997). In the context of autophagy, the class III PtdIns3K 

complex includes vacuolar protein sorting 34 (VPS34), ATG14, Beclin-1, p150, and 

autophagy and Beclin-1 regulator 1 (AMBRA1). This complex is necessary for both the 

early formation, as well as the maturation, of the autophagosome (Fimia et al., 2007; Jean 

and Kiger, 2014; Menzies et al., 2015) (Figure 1.6). The product of this complex, PtdIns3P, 

is essential for phagophore function.  PtdIns3P plays roles in phagophore elongation and 

in recruiting the correct ATG proteins (Jacomin et al., 2018; Kihara et al., 2001). In yeast, 

Atg18 (WIPIs in mammals) binds to PtdIns3P and is necessary for retrieving Atg9 from 

the phagophore assembly site (Reggiori et al., 2004; Xie and Klionsky, 2007). In 

mammalian cells, there is no one phagophore assembly site, but the phagophore can form 

at several sites around the cytoplasm (Itakura and Mizushima, 2010). Itakura et al. suggests 

that the autophagosome formation sites in mammalian cells are areas that are associated 

with the ER when autophagy is induced. They observed that ULK1 and ATG14 were 

localized to these sites with induction of autophagy (Itakura and Mizushima, 2010). 
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As stated previously, the class III PtdIns3K complex also enters a positive feedback 

loop with the ULK1 complex when autophagy is induced (Nazio et al., 2013). It is also the 

subject of negative regulation. For example, Bcl-2, known more for its role as an  inhibitor 

of apoptosis, also has an inhibitory role on the class III PtdIns3K complex component 

Beclin-1  (Pattingre and Levine, 2006; Pattingre et al., 2005). Rubicon is another negative 

regulator of autophagosome maturation through its inhibitory function on Beclin-1 (Sun et 

al., 2011). Autophagy can be halted by inhibiting this Beclin-1-complex. There are several 

class III PtdIns3K inhibitors that can be used to study autophagy, including 3-

Methyladenine (3-MA) and spautin-1 (Liu et al., 2011; Nazio et al., 2013). 

1.7 DUBs in Autophagy 

 

The Ubiquitin Proteasome System (UPS) and autophagy pathways both utilize 

ubiquitin and to some extent rely on similar regulation. The UPS is reliant on DUBs to 

function; autophagy can also be regulated by DUBs. For example, USP20 has been shown 

to remove K48-linked ubiquitin from ULK1, thereby rescuing it from being degraded by 

the proteasome and promoting autophagy (Jacomin et al., 2018; Kim et al., 2018b). On the 

other hand, USP14 has been shown to be a negative regulator of autophagy in neuroglioma 

(H4) cells by directly removing the K63 ubiquitin chains from Beclin-1 (Xu et al., 2016).  

1.8 Functional differences between UPS and autophagy 

 

Although not fully understood, data are emerging that suggest that the autophagy 

pathway and the UPS do cross-talk in some ways, but they are still two different systems 

that fulfill specialized roles (Kocaturk and Gozuacik, 2018). Their cargos differ. The UPS 

is focused on proteins that can be unfolded to fit in the proteasome. The proteasome is also 
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very substrate specific, achieving this specificity by utilizing elegant patterns of 

ubiquitination for recognition (Myung et al., 2001; Wong and Cuervo, 2010). The UPS is 

especially important for normal protein turnover and regulation. The UPS handles proteins 

that need to be degraded rapidly as well as proteins that are unstable or misfolded (Lu et 

al., 2017; Myung et al., 2001). For example, the UPS is responsible for maintaining basal 

levels of the tumor suppressor p53, which is an important player in cell cycle regulation 

and may need to be degraded rapidly, depending on cellular conditions (Ciechanover et al., 

1991; Maki et al., 1996; Myung et al., 2001).  

Autophagy degrades long-lived proteins, as well as cellular constituents that are too 

large to fit into the proteasome, such as larger protein aggregates and damaged organelles 

(Glick et al., 2010; Pankiv et al., 2007). Compared to the UPS, autophagy can be less 

specific in the cargo it degrades, but it is also important for cell homeostasis. (Lilienbaum, 

2013; Lu et al., 2017). Both systems are dependent on ubiquitination. The UPS depends on 

ubiquitination of specific substrates to be sent to the proteasome. While autophagy can also 

rely on ubiquitin to target cargo to the autophagosomes, a ubiquitinated autophagy-targeted 

protein can direct other bound proteins, or even entire organelles, to autophagic 

degradation (Weidberg et al., 2011). Certain cargos can also be targeted independently of 

ubiquitination by binding directly to specialized autophagy adaptors (Gal et al., 2009; 

Khaminets et al., 2016; Mijaljica et al., 2012).  

1.9 Mitophagy 

 

Basal autophagy is non-selective, but autophagy that is cargo-specific, such as 

degradation of aggregates (aggrephagy), peroxisomes (pexophagy), viruses (xenophagy) 

and mitochondria (mitophagy) also exists (Johansen and Lamark, 2011). The purpose of 
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these more specific forms of autophagy is to ensure the removal of damaged proteins and 

organelles that could be toxic to the cell (Anding and Baehrecke, 2017).  

Mitophagy specifically removes damaged mitochondria from cells. There are 

several known mechanisms that mediate mitophagy, but all of them result in, the 

recognition and engulfment of dysfunctional mitochondria by autophagosomes. One 

mitophagy pathway was first identified in yeast. In this system the damaged mitochondria 

are recognized by the interaction of ATG32 and ATG11/ATG8 (LC3/GABARAP) 

complex through the WXXL domain (Dagda et al., 2013). Another mitophagy pathway 

occurs through the interaction of NIX with BCL-XL and/or LC3. This pathway is more 

specifically utilized for degrading mitochondria in red blood cells during their maturation 

(Chen et al., 2008; Dagda et al., 2013; Zhang et al., 2019).  

Lastly, mitophagy can also occur through the PTEN-induced putative kinase 1 

(PINK1)/Parkin pathway (Tait and Green, 2012). When mitochondria are functioning 

properly, PINK1, a mitochondrial serine/threonine protein kinase, is brought into the 

mitochondria outer and inner membrane by the translocase of the outer membrane (TOM) 

complex and the translocase of the inner membrane (TIM23) complex, respectively 

(Becker et al., 2012; Menzies et al., 2015). There, PINK1 is cut by presenilin-associated 

rhomboid-like protein (PARL) and mitochondrial processing peptidase (MPP). Following 

this proteolytic processing, the newly cleaved PINK1 is then returned to the cytoplasm to 

be degraded by the proteasome (Greene et al., 2012; Jin et al., 2010; Menzies et al., 2015). 

Thus, when mitochondrial function is unperturbed cellular levels of PINK1 protein are very 

low. 
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When mitochondria become depolarized, PINK1 is stabilized and accumulates on 

the outer mitochondrial membrane. Next Parkin, an E3 ubiquitin ligase, is recruited from 

the cytosol to the outer mitochondrial membrane to induce mitophagy (Menzies et al., 

2015; Narendra et al., 2008). PINK1 then phosphorylates the ubiquitin-like domain of 

Parkin at Ser65 (S65) as well as ubiquitin at S65 (Koyano et al., 2014; Sarraf et al., 2013; 

Sha et al., 2010; Swaney et al., 2015). This phosphorylation allows Parkin to self-

ubiquitinate and ubiquitinate several other outer mitochondrial membrane substrates 

(Chakraborty et al., 2017; Kazlauskaite et al., 2014). Parkin self-ubiquitination is in the 

form of a K63 regulatory/stabilizing ubiquitin (Ashrafi and Schwarz, 2013; Geisler et al., 

2010; Swatek and Komander, 2016). Parkin ubiquitinates several outer mitochondrial 

membrane proteins, such as mitofusin1 (MFN1), mitofusin2 (MFN2), and voltage-

dependent anion channel 1 (VDAC1). This exposure of ubiquitin is necessary for 

recruitment of the adaptor proteins and components of the autophagic machinery (Gegg et 

al., 2010; Geisler et al., 2010; Hattori et al., 2014).  

Interestingly, mutations in PINK1 and/or in the PARK2 gene encoding Parkin each 

lead to mitophagy impairment and are causative of autosomal recessive familial PD (Kalia 

and Lang, 2015; Ryan et al., 2015). In Drosophila, PINK1 deficiency results in 

mitochondrial morphology defects and muscle degeneration. Overexpression of Parkin can 

rescue these PINK1 deficient phenotypes, but Parkin-deficient flies cannot be rescued by 

PINK1 overexpression. These complementation studies demonstrated that Parkin and 

PINK1 participate in the same signal transduction pathway, but Parkin acts downstream of 

PINK1 (Clark et al., 2006; Park et al., 2006; Pickrell and Youle, 2015). Flies deficient in 

PINK1 or Parkin also show selective degeneration of dopaminergic (DA) neurons that is 
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not observed in mouse models (Park et al., 2006). Although mitochondrial impairment has 

been shown in mouse models of PINK1 or Parkin deficiency, these models do not always 

capture the neurodegeneration phenotypes that are associated with these mutations in 

humans (Goldberg et al., 2003; Kitada et al., 2007; Morais et al., 2009; Palacino et al., 

2004; Pickrell and Youle, 2015). However, a new study has shown that Pink1-/- mice given 

an intestinal infection will develop motor function deficits that have been associated with 

PD, these issues can be rescued with L-DOPA treatment (Matheoud et al., 2019). Although 

Pink1-/- mice show little to no motor impairments  that we  observe in humans and fly 

models, this infection model is a new method that allows for the study of the Pink1 PD-

associated mutations in mice (Matheoud et al., 2019).  

1.10 UPS & DUBS in mitophagy 

 

As stated above, Parkin is a ubiquitin ligase. When Parkin is recruited to the outer 

mitochondrial membrane and activated, it ubiquitinates several of the outer mitochondrial 

membrane proteins, including MFN1, MFN2, and VDAC1 (Gegg et al., 2010; Geisler et 

al., 2010). Parkin-dependent ubiquitination of MFN1 and MFN2 leads to their degradation 

by the proteasome (Gegg et al., 2010; Pickrell and Youle, 2015; Poole et al., 2010; Tanaka 

et al., 2010). Gegg et al. suggested that MFN1 and MFN2 ubiquitination helps to segregate 

dysfunctional mitochondria to be degraded by mitophagy. The loss of the two 

mitochondrial fusion proteins following proteasomal degradation prevents refusion of the 

mitochondria with the rest of the population, effectively marking them for autophagic 

elimination (Gegg et al., 2010; Gegg and Schapira, 2011; Twig et al., 2008). Mitophagy is 

inhibited in the presence of proteasomal inhibitors MG132 or epoxomicin (Chan et al., 
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2011). This finding demonstrates that degradation of the outer mitochondrial membrane 

proteins via the UPS is required for mitophagy. 

Given the requirement of the UPS for mitophagy, it is not surprising that quite a 

few DUBs, which reverse ubiquitination, also function in organelle-specific autophagy. 

For example, USP8 is required for mitophagy to occur at its normal rate. If USP8 is absent, 

there is a delay in Parkin recruitment to the outer mitochondrial membrane, and in turn, 

induction of mitophagy (Durcan et al., 2014). USP30 and USP15 were shown to affect 

mitophagy as well, but instead of directly modifying the level of Parkin ubiquitination, they 

deubiquitinate Parkin substrates (Bingol et al., 2014; Cornelissen et al., 2014; Durcan et 

al., 2014). Although new data has been found that points to the importance of DUBs in 

mitophagy regulation, ubiquitination in the context of mitophagy is still not fully 

understood. It will be important to see if the phosphorylation of ubiquitin effects the ability 

of Parkin to be deubiquitinated by DUBS. Although, as stated above there have been DUBs 

identified that can remove the Parkin dependent ubiquitination, the phosphorylation event 

is something to remember when investigating the function of other DUBs in the mitophagy 

pathway.  

1.11 Dysregulation of autophagy 

 

Autophagy helps maintain cellular homeostasis. Dysregulation of autophagy has 

been linked to aging as well as several diseases, including but not limited to cancer and 

neurodegeneration (Qu et al., 2003). Reduced autophagy was also associated with aging. 

Due to decreased autophagy, aged individuals show accumulation of damaged proteins and 

increased levels of aggregates in several tissues (Hodjat et al., 2015). Conversely, it was 

shown that autophagy induction increases longevity in several animal models (Rubinsztein 
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et al., 2011). Autophagy can be both beneficial and detrimental in the development of 

cancer. It can prevent cancer, thwarting early tumorigenesis by removing damaged 

organelles, preventing cancer development (Saha et al., 2018). However, certain cancers 

use autophagy for their benefit, surviving on energy derived from autophagy under hypoxic 

and low nutrient conditions. In those cases, autophagy inhibitors inhibit tumor growth 

(Saha et al., 2018).   

Autophagy is also essential for neuronal survival. Neurons are non-dividing cells, 

which do not have the option of diluting out aggregates like dividing cells (Currais et al., 

2017). Thus, when autophagy is inhibited, an excess of debris leads to enhanced cell death. 

Knockouts of essential autophagy genes such as Atg5, Atg7, and beclin1 are embryonic or 

neonatal lethal in mice (Kuma et al., 2004; Mizushima and Levine, 2010; Yue et al., 2003). 

Neural Atg5-/- or Atg7-/- mice show accumulation of ubiquitinated proteins and inclusion 

bodies in the brain, resulting in neurodegeneration (Hara et al., 2006). Dysregulation of 

autophagy or mutations in genes that regulate autophagy have also been linked to 

neurodegenerative diseases including Alzheimer’s, Huntington’s, and Parkinson’s disease 

(Fujikake et al., 2018; Martin et al., 2015).  

1.12 Parkinson’s disease (PD) 

 

 Parkinson’s disease is the second most common neurodegenerative disorder in the 

world behind Alzheimer’s disease (Lees et al., 2009; Sanchez-Danes et al., 2012). PD was 

first described in 1817 by James Parkinson, a physician and geologist from the United 

Kingdom (Obeso et al., 2017; Parkinson, 2002). Parkinson wrote a 66-page article titled 

“An Essay on Shaking Palsy”. Here he described 6 individuals he believed to be suffering 

from PD. He had the opportunity to examine 2 of them himself, and recorded their 
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symptoms (Parkinson, 2002). Several of the signs and symptoms he described remain 

diagnostic for PD today.  

The prevalence of PD is 572 cases per 100,000 people in the United States, with 

projections that the number of people with PD will be over 1 million by 2030 (Marras et 

al., 2018). Men are more likely than women to develop the disease and the incidence of PD 

increases with age (Marras et al., 2018). PD is characterized by the presence of Lewy 

bodies and loss or damage to DA neurons within the substania nigra pars compacta 

(Sanchez-Danes et al., 2012). Lewy bodies are localized within the neurons and are made 

up of α-synuclein protein aggregates. (Dickson, 2012; Dickson et al., 2009; Kalia and Lang, 

2015; Power et al., 2017). A recent study utilized a relevantly new model in mouse primary 

neurons to investigate the main contributor of neurodegeneration in PD. They showed that 

the formation and maturation of the Lewy bodies, not the earlier event of fibrilization of α-

synuclein could be the main component of neurodegeneration in PD (Mahul-Mellier et al., 

2019). Mitochondrial dysfunction occurs in PD, and dysregulation of mitophagy has been 

found in PD, with reports of accumulation of damaged mitochondria in the brains of PD 

patients (Jin and Youle, 2012; Ryan et al., 2015).  

Loss of DA neurons results in severe decreases in striatal dopamine levels and 

debilitating motor deficits. Patients suffer from several motor symptoms that include 

tremor, muscle stiffness, bradykinesia, speech changes, and poor balance, as well as non-

motor symptoms, such as psychological symptoms and olfactory dysfunction (Lang, 2011; 

Moloudizargari et al., 2017). The etiology of PD is not fully understood, and there is 

currently no treatment that can cure or slow the progression of the disease. There are 

treatments that can mask symptoms, such as deep brain stimulation, and drugs that help 
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with dopamine replacement (Levodopa), but again, there is currently no treatment that can 

halt or reverse the degeneration of the nigrostriatal DA neurons. By the time that a patient 

is diagnosed with PD they have already lost most of their DA neurons. Hence, preventative 

and regenerative treatments are needed (Graybiel et al., 1990; Zeng and Couture, 2013). 

Although disruption of autophagy has been associated with PD, it is not fully understood 

how autophagy is regulated in PD. Understanding how PD is initiated or progresses, could 

lead us closer to a cure or treatment to halt this debilitating disease. 

1.12.1 Forms of PD 

 

 There are both genetic and sporadic forms of PD. The genetic forms are much less 

common than the sporadic forms, which are idiopathic. Only about 10% of patients report 

a positive family history of PD (Klein and Westenberger, 2012; Soldner et al., 2016; 

Thomas and Beal, 2007). However, since the two types present similarly in the clinic, it is 

hypothesized that both forms share similar underlying mechanisms (Chai and Lim, 2013). 

It is also believed that patients that have been exposed to certain environmental factors 

have a higher risk of developing PD. There is a greater chance of someone developing PD 

if they have had head injuries such as concussions, or if they have encountered certain 

pesticides or environmental toxins, such as rotenone (Ascherio and Schwarzschild, 2016; 

Gardner et al., 2018; Tanner et al., 2011).  

Mutations or single nucleotide polymorphisms (SNPs) in several Parkinson’s 

disease (PARK) genes have been associated with PD. These genes include, but are not 

limited to, PARK2 (Parkin), PARK6 (PINK1), PARK8 (LRRK2), SNCA (-synuclein) and 

PARK7 (DJ-1), which all represent causative mutations for PD (Klein and Westenberger, 
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2012; Narendra et al., 2008; Narendra et al., 2010; Polymeropoulos et al., 1997). Mutations 

in LRRK2 cause late onset, autosomal dominant PD and result in dysregulation of 

autophagy. LRRK2 mutations are the most common PD mutations, accounting for 5-6% of 

familial and 1-2% of sporadic cases (Gasser, 2007; Singh et al., 2007). DJ1 mutations result 

in autosomal recessive PD and demonstrate a dysfunction of autophagy (Gasser, 2007). 

 Not all genetic mutations associated with PD are causative for the disease; some 

are considered a risk factor for developing PD. For example, the most common genetic risk 

factor for PD is a heterozygous glucocerebrosidase (GBA) mutation (Awad et al., 2015; 

Lesage et al., 2011; Lwin et al., 2004; Sidransky et al., 2009). A homozygous mutation in 

GBA leads to Gaucher disease, a lysosomal storage disorder. People who are heterozygous 

for GBA mutations are carriers for Gaucher disease and have a much higher risk of early-

onset PD (Bae et al., 2015; Sidransky, 2004; Swan and Saunders-Pullman, 2013). Although 

the exact mechanism underlying how GBA mutations lead to increased PD risk has not 

been determined, it is hypothesized that GBA mutations could result in partial lysosomal 

dysregulation, causing inhibition of autophagy and increased α-synuclein  aggregation 

(Awad et al., 2015; Rivero-Rios et al., 2016; Schondorf et al., 2014; Sidransky and Lopez, 

2012).  

1.13 PARK10 

 

Polymorphisms in the Parkinson’s disease 10 (PARK10) locus have been associated 

with both late-onset PD predisposition as well as the age of onset. But the specific gene 

that links PARK10 to PD or how PARK10 might relate to the etiology of PD has yet to be 

identified (Haugarvoll et al., 2009; Oliveira et al., 2005). Possible candidate genes have 
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been identified via genetic association studies, with one of these genes being the DUB 

ubiquitin-specific peptidase 24 (USP24) (Li et al., 2006). 

1.14 USP24 

 

The deubiquitinating enzyme USP24 is located on chromosome 1p in the PARK10 

locus (Oliveira et al., 2005). As a DUB, USP24 is responsible for removing ubiquitin 

chains from target proteins. Several USP24 SNPs have been associated with PD. These 

SNPs are in the coding region (rs1165222 and rs487230) as well as the 3’UTR (rs13312 

and rs1043671) (Li et al., 2006; Oliveira et al., 2005; Wang et al., 2016b; Wu et al., 2010). 

Although USP24 is a generally poorly characterized gene, a few studies have 

explored it in non-PD related contexts. One study by Zhang et al. demonstrated that USP24 

is required for the stabilization of the tumor suppressor p53, as it deubiquitinates p53 

(Zhang et al., 2015).  USP24 also regulates the stability of damage-specific DNA-binding 

protein 2 (DDB2) by directly preventing its proteasomal degradation (Zhang et al., 2012). 

USP24 was shown to have a role in cancer pathology. Higher levels of USP24 protein, as 

well as an increase in the number of USP24 SNPs associated with late-stage lung cancer 

were found in patients compared to control patients (Wang et al., 2016b). Following 

knockdown of USP24, an increase in tumorigenesis and decreased apoptosis in the cancer 

cells was observed (Wang et al., 2016a). Luo et al. suggested that USP24 might represent 

a target for treating T-cell acute lymphoblastic leukemia, due to its interaction with MCL1, 

an anti-apoptotic protein (Luo et al., 2019).  

USP24 was first linked to autophagy in a high throughput screen for regulators and 

mediators of mammalian autophagy, where 236 candidate genes were identified (Lipinski 
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et al., 2010a; Lipinski et al., 2010b). But the function of USP24 in autophagy and where it 

resided in the pathway was unknown. Thus, I have investigated the role of USP24 in 

autophagy and in mitophagy. I was also intrigued by USP24 due to its location on the 

PARK10 locus and that USP24 has been associated to PD. Therefore, I explored if USP24 

could be a candidate gene that links PARK10 to PD. This project found that USP24 is a 

negative regulator of autophagy and mitophagy in several cell types including human 

iPSCs and may play a role in PD.  

1.15 iPSC as a model for Parkinson’s disease 

 

PD has been investigated using many different models including mice, cell lines, 

and flies. Models based on human induced pluripotent stem cells (iPSC) are one of the 

highly relevant and widely accepted ways to study to human PD (Seibler et al., 2011). 

James Thomson derived the first human embryonic stem cell line in 1998 (Thomson et al., 

1998), but Shinya Yamanaka produced the first pluripotent stem cells from adult tissue in 

2007 (Takahashi et al., 2007). Yamanaka showed that by introducing expression of specific 

transcription factors (Oct3/4, Sox2, Klf4, and c-Myc), adult human fibroblast cells could 

be transformed into cells exhibiting an embryonic-like state, with the potential to be 

differentiated into all other cell types, such as neurons (Takahashi et al., 2007). iPSCs are 

a very useful tool, since they permit the study of a disease in cell types relevant to the 

specific disorder. iPSCs provide the possibility of patient-specific treatments, since the 

cells can be cultured directly from patients (Shaltouki et al., 2015). 

PD is characterized by loss of DA neurons within the substantia nigra pars 

compacta (Graybiel et al., 1990; Zeng and Couture, 2013). iPSCs can be specifically 

differentiated into DA neurons (Momcilovic et al., 2016). iPSCs provide the opportunity 
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to study healthy or diseased human DA neurons over extended periods of time.  Aberrant 

phenotypes in patient-derived iPSC include neuronal cell death, decreased neurite length, 

and autophagy dysfunction (Sanchez-Danes et al., 2012). These phenotypes only occur in 

aged PD patient iPSC-derived neurons and are reminiscent of disease phenotypes in PD 

(PD patients are generally older) (Sanchez-Danes et al., 2012).  

Mutations in the PD genes PINK1 or Parkin lead to specific phenotypes in iPSC-

derived DA neurons. Mutations in PINK1 lead to a decrease in the translocation of Parkin 

to damaged mitochondria, an increase in reactive oxygen species, and a decrease in the 

mitochondrial membrane potential (Abramov et al., 2011; Rakovic et al., 2015). iPSC-

derived neurons from patients with PINK1 mutations are impaired in their ability to recruit 

lentiviral-transduced Parkin following treatment with valinomycin, a mitochondrial 

depolarizer (Seibler et al., 2011). This phenotype could be rescued with overexpression of 

wild-type PINK1 (Seibler et al., 2011). Parkin mutations result in decreased neurite length 

and dopamine uptake, as well as reduced mitochondrial turnover (Jiang et al., 2012; 

Rakovic et al., 2015). Lastly, iPSC-derived DA neurons from PD patients with Parkin 

mutations presented with decreased numbers of DA neurons (tyrosine hydroxylase [TH] 

positive neurons) when compared to controls and showed decreases in mitochondrial 

volume in the DA neurons (Shaltouki et al., 2015).  

When trying to study a human disease no model is perfect. Consequently, there are 

disadvantage to using iPSCs. These cells are time-consuming to culture and very expensive 

to maintain, causing experiments to typically last several months. When working with 

differentiated neurons it is important to remember that there may be other cell types 

present, as differentiation is not 100% efficient. Also, cellular complexity and the cell-cell 
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interactions that are present in the brain cannot be replicated in a dish. However, iPSCs are 

still a very relevant model to investigate human diseases. They allow for the study of cells 

directly from patients, therefore the exact patient mutations can be observed. Also, iPSCs 

provide the opportunity to study disorders in a disease relevant cell type. 

1.16 Scope of work 

 

The overall goal of this work was to investigate the role of USP24 in autophagy 

and mitophagy, as well as its role in PD. The original central hypothesis was that USP24 

is an upstream negative regulator of autophagy flux. This project helped to further basic 

knowledge regarding the DUB USP24, since its function was unknown in autophagy and 

mitophagy (it had only been linked to its role in cancer). Deciphering the mechanism of 

USP24 in autophagy could contribute to a better understanding of the pathogenesis of PD, 

since the etiology is still not fully understood. This work could also provide vital 

information on a potential therapeutic target, USP24, for Parkinson’s disease.  
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CHAPTER 2: THE PARK10 GENE USP24 IS A NEGATIVE REGULATOR OF 

AUTOPHAGY AND ULK1 PROTEIN STABILITY1 

2.1 Introduction 

 

Macroautophagy (from here referred to as autophagy) is a catabolic process 

mediating the turnover of bulk cytoplasmic constituents, including organelles and protein 

aggregates, in a lysosome-dependent manner (Levine and Klionsky, 2004). Although under 

some circumstances, especially when lysosomal degradation is blocked, autophagy may 

contribute to cell death (Levine and Klionsky, 2004), under most physiological and 

pathological conditions it is a protective mechanism. In fact, autophagy has been shown to 

play an essential function in protecting organisms from a variety of diseases, including 

neurodegeneration (Hara et al., 2006; Komatsu et al., 2006) and aging (Mizushima et al., 

2008).  

Parkinson’s disease (PD) is the second most common age-associated 

neurodegenerative disease. It is caused by progressive degeneration and death of 

dopaminergic neurons in the substantia nigra (Lesage and Brice, 2012), leading to 

disruption of motor control and manifestations such as tremors, bradykinesia and gait 

dysfunction (Badger et al., 2014). Recent studies indicate a causative relationship between 

defects in autophagy and PD. In animal models, inhibition of autophagy in dopaminergic 

neurons causes protein aggregation and progressive neuronal loss, leading to decrease in 

dopamine levels and age-dependent motor deficits (Sato and Hattori, 2018; Sato et al., 

2018). Furthermore, dopaminergic neurons with inhibited autophagy become sensitized to 

                                                           
1 Julia A. Thayer, Ola Awad, Nivedita Hegdekar, Chinmoy Sarkar, Henok Tesfay, Cameran Burt, Xianmin 

Zeng, Ricardo A. Feldman & Marta M. Lipinski (2019): The PARK10 gene USP24 is a negative regulator 

of autophagy and ULK1 protein stability, Autophagy, DOI: 10.1080/15548627.2019.1598754 
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stress conditions, which may contribute to PD-like symptoms induced by drugs and 

environmental toxins (Castino et al., 2008). On the other hand, increasing autophagy in 

dopaminergic neurons is protective in both genetic and neurotoxin-induced PD models (Hu 

et al., 2017a; Hu et al., 2017b). Consistent with these data, defects in autophagy are 

observed in both idiopathic and familial PD patients. Wild-type forms of several genes 

involved in familial PD, including PRKN/PARK2 (parkin RBR E3 ubiquitin protein ligase), 

PINK1, LRRK2 and SNCA-synuclein) (Geisler et al., 2010; Narendra et al., 2008; 

Narendra et al., 2010; Tsika and Moore, 2012; Vives-Bauza et al., 2010) regulate 

autophagy. Conversely, disease-associated mutations in many of these genes directly lead 

to autophagy defects. This is thought to contribute to accumulation of pathological protein 

aggregates and defective organelles such as depolarized mitochondria, and subsequent 

neuronal cell death (Vives-Bauza and Przedborski, 2011). Thus, modulation of autophagy 

represents an attractive prevention and intervention strategy against PD. However, better 

understanding of the mechanisms contributing to perturbation of autophagy in both familial 

and idiopathic PD is necessary for development of safe and effective treatments.  

USP24 (ubiquitin-specific peptidase 24) is a poorly characterized gene located on 

chromosome 1p in the PARK10 (Parkinson disease 10 [susceptibility]) locus associated 

with late-onset PD (Haugarvoll et al., 2009; Hicks et al., 2002; Li et al., 2006; Oliveira et 

al., 2005; Wu et al., 2010). Consistent with a potential function for USP24 in PD, non-

synonymous single nucleotide polymorphisms (SNPs) in the coding region of this gene 

affect predisposition to and/or age of onset of PD in diverse populations (Haugarvoll et al., 

2009; Li et al., 2006; Wu et al., 2010). Based on its sequence, USP24 protein is predicted 

to be a deubiquitinating enzyme (DUB). Recent data indicate that it may be involved in 
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regulation of DNA damage responses in cancer cells, at least in part by regulating protein 

stability of p53 (Zhang et al., 2012; Zhang et al., 2015). However, the mechanism by which 

USP24 or the PARK10 locus may affect predisposition to PD remains unknown.  

In a high-throughput screen of human genome-wide siRNA library we previously 

identified USP24 as one of the candidate genes involved in mediation and regulation of 

cellular autophagy (Lipinski et al., 2010a; Lipinski et al., 2010b). Here we demonstrate that 

USP24 is a negative regulator of autophagy flux. Our data indicate that inhibition of USP24 

results in increased stability of the ULK1 (unc-51 like autophagy activating kinase 1) 

protein, an essential autophagy mediator downstream of MTOR and the adenosine 

monophosphate-activated protein kinase (AMPK) (Egan et al., 2015; Petherick et al., 2015; 

Wong et al., 2013). Increased ULK1 kinase complex activity in turn results in augmented 

activity of the class III phosphatidylinositol 3-kinase (PtdIns3K) and increased autophagy 

flux. Importantly, USP24 is able to regulate autophagy in many cell types, including 

induced-pluripotent stem cells (iPSC)-derived human dopaminergic neurons, the cell type 

most affected in PD. Furthermore, our data demonstrate elevated levels of USP24 in some 

cases of idiopathic PD, suggesting that USP24 may negatively regulate autophagy in PD. 
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2.2 Results 

 

2.2.1 Ubiquitin-Specific Peptidase (USP24) is a negative regulator of autophagy 

 

In order to identify genes regulating and mediating mammalian autophagy, we 

previously performed a high-throughput screen of human genome-wide siRNA library. We 

identified a total of 236 genes whose knockdown led to increase or decrease in the levels 

of cellular autophagy based on quantification of the GFP-LC3 puncta (Lipinski et al., 

2010a; Lipinski et al., 2010b). One of the identified hits was the PARK10 gene USP24. 

The extent of autophagosome accumulation following USP24 knockdown was similar to 

that observed after knockdown of the known negative regulator of autophagy, MTOR 

(mechanistic target of rapamycin kinase), suggesting USP24 as a putative negative 

regulator of autophagy (Figure 2.1A). 

To confirm the screening data, we used three independent siRNAs to knockdown 

USP24 in human H4 neuroglioma cells. All three siRNAs led to a significant decrease in 

USP24 mRNA (Figure 2.1B-C) and protein expression as compared to non-targeting (nt) 

siRNA control (Figure 2.1D-E). Knockdown of USP24 also led to increased levels of the 

autophagosome-associated lipidated form of LC3 (LC3-II) (Klionsky et al., 2012) (Figure 

2.1D, F), confirming the increase in autophagy. None of the USP24 siRNAs caused a 

decrease in cell viability as compared to nt, suggesting induction of autophagy following 

knockdown of USP24 is not associated with cell death (Figure 2.2A-B). In agreement with 

previous reports indicating that USP24 may de-ubiquitinate the pro-apoptotic Bcl-family 

protein BAX (Wang et al., 2016a), we also observed a decrease in BAX protein levels in 
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USP24 knockdown cells (Figure 2.2C-D). Similar data were obtained in HeLa and HEK 

293 cells (data not shown). 

  

(A) Quantification of GFP-LC3 intensity following USP24, MTOR, or ATG5 knockdown in the 

original screen of human genome-wide siRNA library (Lipinski et. al. 2010a) (B) Semi-quantitative 

RT-PCR demonstrating knockdown of USP24 mRNA with 3 independent siRNA oligonucleotides 

(# 3, 6, 7, nt – non-targeting siRNA control) in H4 cells 72h after transfection. (C) Quantification 

of USP24:ACTB from figure (B). (D) western blot demonstrating decreased USP24 protein levels 

and accumulation of LC3-II following USP24 knockdown in H4 cells. (E) Quantification of 

USP24:ACTB from figure (D). (F) Quantification of LC3-II:ACTB from figure (C). All data are 

presented as +/-SEM. *p<0.05, **p<0.01, ***p<0.001. n=3-5 

Figure 2. 1 USP24 knockdown leads to an increase in LC3-II protein levels 
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(A) Quantification of MTT viability assay following USP24 knockdown (72 h) in H4 cells 

demonstrating that it does not adversely affect cell viability (2 independent experiments; 29-30 

replicates). (B) Quantification of cell viability via flow cytometry (% PI-negative cells) following 

USP24 knockdown in H4 cells. (2 independent experiments, 4-5 replicates). (C) Western blot 

confirming decrease in BAX protein levels following USP24 knockdown. (D) Quantification of 

BAX:ACTB levels from figure (C). All data are presented as +/-SEM. **p<0.01  n=5-9 

Figure 2. 2 USP24 siRNA is not associated with cell death and USP24 regulates BAX protein levels 
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The ability of USP24 to regulate autophagy was confirmed in H4 cells stably 

expressing the GFP-LC3 reporter. Similar to MTOR, knockdown of USP24 led to 

significant accumulation of GFP-LC3 positive autophagosomes as compared to nt controls 

(Figure 2.3A-C). As a control for dependence of GFP-LC3 puncta formation on autophagy 

machinery, knockdown of the essential autophagy mediator ATG5 significantly decreased 

the number of GFP-LC3 autophagosomes (Figure 2.3B-C). These data confirm that 

USP24 is a negative regulator of autophagy in the mammalian cell types tested. 

  

 (A) Representative images of stable GFP-LC3 expressing H4 cells 72h following USP24 siRNA 

knockdown demonstrating accumulation of GFP-LC3 positive autophagosomes. Images were 

acquired at 20X; bar: 25 m. (B) Quantification of autophagosome intensity per cell area from 

figure (A) and compared to the effect of MTOR or ATG5 knockdown. (C) Representative images 

of stable GFP-LC3 expressing H4 cells 72 h following USP24 siRNA knockdown demonstrating 

accumulation of GFP-LC3 positive autophagosomes. Images were acquired at 20X; bar: 25 m. 

All data are presented as +/-SEM. *p<0.05, **p<0.01, ***p<0.001. n=18-19 (median cell 

number 568.5/group). 

 

Figure 2. 3  USP24 is a negative regulator of autophagy 
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2.2.2 USP24 regulates autophagy flux upstream of lysosomes  

 

Accumulation of autophagosomes can be caused by an increase in autophagy 

initiation or result from decreased autophagosome degradation (Klionsky et al., 2012). In 

order to distinguish between these two possibilities, we performed an autophagy flux assay 

using the lysosomal ATPase inhibitor, bafilomycin A1 (bafilomycin), which blocks 

lysosomal acidification. USP24 knockdown led to an increase in LC3-II levels as compared 

to nt control, that was further augmented by bafilomycin treatment (100 nM for 2 or 4 h) 

(Figure 2.4A-D). These data suggest that USP24 knockdown increases formation of 

autophagosomes upstream of the lysosomes. 

We confirmed results of the flux assay in H4 GFP-LC3 cells. Blocking lysosomal 

function with bafilomycin led to a significant increase in accumulation of GFP-LC3 

positive autophagosomes in USP24 knockdown cells, indicating that USP24 is negatively 

regulating autophagy flux without affecting lysosomal degradation (Figure 2.4E-F).  

Additionally, we used a tandem mCherry-GFP-LC3 reporter to evaluate autophagy 

flux. This assay takes advantage of the fact that GFP but not mCherry fluorescence is pH 

sensitive. Therefore, while pH-neutral autophagosomes are both red and green, the pH drop 

upon fusion with lysosomes causes quenching of the GFP signal and the appearance of red-

only autolysosomes. USP24 knockdown resulted in a significant increase in the ratio of 

mCherry to GFP signal as compared to nt controls, indicating increased conversion of 

autophagosomes to autolysosomes (Figure 2.5A-B). This was prevented by addition of 

bafilomycin, confirming dependence on low lysosomal pH.  
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(A)  Accumulation of LC3-II following USP24 knockdown is further increased in the presence 

of autophagy inhibitor bafilomycin (BafA). H4 cells were transfected with indicated siRNA for 

72h and treated with BafA (100 nM) for 4-6 h; nt – non-targeting siRNA. (B) Quantification of 

LC3-II:ACTB from figure (A). (C) Western blot showing that accumulation of LC3-II following 

USP24 knockdown is further increased in the presence of autophagy inhibitor bafilomycin 

(BafA). H4 cells were transfected with indicated siRNA and treated with BafA (100 nM) for 2 

or 4 h. (D) Quantification of LC3-II:ACTB from figure (C). (n=4 from 2 independent 

experiments).(E) Representative images of H4 GFP-LC3 cells following USP24 knockdown +/- 

BafA treatment demonstrating increased accumulation of GFP-LC3 autophagosomes. Images 

were acquired at 20X; bar: 25 m. (F) Quantification of autophagosome intensity from figure 

(E).  All data are presented as +/-SEM. *p<0.05, **p<0.01, ***p<0.001. n=4-9 (median cell 

number for 20X images 568.5/group). 

Figure 2. 4 USP24 regulates autophagy flux upstream of the lysosomes 
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 (A) Representative images of stable H4 mCherry-GFP-LC3 dual reporter cells with USP24 

knockdown, +/- bafilomycin treatment. pH neutral autophagosomes are positive for both GFP and 

mCherry; acidified autolysosomes are positive for mCherry only. Treatment with BafA was used as a 

control for dependence on lysosomal acidification. Images were acquired at 60X; bar: 10 m (B) 

Quantification of mCherry:GFP intensity from figure (A). Increased mCherry:GFP ratio is indicative 

of higher autophagy flux. All data are presented as +/-SEM. *p<0.05, **p<0.01, ***p<0.001. n=7-9 

(median cell number for 60X images 21.5/group). 

 

 

Figure 2. 5 USP24 knockdown leads to increased rate of autophagosome-lysosome fusion 
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Finally, we evaluated the ability of USP24 knockdown to increase autophagic 

degradation. Knockdown of USP24 increased the degradation over time of the autophagy 

adaptor protein SQSTM1/p62 (Figure 2.6A-C). It also decreased steady state protein levels 

of OPTN and SQSTM1, as assessed by western blot and immunofluorescence (Figure 

2.7A-D). Decrease in SQSTM1 levels following USP24 knockdown was attenuated in the 

presence of bafilomycin, confirming dependence on lysosomal degradation (Figure 2.7E-

F). SQSTM1 mRNA levels were not altered in USP24 knockdown cells (Figure 2.7G). 

Altogether, our data identify USP24 as a negative regulator of autophagy flux. 

  

 (A) Stability assay demonstrating increased rate of SQSTM1 (p62) protein 

degradation in cells with USP24 knockdown. Cells were treated with cycloheximide 

(50 g/L) to inhibit protein synthesis. (B) Quantification of SQSTM1:ACTB from 

figure (A). (C) Quantification of SQSTM1:ACTB from figure (A), for the 3-hour time 

point. All data are presented as +/-SEM. *p<0.05. n=5  

Figure 2. 6 Knockdown of USP24 increased the degradation of SQSTM1/p62 over 

time 
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(A) Western blot showing decrease in OPTN protein levels following USP24 knockdown. (B) 

Quantification of OPTN:ACTB protein levels from figure (A). (C) Representative images of 

H4 cells following USP24 siRNA knockdown demonstrating a decrease in SQSTM1/p62 

from control. All images were acquired at 20X; bar: 25 m. (D) Quantification of 

SQSTM1/p62 intensity/cell area. (E) Western blot demonstrating accumulation of SQSTM1 

protein in nt and USP24 knockdown cells following treatment with BafA. (F) Quantification 

of SQSTM1:ACTB protein levels from figure (E). (G) RT-PCR quantification of 

SQSTM1/p62:ACTB mRNA in cells with USP24 knockdown and control H4 cells. All data 

are presented as +/-SEM. *p<0.05, **p<0.01, ***p<0.001.  n=4-9 (median cell number 

192.5/group). 
 

Figure 2. 7 USP24 regulates OPTN and SQSTM1 levels 
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2.2.3 P53 is not required for regulation of autophagy by USP24 

 

USP24 was reported to deubiquitinate p53 and thus regulate cellular response to 

DNA damage (Zhang et al., 2015). Since p53 can be involved in the regulation of 

autophagy (Klionsky et al., 2016), we investigated whether p53 is necessary for regulation 

of autophagy by USP24. Knockdown of USP24 failed to prevent stabilization of p53 

following treatment of H4 cells with the DNA-damaging agent etoposide (Figure 2.8A), 

suggesting that in this cell type USP24 may be dispensable for DNA damage responses or 

that the very low residual USP24 protein may be sufficient. Levels of TP53 mRNA were 

also not affected by USP24 knockdown (Figure 2.8B). 

To determine if USP24 can regulate autophagy in the absence of p53, we used TP53 

deficient K562 human myelogenous leukemia cells.  Following USP24 knockdown we 

observed an increase in the LC3-II levels, as well as a decrease in SQSTM1 (Figure 2.8C-

D). Accumulation of LC3-II was further enhanced following lysosomal inhibition with 

bafilomycin (Figure 2.8C-D). Therefore, p53 is not required for induction of autophagy 

following USP24 knockdown. 
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(A) Western blot depicting lack of change in TP53 protein levels when USP24 is knocked 

down and DNA damage is induced by etoposide treatment (50 mM) in H4 cells. (B) 

Quantification of TP53:ACTB mRNA by RT-PCR. (C) Western blot examining LC3-II and 

SQSTM1 levels after USP24 knockdown and +/- bafilomycin A
1
 (100 nM, 4 h) treatment in 

TP53-deficient k562 cells. Cells were transfected for 72h. nt siRNA and siRNA against 

MTOR were used as controls. (D) Quantification of LC3-II:ACTB from figure (C). All data 

are presented as +/-SEM. *p<0.05, **p<0.01, ***p<0.001. n=5. 

Figure 2. 8 USP24 regulates autophagy independently of TP53 
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2.2.4 USP24 regulates autophagy upstream of the class III PtdIns3K 

 

MTOR complex 1 (MTORC1) kinase is a negative regulator of autophagy upstream 

of autophagosome formation in response to nutrient deprivation and other extracellular 

stimuli (Kim et al., 2011). In order to determine whether USP24 functions upstream or 

downstream of MTOR, we investigated the effects of USP24 knockdown on 

phosphorylation of the MTORC1 target, the ribosomal protein S6 (RPS6). Unlike MTOR 

knockdown, knockdown of USP24 failed to affect intensity of immunostaining with 

antibodies against phospho-RPS6 (Figure 2.9A-B). Similar results were obtained by 

western blot against phospho-RPS6 (Figure 2.9C), suggesting that USP24 regulates 

autophagy downstream or independently of the MTORC1 complex. Knockdown of USP24 

was also unable to further increase levels of autophagy in cells treated with MTOR 

inhibitor rapamycin (100 nM for 4 hours) (Figure 2.9D-E), consistent with function 

downstream of MTOR. 
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(A) Representative images of phosopho-RPS6 (P-RPS6) staining in H4 cells following 

USP24 knockdown, MTOR knockdown, or treatment with 100 nM rapamycin, 

demonstrating that USP24 does not regulate MTORC1 activity. (B) Quantification of P-

RPS6 intensity from (A) (2 independent experiments, 6-12 replicates). (C) Western blot 

illustrating that levels of phospho-RPS6 (p-RPS6) are unchanged from nt control when 

USP24 is knocked down. (D) Representative images of stable GFP-LC3 expressing H4 cells 

following USP24 siRNA knockdown and treatment with rapamycin (100 nM, 4 h), 

demonstrating that USP24 knockdown is not able to further increase autophagy when 

MTOR is inhibited. (E) Quantification of autophagosome intensity per cell area from figure 

(D). All images were acquired at 20X; bar: 25 m. All data are presented as +/-SEM. 

***p<0.001. n=2-6 (median cell number 131.5/group). 

Figure 2. 9 USP24 does not regulate MTORC1 activity 
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 The class III PtdIns3K is an essential regulator of cellular autophagy upstream of 

the main autophagy machinery (Levine and Klionsky, 2004). Its activity is negatively 

regulated by MTORC1 and is necessary for autophagosome formation. In order to 

investigate the effect of USP24 on class III PtdIns3K activity, we utilized H4 cells stably 

expressing FYVE-dsRED reporter, which binds the class III PtdIns3K product, 

phosphatidylinositol 3-phosphate (PtdIns3P). USP24 knockdown led to a significant 

increase in FYVE-dsRed puncta formation as compared to the nt control (Figure 2.10A-

C). These data suggest that USP24 knockdown stimulates PtdIns3P production. 

  

(A) Representative images of H4 cells stably expressing the FYVE-dsRed reporter following 

USP24 knockdown, demonstrating increased accumulation of the class III PtdIns3K product, 

PtdIns3P. All images were acquired at 20X; bar: 25 m.  (B) Quantification of FYVE-dsRed 

accumulation in cells with USP24 knockdown from a representative experiment (4-8 replicates). 

(C) Quantification of PtdIns3P levels in FYVE-dsRED H4 cells with USP24, MTOR, or 

PIK3C3/VPS34 knockdown from the original genome-wide siRNA screen (Lipinski et. al. 2010a) 

n=3. All data are presented as +/-SEM. *p<0.05. (median cell number 647/group).  
 

Figure 2. 10 USP24 regulates the class III PtdIns3K activity 
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To determine if the activity of the class III PtdIns3K is necessary for the ability of 

USP24 to regulate autophagy, we treated H4 cells with inhibitors of the class III PtdIns3K 

activity, spautin and 3-MA. USP24 knockdown lead to increase in the LC3-II levels, which 

was attenuated in the presence of spautin (20 M for 5 hours) (Figure 2.11A-B) or 3-MA 

(10 mM for 5 hours) (Figure 2.11C). This was further confirmed by imaging of H4 GFP-

LC3 cells, where spautin treatment prevented accumulation of GFP-LC3-positive 

autophagosomes following USP24 knockdown (Figure 2.11D-E). Consistently, in the 

original screen (Lipinski et al., 2010a) USP24 knockdown failed to upregulate autophagy 

in cells overexpressing BCL-2, which binds and inhibits activity of the class III PtdIns3K 

subunit BECN1 (Pattingre and Levine, 2006) (Figure 2.12). Together, our data indicate 

that USP24 regulates autophagy via the class III PtdIns3K but downstream or 

independently of MTOR. 
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(A) Western blot demonstrating that LC3-II accumulation in USP24 knockdown cells is 

attenuated following inhibition of the class III PtdIns3K with spautin (20 M). (B) 

Quantification of LC3-II:ACTB from figure (A). (C) Quantification of LC3-II:ACTB 

levels in cells with USP24 or MTOR knockdown +/- 3-MA treatment (10 mM). (D) 

Representative fluorescence images demonstrating attenuated accumulation of 

autophagosomes in H4 GFP-LC3 cells with USP24 knockdown after spautin treatment. All 

images were acquired at 20X; bar: 25 m. (E) Quantification of autophagosome intensity 

from figure (D). All data are presented as +/-SEM. *p<0.05 n=3-7 (median cell number 

514/group). 

Figure 2. 11 USP24 regulates autophagy via the class III PtdIns3K 
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2.2.5 USP24 regulates stability and activity of ULK1 

 

Since USP24 is a deubiquitinating enzyme, we hypothesized that it may regulate 

activity of the class III PtdIns3K by affecting the stability of its components. However, we 

did not detect any changes in protein expression levels of any of the core components of 

the class III PtdIns3K complex (BECN1, PIK3C3/VPS34, ATG14, data not shown) upon 

USP24 knockdown. Since stability of the subunits of this complex are coordinately 

regulated (Liu et al., 2011), it is unlikely that levels of other components are significantly 

affected by USP24.  

The class III PtdIns3K activity can be positively regulated by the ULK1 protein 

kinase complex, an essential mediator of autophagy downstream of the MTOR and AMPK 

pathways (Egan et al., 2015; Petherick et al., 2015; Wong et al., 2013). Consistent with the 

Quantification of changes in autophagosome intensity in control or BCL2 overexpressing H4 cells 

following USP24 or MTOR knockdown. Data is from secondary screen performed as part of the 

genome-wide siRNA screen (Lipinski et. al. 2010a). All data are presented as +/-SEM. 

***p<0.001. n=4 

Figure 2. 12 USP24 is unable to upregulate autophagy in BCL-2 

overexpressing cells 
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involvement of this kinase, knockdown of USP24 led to increase in the levels of the ULK1 

protein (Figure 2.13A-B). Additionally, we detected increased auto-phosphorylation of the 

complex subunit ATG13 (Figure 2.13A, C), indicating increased kinase activity of the 

ULK1 complex upon USP24 knockdown. 

Real time q-PCR data revealed no significant change in ULK1 mRNA levels 

following knockdown of USP24. In fact, we observed a trend towards lower ULK1 mRNA 

levels in USP24 knockdown cells, however this failed to reach significance (p=0.21, 

Figure 2.13D). These data indicate that the observed increase in ULK1 protein levels 

following USP24 knockdown is not due to transcriptional upregulation.  

  

  

 (A) Western blot demonstrating increased levels of ULK1 and phospho-ATG13 (p-ATG13) in 

cells with USP24 knockdown. (B) Quantification of ULK1:ACTB from figure (A) n=14. (C) 

Quantification of P-ATG13:ACTB from figure (A) n=3. (D) Real time q-PCR quantification of 

ULK1:GAPDH mRNA expression following USP24 knockdown n=3. All data are presented as 

+/-SEM. *p<0.05 n=3-14 

Figure 2. 13 USP24 regulates ULK1 complex activity 
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To determine whether the increase in the ULK1 protein is caused by its increased 

stability, we investigated the rate of its degradation. USP24 knockdown decreased 

degradation of the ULK1 protein in the presence of protein synthesis inhibitor, 

cycloheximide (CHX) (Figure 2.14A-B). Therefore, the stability of ULK1 protein 

increases in the absence of USP24. ULK1 protein stability and activity are positively 

regulated by TRAF6-dependent K63 ubiquitination (Nazio et al., 2013). To determine if 

USP24 may affect ULK1 ubiquitination we immunoprecipitated myc-tagged ULK1 from 

HeLa cells co-expressing HA-tagged ubiquitin. We detected increased levels of ULK1 

ubiquitination following USP24 knockdown as compared to nt controls (Figure 2.14C-D). 

These data suggest that USP24 regulates ULK1 protein stability by decreasing its 

ubiquitination. 

To verify that the ability of USP24 to regulate autophagy is dependent on ULK1 

function, we treated H4 cells with inhibitors of ULK1 kinase activity, MRT67307 or 

MRT68921 (Petherick et al., 2015). As expected, both drugs decreased ULK1 activity, as 

assessed by ATG13 phosphorylation (Figure 2.15A). Both inhibitors attenuated induction 

of autophagy following USP24 knockdown (Figure 2.15B-E) as assessed by LC3-II 

western blot, confirming that ULK1 activity was required. Similar data were obtained in 

HeLa cells (Figure 2.15F-G). Furthermore, MRT68921 attenuated accumulation of 

autophagosomes in USP24 knockdown GFP-LC3 H4 cells (Figure 2.16A-B), further 

confirming dependence on ULK1 activity. 
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(A) Protein stability assay illustrating that USP24 knockdown decreases the rate of ULK1 

degradation. Cells were treated with cycloheximide (50g/L) to inhibit protein synthesis, 

allowing visualization of changes due to degradation over time. (B) Quantification of 

ULK1:ACTB from figure (A). Significance is shown between nt and USP24 conditions at the 

1 and 3-hour time points. (C) IP demonstrating increased ubiquitination of ULK1 after USP24 

knockdown.  (D) Quantification of the ubiquitin (HA):ULK1 in figure (C). All data are 

presented as +/-SEM. *p<0.05. n=5  

Figure 2. 14 USP24 regulates protein stability of ULK1 
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(A) Western blot demonstrating decreased p-ATG13 levels with MRT67307 or MRT68921 

treatment (10 M or 1 M respectively, 1 h). (B) Western blot demonstrating decreased levels of 

LC3-II in H4 cells with USP24 knockdown treated with ULK1 inhibitor MRT67307 (10 M, 4 h) 

and BafA (100 nM, 3 h), as compared to BafA treatment alone. (C) Quantification of LC3-II:ACTB 

in BafA and BafA+MRT67307 conditions from figure (B). (D) Western blot demonstrating 

decreased levels of LC3-II in H4 cells with USP24 knockdown treated with ULK1 inhibitor 

MRT68921 (1 M, 4 h) and BafA (100 nM, 3 h) as compared to BafA treatment alone. (E) 

Quantification of LC3-II:ACTB in BafA and BafA+MRT68921 conditions from figure (D). (F) 

Western blot demonstrating decreased levels of LC3-II in HeLa cells with USP24 knockdown treated 

with MRT67307 (10 M, 4 h) and BafA (100 nM, 3 h) as compared to BafA treatment alone. (G) 

Quantification of LC3-II:ACTB in BafA and BafA+MRT67307 conditions from figure (F). All data 

are presented as +/-SEM. *p<0.05 n=4-6 

Figure 2. 15 USP24 is dependent on ULK1 function to regulate autophagy 
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(A) Representative fluorescent images demonstrating attenuated accumulation of 

autophagosomes in H4 GFP-LC3 cells with USP24 knockdown after MRT68921 

treatment. All images were acquired at 20X; bar: 25 m. (B) Quantification of 

autophagosome intensity from figure (E). All data are presented as +/-SEM. *p<0.05 

n=4-6 (median cell number 43/group). 

Figure 2. 16 USP24 relies on the function of ULK1 to regulate autophagy 
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2.2.6 USP24 can regulate autophagy in human dopaminergic neurons 

 

Our data indicate that USP24 is a negative regulator of autophagy. To determine if 

this may be relevant to PD, we assessed the ability of USP24 to regulate autophagy in 

iPSC-derived dopaminergic neurons, the cell type most relevant to PD (Awad et al., 2017; 

Shaltouki et al., 2015; Swistowski et al., 2010). Transduction of iPSC-derived 

dopaminergic neurons (Awad et al., 2017; Awad et al., 2015) with USP24 shRNA 

lentivirus led to approximately 50% decrease in USP24 protein expression (Figure 2.17A-

B). This was accompanied by a strong trend toward an increase in the levels of LC3-II 

(p=0.08, Figure 2.17A, C) and a decrease in the autophagy adaptor protein, NBR1 (Figure 

2.17A, D). Accumulation of LC3-II following knockdown of USP24 was further enhanced 

by the treatment with lysosomal inhibitor chloroquine (Figure 2.17E-F). Therefore, 

USP24 negatively regulates autophagy flux in human iPSC-derived dopaminergic neurons, 

similarly to what we observed in cell lines.  As in the cell lines, we also observed increase 

in activating phosphorylation of the class III PtdIns3K subunit ATG14 (Figure 2.17A), 

indicating that USP24 likely regulates autophagy in iPSC-derived neurons through the 

ULK1-class III PtdIns3K pathway. 
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(A) Western blot illustrating the changes in LC3-II, NBR1, and phospho-ATG14 (P-ATG14) in 

human iPSC-derived dopaminergic neurons following USP24 knockdown. Dopaminergic 

precursor cells were differentiated into dopaminergic neurons for 4 weeks, transduced with 

indicated lentiviral shRNAs and evaluated after an additional week in culture. (B) Quantification 

of USP24:tubulin levels from figure (A). (C) Quantification of LC3-II:tubulin levels from figure 

(A) (D) Quantification of NBR1:tubulin levels from figure (A) (2 independent experiments; 4-6 

replicates) (E and F) Levels of LC3-II following USP24 knockdown are further increased with 

100 M chloroquine (chq) treatment (overnight). (E) Western blot illustrating change in LC3-II 

levels in human iPSC-derived dopaminergic neurons in the absence and presence of chq following 

USP24 knockdown. (F) Quantification of LC3-II:loading control from figure (E) (4-6 replicates). 

All data are presented as +/-SEM. **p<0.01, ***p<0.001. n=3-10    

Figure 2. 17  USP24 regulates autophagy in human iPSC-derived DA neurons 
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2.2.7 Long-term knockdown of USP24 increases length of neuronal processes 

 

Since PD is an age-related disease, we investigated the influence of inhibiting 

USP24 on long-term neuronal cell viability and health. Differentiated iPSC-derived 

dopaminergic neurons were transduced with USP24 or control nt shRNA and evaluated for 

up to 6 additional weeks in culture. In young neurons (1 week after transduction) we did 

not observe any differences in total cell numbers, numbers of all neurons (stained with 

TUBB3/TUJ1) or numbers of dopaminergic neurons (stained with antibodies against 

tyrosine hydroxylase – TH) (Figure 2.18A-B). There were also no significant differences 

in the cell or neuron numbers between the groups as neurons aged (evaluated at 4 and 6 

weeks after transduction), confirming that similarly to cell lines, knockdown of USP24 in 

iPSC-derived neurons has no negative influence on cell viability (Figure 2.18C-D).  

The length of the neuronal processes decreases over time in iPSC-derived 

dopaminergic neurons from PD patients as compared to healthy controls (Sanchez-Danes 

et al., 2012). Therefore, we evaluated the influence of USP24 knockdown on maintenance 

of neuronal processes. We observed no differences in the average neurite lengths between 

groups of all (TUBB3+) or dopaminergic (TH+) neurons at 1 week after transduction 

(Figure 2.18E-F, Figure 2.19A-B). Neurite length in the neurons transduced with nt 

shRNA increased slightly at 4 weeks, then stabilized and remained unchanged at 6 weeks 

(Figure 2.19B). However, the length of all TUBB3+ neurites as well as of TH+ neurites 

continued to increase throughout duration of the experiment in the USP24 knockdown 

cultures, becoming significantly greater at 6-weeks (Figure 2.19B-D). This suggests that 

inhibition of USP24 may increase long-term neurite outgrowth and/or maintenance. 
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(A) Quantification of neuron numbers at 1 weeks post lentiviral transduction with non-targeting (nt), 

USP24 or MTOR shRNA. Data are normalized to nt shRNA at 1-week time point. (B) Quantification of 

dopaminergic neuron numbers at 1 weeks after transduction. Data are normalized to nt shRNA at 1-week 

time point. (C) Quantification of neuron number at 6 weeks post lentiviral transduction with nt, USP24 or 

MTOR shRNA. Data are normalized to nt shRNA at 6-week time point. (D) Quantification of 

dopaminergic neuron numbers at 6 weeks after transduction. Data are normalized to nt shRNA at 6-week 

time point. (E)  Quantification of neurite length/neuron 1 week post lentiviral transduction with indicated 

shRNAs. All data are normalized to nt shRNA at 1-week time point. (F) Quantification of neurite 

length/neuron for the dopaminergic neurons (TH positive) at 1-week time point. Data are normalized to 

nt shRNA at 1-week time point. All data are presented as +/-SEM. *p<0.05. n=5-10 (median cell number 

894.5/group). 

Figure 2. 18 USP24 knockdown does not affect viability or short-term phenotype of iPSC-

derived neurons 
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(A) Representative images of human iPSC-derived neurons at 6 weeks after lentiviral transduction, 

showing increased neurite density in cultures with USP24 knockdown. Cells were transduced with 

indicated shRNAs; after additional 6 weeks cultures were fixed and stained with antibodies against 

TUBB3/tubulin B3/TUJ1; all neurons) and TH (tyrosine hydroxylase; dopaminergic neurons). 

Images were acquired at 20X; bar: 25 m. (B) Quantification of length of neuronal processes over 

time after lentiviral transduction with indicated shRNAs. All data are normalized to nt shRNA at 1-

week time point. Statistical analysis at 1-week time point is presented in Figure S2.7 and at 6-weeks 

in (C-D). (C) Quantification of neurite length:neuron from figure (B) at 6-week time point. Data are 

normalized to nt shRNA at 6-week time point. (D) Quantification of neurite length:neuron for the 

dopaminergic neurons (TH positive) at 6-week time point. Data are normalized to nt shRNA at 6-

week time point. All data are presented as +/-SEM. *p<0.05. n=10 (median cell number 634/group). 

 

 

Figure 2. 19 USP24 regulates neurite length in human iPSC-derived DA neurons 
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2.2.8 Expression of USP24 is elevated in idiopathic PD patient substantia nigra 

 

To determine if USP24 may be also involved in idiopathic PD, we evaluated its 

expression in the brains of PD patients as compared to age-matched unaffected controls. 

Analysis of gene expression array data (NCBI GEO repository (Duke et al., 2007; 

Lewandowski et al., 2010; Moran et al., 2006)) revealed increased expression of USP24 

mRNA in affected brain regions from subpopulation of PD patients (Figure 2.20A-B). 

Consistently, quantification of our real time qPCR data confirmed significantly elevated 

USP24 mRNA expression in the substantia nigra of 1 out of 4 non-familial PD patients as 

compared to unaffected controls (Figure 2.21A). At the protein level, increase in USP24 

was observed in 2 out of 4 PD patient substantia nigra as compared to controls (Figure 

2.21B-C). Therefore, elevated USP24 levels are observed in a subpopulation of idiopathic 

PD.  

  

(A) USP24 mRNA expression levels in the substania nigra of control and PD patients from the 

Gene Expression Omnibus (GEO) database, Profile: GDS3128. (B) USP24 mRNA expression 

levels in the post mortem medullary regions of control and PD patients from the Gene Expression 

Omnibus (GEO) database, Profile: GDS4154. 

Figure 2. 20 USP24 mRNA expression in PD 
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 (A) q-PCR quantification of USP24:GAPDH mRNA expression in PD patient SN 

versus unaffected control substantia nigra. All data points correspond to individuals 

(n=4); group means are indicated with horizontal lines; error bars are SE; red circle 

marks a major statistical outlier (defined as a value above Q1-Q3 outer fence) with 

significantly increased expression of USP24 mRNA (z-score = 4.6). (B) Western blot 

illustrating USP24 protein levels in 4 PD patient and 4 unaffected age-matched control 

human substantia nigra. (C) Quantification of USP24:ACTB levels from figure (B). 

Red circles mark major statistical outliers with significantly increased USP24 protein 

expression (z-scores = 4.5 and 11.0).  

 

Figure 2. 21 USP24 is differentially expressed in PD patient substantia nigra 
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2.3 Discussion 

 

          While dysregulation of autophagy has been clearly linked to PD etiology, the 

mechanisms by which levels of autophagy are altered in PD are not fully understood (Maiti 

et al., 2017). Our data demonstrate that the PARK10 gene USP24 is a negative regulator of 

autophagy flux in cell lines and human iPSC-derived dopaminergic neurons. Together with 

altered expression of USP24 in PD substantia nigra, this suggests USP24 as a potential 

novel regulator of autophagy with relevance to PD. 

Our data demonstrate that USP24 is an upstream negative regulator of autophagy, 

acting at the level of autophagosome formation rather than affecting lysosomal function. 

Furthermore, we determined that USP24 functions downstream or independently of MTOR 

and regulates autophagy via the ULK1-class III PtdIns3K pathway. Specifically, inhibition 

of USP24 leads to stabilization of the ULK1 protein and consequent increase in ULK1 

kinase activity. As a DUB, USP24 is responsible for removing polyubiquitin chains from 

target proteins (Wang et al., 2016b). The ULK1-ATG13 and BECN1-PIK3C3/VPS34-

AMBRA1 complexes necessary for initiation of autophagosome formation are linked 

together by a scaffold platform and known to cross-regulate each other. When autophagy 

is induced by the inhibition of MTOR, AMBRA1 becomes dephosphorylated, leading to 

its activation and interaction with the ubiquitin ligase TRAF6. ULK1 is then ubiquitinated 

by the TRAF6/AMBRA1 complex with regulatory K63 chains, leading to its stabilization 

and activation (Nazio et al., 2013). ULK1, in turn, further phosphorylates and activates 

components of both its own and the class III PtdIns3K complexes, resulting in a positive 

regulatory loop. Our data indicate that USP24 knockdown leads to an increase in ULK1 

ubiquitination, resulting in increased ULK1 protein stability and kinase activity. These data 
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suggest that USP24 normally negatively regulates ubiquitination and stability of ULK1, 

therefore interrupting the positive feed-back amplifying induction of autophagy (Figure 

2.22). 

 

Dysregulation of both major protein degradation pathways, the autophagy-

lysosome system and the ubiquitin-proteasome system, has been linked to 

neurodegeneration. Although initially the two pathways were thought to work 

independently, recent work has revealed many layers of positive and negative interaction 

(Kim et al., 2018a; Lenzi et al., 2016; Pasquali et al., 2009). This includes a number of 

DUBs such as USP14 that have been implicated in regulation of autophagy and 

Figure 2. 22 Proposed mechanism of USP24 in autophagy 

When autophagy is induced ULK1 and the class III PI3K complex enter a positive feed-back loop 

that amplifies autophagy. This process is dependent on the ubiquitination of ULK1 with a K63-

linked regulatory ubiquitin. Data suggests that USP24 interrupts this positive feed-back loop by 

negatively regulating ubiquitination and the stability of ULK1.  
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coordination of autophagy and proteasomal function (Kim et al., 2018a). There is also 

substantial data demonstrating that ubiquitination and deubiquitination is involved in 

regulation of the class III PtdIns3K activity and several DUBs mediating this 

deubiquitination have been identified (Abrahamsen et al., 2012; Liu et al., 2011). Much 

less is known about how removal of ubiquitin from ULK1 is controlled. To our knowledge, 

our data identify USP24 as the first candidate negative regulator of ULK1 ubiquitination, 

adding another layer of complexity to the control of ULK1 activity, initiation of cellular 

autophagy and its interaction with the ubiquitin-proteasome pathway in a context relevant 

to neurodegeneration. Further experiments will be necessary to determine if this regulation 

is direct and dependent on USP24 DUB activity.  

Our iPSC neuron data demonstrate that USP24 is able to regulate autophagy not 

only in cell lines, but also in human dopaminergic neurons, the cell type most relevant to 

PD. This suggests USP24 as a potential regulator of autophagy in the context of this 

disease. The USP24 gene is located on chromosome 1p in the PARK10 locus, which has 

been associated with PD predisposition and age of onset (Li et al., 2006). Although a 

number of candidate genes have been identified in the PARK10 locus, the mechanisms of 

its involvement or a specific gene responsible for the association with PD has not been 

identified. Our data indicate that USP24 is a candidate gene that, through its effects on 

cellular autophagy, could mechanistically link the PARK10 locus to the pathology of PD. 

Both coding and non-coding SNPs in the USP24 gene have been associated with 

predisposition to PD (Li et al., 2006). Interestingly, some of these polymorphisms are also 

found in human lung cancer and were shown to increase USP24 mRNA stability and 

consequently protein levels (Wang et al., 2016a). Thus, PD-associated USP24 SNPs could 
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similarly increase USP24 expression, leading to lowering of autophagy flux. Our data 

indicate that USP24 mRNA and protein levels are also elevated in the substantia nigra of 

a subset of idiopathic PD patients, suggesting that suppression of autophagy by USP24 

could also occur in at least some cases of non-familial PD. 

In addition to increasing levels of autophagy, USP24 knockdown also increased 

neurite length in long-term cultures of human iPSC-derived neurons. Since ULK1 is known 

to regulate axonal outgrowth in vitro and in vivo (Mochizuki et al., 2011; Ribas et al., 2014; 

Tomoda et al., 1999), the effect on neurite outgrowth and/or maintenance could be directly 

dependent on the increased levels and activity of ULK1 kinase observed following USP24 

knockdown. Alternatively, since autophagy is necessary for the maintenance of neuronal 

health, the increased neurite length could be a result of increased levels of autophagy flux 

observed following USP24 knockdown. Since neurite length is negatively affected in 

iPSC-derived dopaminergic neurons from PD patients (Sanchez-Danes et al., 2012), we 

hypothesize that inhibiting USP24 may be beneficial for dopaminergic neurite maintenance 

in PD. However, future experiments will be necessary to evaluate the influence of USP24 

on the deleterious phenotypes observed in PD patient iPSC-derived neurons.  
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2.4 Materials & Methods 

 

Cell culture and treatments 

Cell lines: H4 human neuroglioma cells (Lipinski et al., 2010a; Lipinski et al., 2010b) were 

cultured in DMEM (Gibco, 11995065) with 10% heat inactivated Newborn Calf Serum 

(Sigma-Aldrich, N4762-500ML) and 1% antibiotic-antimycotic (Thermo Fisher Scientific, 

15240062). K562 cells were cultured in RPMI 1640 w/L-gln medium (Lonza, 12-702F), 

10% fetal bovine serum (Gibco, 10082147), antibiotic-antimycotic (Thermo Fisher 

Scientific, 15240062). The following drugs were used: bafilomycin A1 (Sigma-

Aldrich,B1793: 100 nM: 4-6 h), spautin 1 (R&D Systems, 5197; 20 M; 4-6 h), rapamycin 

(Sigma-Aldrich, 37094; 100 nM; 4-6 h), etoposide (Enzo, BML-GR307; 50 M; 1-6 h), 3-

MA (Sigma-Aldrich, M9281; 10 mM; 2-6 h), MRT67307 (Sigma-Aldrich, SML0702-

5MG; 10 M; 1 or 4 h), MRT68921 (Sigma-Aldrich, SML1644-5M; 1 M; 1 or 4 h). H4-

mCherry-GFP-LC3 dual reporter cells were constructed by transducing H4 cells with a 

mCherry-GFP-LC3 (Addgene, plasmid 22418; Jayanta Debnath Lab) construct cloned into 

the lentiviral pLESIP vector with NheI and BamHI restriction sites (available through 

Addgene, plasmid 104941). Routine laboratory tests for mycoplasma were negative. 

siRNA Transfections: H4 cells were transiently transfected using reverse transfection with 

HiPerfect Transfection Reagent (Qiagen, 301705) following manufacturer’s instructions, 

with siRNA at 40 nM final concentration and 1:1 HiPerfect:siRNA vol:vol ratio. K562 

cells were double transfected using Lipofectamine 2000 (Invitrogen, 11668027) following 

the manufacturer’s instructions, with 1g plasmid and 50 nM final concentration siRNA 

with a 2:1 Lipofectamine:siRNA vol:vol ratio.  
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siRNAs: MTOR (Sigma-Aldrich, SASI_Hs01_00203144), MTOR (Dharmacon, D-

003008-23) USP24 #3 (Dharmacon, D-006073-03), USP24 #6 (Dharmacon, D-006073-

06), USP24 #7 (Dharmacon, D-006073-07), ATG5 (Dharmacon, D-004374-01); control 

siRNA:  Non-Targeting siRNA #5 (Dharmacon, D-001210-05-05) MISSION siRNA 

Universal Negative Control #1 (Sigma-Aldrich, 45-SIC001). 

Lentivirus: Lentivirus was produced in 293T cells following a published protocol (Tan et 

al., 2014). Virus was precipitated with PEG-it Virus Precipitation Solution (System 

Biosciences, LV825A-1). 

 

iPSC dopaminergic precursors culture and treatment 

Cell culture and differentiation: Glass bottom plates (MatTek, P35G-1.0-14-C) were coated 

with Poly-L-ornithine hydrobromide (Sigma-Aldrich, P3655) followed by laminin (Life 

Technologies, 23017-015). A dopaminergic neuronal precursor cell kit was purchased from 

XCell Science (XCell Science, DK-001-1V). Cells were plated and differentiated 

according to the company’s instructions. For long-term cultures cells were maintained in 

DOPA maturation media with supplement provided in the kit (XCell Science, DM-001-

SB50).  

Lentiviral transduction: 3 weeks post-plating differentiated cells were transduced with the 

GFP-LC3 shRNA (0.5 L) along with nt, USP24 or MTOR shRNA (0.5 L), in the 

presence of 6 g/mL polybrene (Millipore Sigma, TR-1003-G). Cells were cultured for 1, 

4 or 6 weeks post transduction, then fixed for staining or lysed for western blot analysis. 
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shRNA: nt (Sigma-Aldrich, SHC016), pooled USP24 (Sigma-Aldrich, SHCLNG-

NM_015306; Clone IDs- 1624; 1023; 2314; 4671), MTOR (Sigma-Aldrich, SHCLNG-

NM_004958). The GFP-LC3 lentiviral construct was as described (Awad et al., 2015).  

Collecting cell lysates: Where indicated, cells were treated with 100 M chloroquine 

overnight (Invitrogen, L10382- component B) before lysis. Samples were lysed in RIPA 

buffer (TEKnova, R3792) that had 1x mini EDTA-free Protease Inhibitor Cocktail (Sigma-

Aldrich, 11836170001) and Phosphatase Inhibitor Cocktail 2 and 3 (Sigma-Aldrich, 

P5726-5ML; P0044-5ML). Cells were sonicated on ice and centrifuged at 4oC at 20,000 g 

for 20 min, followed by a BCA assay (Thermo Fisher Scientific, 23225) for protein 

concentrations.  

 

PCR 

Total RNA was extracted using the RNeasy mini kit (Qiagen, 74104) followed by cDNA 

synthesis using the SuperScript III First Strand Synthesis System for RT-PCR (Invitrogen, 

18080-51). For semi-quantitative PCR the following primers were used: USP24 primers- 

USP24_4594_r (Integrated DNA Technologies, GCAACCCGGCGAATCTCAGCA), 

USP24_4275_f (Integrated DNA Technologies, CGGCTGCAGGACGGCTTGAT). Actin 

primers- actin_R (Integrated DNA Technologies, AGACAGCACTGTGTTGGCTA), 

actin_F (Integrated DNA Technologies, GACCTGACAGACTACCTCAT). TP53 

primers- p53-1234-R (Sigma-Aldrich, CATTCAGCTCTCGGAACATCTC), p53-526-F 

(Sigma-Aldrich, GTCTGGGCTTCTTGCATTCT). SQSTM1/p62 primers- p62-1691-R 

(Sigma-Aldrich, CTGGAAGAAGGCAGAGAAACT), p62-1228-F (Sigma-Aldrich, 
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GGAACAGATGGAGTCGGATAAC). For real time q-PCR the following primers were 

used: ULK1 (Thermo Fisher Scientific, Assay ID Hs00177504_m1) and GAPDH (Thermo 

Fisher Scientific, Assay ID Hs02786624_g1). 

 

Western blot analysis 

Western blotting was performed as described (Liu et al., 2018; Sarkar et al., 2014). All cell 

lysates were prepared in Laemmli sample buffer (with -mercaptoethanol; Sigma-Aldrich, 

M6250-250ML), run out on a 4-20% SDS-PAGE gel (Bio-Rad, 4561096) and transferred 

to a PVDF membrane (Millipore Sigma, IPVH00010). The membranes were blocked in 

5% non-fat milk (American Bio, AB10109-01000) in TBS (Corning, 46-012-CM) with 

0.05% tween 20 buffer (Thermo Fisher Scientific, BP337-500) for 1 h and then incubated 

with primary antibody overnight at 4oC. Primary antibodies were prepared in 1% BSA 

(Sigma-Aldrich, A7906-100G) in TBS with 0.05% tween 20. Membranes were incubated 

for 2 h in HRP-conjugated secondary antibodies (Seracare) in 5% milk at room 

temperature. The blots were developed using SuperSignal West Dura Extended Duration 

Substrate (Thermo Fisher Scientific, 34076), SuperSignal West Femto Maximum 

Sensitivity Substrate (Thermo Fisher Scientific, 34095), or SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific, 34080) and imaged on the 

ChemiDoc developer system (Bio-Rad). The band intensity was quantified using Image 

Lab Software (Bio-Rad). Primary antibodies: LC3 (Novus Biologicals, NB100-220; 

1:1000), USP24 (Proteintech, 13126-1-AP, 1:1000), ACTB/-Actin (Sigma-Aldrich, 

A1978; 1:10,000), SQSTM1 (BD Biosciences, 610832; 1:1000), ULK1 (Cell Signaling 
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Technology, 8054; 1:1000), phospho-ATG13 (Rockland Antibodies & Assays, 600-401-

C49S; 1:1000), NBR1 (Cell Signaling Technology, 9891; 1:1000), phospho-ATG14 (Cell 

Signaling Technology, 13155; 1:1000), TUBB3/tubulin B3 (TUJ1; BioLegend, 801202; 

1:1000), SNCA-synuclein (Cell Signaling Technology, 2642; 1:1000), BAX (Cell 

Signaling Technology, 2772; 1:1000), OPTN (Proteintech, 10837-1-AP; 1:1000), 

TP53/p53 (Cell Signaling Technology, 9282; 1:1000), USP24 (Bethyl Laboratories, A300-

938A; 1:1000), HA-Tag (Cell Signaling Technology, 3724S; 1:1000), ATG13 (Cell 

Signaling Technology, 13273S; 1:1000). Secondary antibodies: goat anti-rabbit IgG (H+L) 

(Seracare, 5450-0010; 1:2500) and goat anti-mouse IgG (H+L) (Seracare, 5450-0011; 

1:2500). 

 

Stability assay 

Seventy-two h after siRNA transfection the cells were treated with 50 g/mL 

cycloheximide (Sigma Aldrich, C1988) for 0, 1, 3 or 4 h and lysed for western blot analysis. 

 

Immunoprecipitation (IP) 

HeLa cells were transfected with siRNA as above, followed 48 h later by transfections with 

plasmids using Lipofectamine (Invitrogen, 11668027) and a total of 1g of plasmid DNA, 

as per manufacturer’s instructions. After additional 24 h in culture cells were lysed in IP 

buffer, pre-cleared with Pierce Protein A/G/ Agarose Beads (Thermo Fisher Scientific, 

20421) for 1 h and incubated with primary antibody rotating overnight at 4 degrees C. 

Agarose beads were added and incubated for 1-2 h rotating at 4 degrees C. Beads were 



74 
 

washed 4 times and samples were eluted in Laemmli sample buffer followed by western 

blot analysis. The following plasmids were used: myc-hULK1 (Addgene, 31961; Do-

Hyung Kim Lab) and pRK5-HA-Ubiquitin-WT (Addgene, 17608; Ted Dawson Lab). IP 

antibody: MYC-Tag (Cell Signaling Technology, 2276S; 1:1000). 

 

Immunocytochemistry 

Cells were cultured on glass coverslips or glass bottom chamber plates for the iPSC and 

fixed with 4% PFA. They were incubated in 8% FBS in PBS (Corning, 21-040-CMR) for 

1 hour at room temperature followed by permeabilization with 0.2% saponin (Sigma-

Aldrich, S7900) and addition of primary antibodies. Cells were incubated at 4oC overnight 

in the primary antibodies and in the secondary antibodies in the blocking solution + 0.2% 

saponin for 2 h at room temperature (Awad et al., 2015). Nuclei were stained with DAPI 

(Sigma-Aldrich, D9542). Primary antibodies: Tubulin B3 (TUBB3) TUJ1 (BioLegend, 

801202; 1:200), Tyrosine Hydroxylase (Novus Biologicals, NB300-109; 1:200), Phospho-

S6 (Cell Signaling Technology, 5364; 1:100). Secondary antibodies: Alexa Fluor 633 goat 

anti-rabbit IgG (H+L) (Invitrogen, A21071; 1:500), Alexa Fluor 546 goat anti-rabbit IgG 

(H+l) (Invitrogen, A11035; 1:500), Alexa Fluor 633 goat anti- mouse IgG (H+L) 

(Invitrogen, A21052; 1:500). 
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Image acquisition and quantification 

All images were acquired on a fluorescent Nikon Ti-E inverted microscope at 20X (CFI 

Plan APO VC 20X NA 0.75 WD 1 mm) or at 60X (CFI Plan APO VC 60X NA 1.4 Oil) as 

z-stacks and focused using the extended depth of focus module of the Nikon Elements 

software. All images within each experiment were acquired at the same microscope settings 

(magnification, exposure times, light source settings, etc.). Images were quantified using 

automated unbiased algorithms (General Analysis + macros for automation) in Elements 

by Nikon (NIS-Elements AR Analysis 4.2.01 64-bit) as described (Sarkar et al., 2014). 

Briefly, nuclei were identified using Spot Detection; cell areas were identified using the 

“Detect Regional Maxima” setting, followed by global thresholding. Intracellular puncta 

(GFP-LC3, FYVE-dsRed, etc.) were identified using “Spot Detection” and normalized to 

cell area. All quantification measurements were performed on original unaltered images. 

Median cell number for 20x images was 494.75 analyzed cells/group and for 60x images 

21.5 cells/group. All iPSC quantification was performed blindly. 

 

Cell viability 

MTT Assay: Cell viability was determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) assay (Invitrogen, V13154) according to the manufacturer’s 

instructions (Mosmann, 1983). Propidium iodide: Cell viability was determined by 

propidium iodide (PI) staining according to the manufacturer’s instructions (Thermo 

Fisher,00-6990-50), followed by FACS analysis (Riccardi, 2006).  
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Human brain samples 

A total of 8 de-identified substantia nigra samples (4 PD patient and 4 unaffected control) 

were obtained from the Maryland Brain Bank. The age of the PD patients ranged from 63 

to 76 years old (average 72 years old) and comprised 3 males and 1 female. The age of the 

control donors ranged from 79 to 86 years old (average age of 83 years old), all male.  

Western Blot: Samples were resuspended in RIPA buffer and homongenized on ice. 

Protein concentrations were measured using BCA assay. Samples were then normalized 

for protein concentration by diluting in appropriate amounts of RIPA and Laemmli sample 

buffer.  

q-PCR: Total RNA was isolated using the RNeasy Mini Kit (Qiagen, QGN-

74104) and converted into cDNA using the Verso™ cDNA Kit (Thermo Scientific, 

AB1453B) as per the manufacturer’s instructions. cDNA TaqMan® Universal Master Mix 

II (Applied Biosystems, 4440040) was used to perform quantitative real-time PCR 

amplification. Briefly, reactions were performed in duplicate by mixing 2 × TaqMan® 

Universal Master Mix II, 1μL of cDNA (corresponding to 50 ng RNA/reaction) and 20 × 

TaqMan® Gene Expression Assay, in a final volume of 20 μL. TaqMan® Gene Expression 

assays for the following genes were used for human: Gapdh (Applied Biosystems, 

Hs02786624_g1) and USP24 (Applied Biosystems, Hs00420009_m1). Reactions were 

amplified and quantified by using a QuantStudio 6 Flex (Applied Biosystems). The PCR 

profile consisted of 1 cycle at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles 
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at 95°C for 15 s and 60°C for 1 min. Gene expression was normalized to Gapdh, and the 

relative quantity of mRNA was calculated based on the comparative Ct method. 

 

Statistical analysis 

All results are expressed as mean +/- SEM. Unless otherwise specified, each experiment 

was repeated independently at least 3 times; “n” is the number of experimental replicates. 

Statistical analysis was performed on GraphPad Prism 7 for Windows (GraphPad Software, 

La Jolla, CA). One-way or two-way ANOVA was performed when appropriate followed 

by the suitable post hoc (Tukey’s multiple comparisons test, Dunnett’s multiple 

comparison test, Newman-Keuls multiple comparisons test, or Holm-Sidak’s multiple 

comparisons test). For experiments with only 2 groups, a two-tailed unpaired Student’s t-

test was performed. A p value of ≤ 0.05 was considered significant (Liu et al., 2015; Sarkar 

et al., 2014). Statistical outliers were identified using the quartile method, with values 

above Q3+(Q3-Q1)x3 considered significant (major outliers). Z-scores were calculated 

based on unaffected population mean and SD (Lipinski et al., 2010a). 

 

 

  



78 
 

2.5 Acknowledgements 

 

The original siRNA screen identifying USP24 as a regulator of autophagy was performed 

in the laboratory of Dr. Junying Yuan (Harvard Medical School, Boston, MA). We would 

like to thank Dr. Curt Civin and Dr. Tami Kingsbury (University of Maryland, Baltimore, 

MD) for the K562 cells and for technical advice on use and generation of lentivirus and on 

real-time qPCR and Mr. Niaz Khan for technical help with FACS analysis.  

 

2.6 Funding 

 

This work was supported by the NIH (R03NS087338, R01NS091218, R01NS094527 to 

MML) and the Maryland Stem Cell Research Fund (2014-MSCRFE-0587 to MML, 2016-

MSCRFE-2747 to CS and 2015-MSCRFI-1662 to RAF). 

 

  



79 
 

CHAPTER 3: FUNCTION OF USP24 IN PARKIN-MEDIATED MITOPHAGY 

3.1 Introduction 

 

 In addition to the non-selective autophagy pathway that degrades cytoplasmic 

proteins, aggregates, and organelles, there are several types of selective autophagy. Their 

function is to make certain that potentially cytotoxic damaged proteins and organelles are 

sequestered and degraded (Anding and Baehrecke, 2017).  Autophagy pathways that target 

aggregates, viruses, and endoplasmic reticulum (ER) are termed aggrephagy, xenophagy 

and reticulophagy, respectively (Johansen and Lamark, 2011), while mitochondria-specific 

autophagy, or mitophagy, is responsible for removing damaged mitochondria from cells 

(Kissova et al., 2004; Lemasters, 2005; Novak, 2012; Rodriguez-Enriquez et al., 2006).  

Neurons are highly affected by mitochondrial damage since they have very high 

bioenergetic needs and like all cells depend on mitochondria for their energy production. 

Since neurons do not divide, they also do not have a method to dilute out dysfunctional 

mitochondria. (Currais et al., 2017; Sheng and Cai, 2012). Therefore, the removal of 

damaged mitochondria via mitophagy is essential for neurons to survive and function 

properly (Mandal and Drerup, 2019). 

Several neurodegenerative diseases have been shown to have dysfunctional 

mitochondrial dynamics (including altered fission and fusion) and dysfunctional 

mitochondrial turnover as well as accumulation of  damaged mitochondria (Zhu et al., 

2018). Defects in mitochondria have been specifically associated with PD (Narendra et al., 

2012; Park et al., 2018). Many studies have shown that mitochondrial complex I is 

compromised in the substantia nigra of PD patients, and complex I inhibitors (rotenone, 

MPP+) can cause Parkinson’s disease symptoms in humans as well as in mouse models 
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(Mizuno et al., 1989; Ryan et al., 2015; Schapira et al., 1990). DA neurons within the 

substantia nigra from a subset of PD patient brains were also shown to have a higher level 

of mitochondrial DNA deletions when compared to healthy controls; and accumulation of 

damaged mitochondria in PD patient’s brains has been described (Bender et al., 2006; Jin 

and Youle, 2012; Kraytsberg et al., 2006; Ryan et al., 2015). 

In properly functioning cells, mitophagy removes the damaged mitochondria to 

prevent further disruption to healthy mitochondria, thus preventing further cell damage. 

The association of dysfunctional mitochondria with PD and the accumulation of these 

damaged organelles in PD brains has led to the implication of disrupted mitophagy in PD 

(Gao et al., 2017; Ryan et al., 2015). Supporting a role for mitophagy in PD, mutations or 

polymorphisms in several genes important to the mitophagy pathway, including PINK1 

and PARK2/Parkin, are associated with autosomal recessive PD (Kitada et al., 1998; Tait 

and Green, 2012; Valente et al., 2004). 

As previously discussed in Chapter 1, in healthy mitochondria, PINK1 (a 

mitochondrial serine/threonine kinase) is brought in from the cytosol first through the outer 

mitochondrial membrane and then into the inner mitochondrial membranes where it is cut 

by PARL and a mitochondrial processing peptidase (MPP) (Becker et al., 2012; Jin et al., 

2010; Kato et al., 2013; Meissner et al., 2011; Menzies et al., 2015). The cleaved PINK1 

protein is returned to the cytosol, followed by proteasomal degradation (Greene et al., 

2012; Menzies et al., 2015). Therefore, basal PINK1 levels are low (Jin et al., 2010). 

However, when mitochondria are depolarized, PINK1 is retained on the outer mitochondria 

membrane and is unable to move into the inner mitochondrial membrane (Figure 3.1).   

Under these circumstances, Parkin (an E3 ubiquitin ligase) is  recruited from the cytosol to 



81 
 

the damaged mitochondria, where it is phosphorylated by PINK1 at S65 within its 

ubiquitin-like domain (Kazlauskaite et al., 2014). PINK1 also phosphorylates ubiquitin at 

S65 (Koyano et al., 2014). Parkin undergoes self-ubiquitination at a K63-linked regulatory 

linkage, leading to its stabilization and further activation (Ashrafi and Schwarz, 2013; 

Geisler et al., 2010; Swatek and Komander, 2016); it ubiquitinates several outer 

mitochondrial membrane proteins, which help recruit the mitophagy machinery to degrade 

damaged mitochondria (Chakraborty et al., 2017; Gegg et al., 2010; Geisler et al., 2010). 

However, regulation of Parkin ubiquitination and activity during mitophagy, and how this 

process may be affected in PD, is still not fully understood. 

USP24 is a gene encoding a DUB and is located in the PARK10 locus. While 

PARK10 polymorphisms are associated with late-onset PD, it is not clear how they may 

contribute to PD or interact with other PD genes (Haugarvoll et al., 2009; Oliveira et al., 

2005). As a DUB, USP24 is responsible for removing ubiquitin chains from substrates. 

The data described in Chapter 2 demonstrate that USP24 regulates autophagy via the class 

III PtdIns3K and ULK1 pathways. In this chapter I have investigated the role of USP24 in 

the regulation of mitochondrial turnover by Parkin mediated mitophagy. 
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PINK1 is degraded in healthy mitochondria but is implanted in the outer mitochondria 

membrane when mitochondria are depolarized/damaged. Next, Parkin is recruited to 

ubiquitinate outer membrane substrates, and mitophagy is induced to degrade the damaged 

mitochondria. This figure is adapted from Tait, et al., Journal of cell science 125:807-815, 

2012.  

Figure 3. 1 PINK1/Parkin-mediated mitophagy 
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3.2 Results 

 

3.2.1 USP24 regulates Parkin levels in cell lines and human iPSC-DA neurons 

 

Since USP24 regulates the ubiquitination levels of substrates, I predicted that its 

inactivation would lead to changes in target protein stability. In order to identify novel 

USP24 DUB targets, I experimentally screened candidate proteins known to be involved 

in autophagy and mitophagy for altered stability following USP24 knockdown. Candidate 

proteins that did not result in a change were PINK1 (regulator of mitophagy), AMPK 

(upstream regulator of autophagy), and Beclin-1 (regulator of autophagy and component 

of the class III PtdIns3K complex) (data not shown). However, knockdown of USP24 did 

increase ULK1 and Parkin protein levels. As I described in Chapter 2, ULK1 stability and 

ubiquitination can be altered by USP24. The overall ubiquitination level of ULK1 is altered 

and the rate of ULK1 protein degradation is decreased in the absence of USP24.  

Based on the candidate screen results, I further explored the effect of USP24 on 

Parkin. Knockdown of USP24 with siRNA in H4 cells resulted in a significant increase in 

Parkin protein levels as compared to nt siRNA controls (Figure 3.2A-B). To assess 

whether USP24 regulates Parkin protein levels in PD-relevant cells, I used lentiviral 

shRNA to knockdown USP24 in human iPSC-DA neurons.  I observed an increase in 

Parkin protein when cells were transduced with USP24 shRNA but not with control nt 

shRNA (Figure 3.2C). These data confirm that USP24 can regulate Parkin in cell lines and 

human iPSC neurons. 
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3.2.2 USP24 regulates Parkin protein stability 

 

Then I investigated the mechanism by which USP24 regulates the level of Parkin 

protein. Real time q-PCR data indicated that there was no significant change in PARK2 

mRNA with UPS24 knockdown (Figure 3.2D). Therefore, the observed increase in Parkin 

protein levels is not due to transcriptional upregulation but rather occurs at the level of 

protein expression or stability. 

To determine if the increase in Parkin levels was a result of increased protein 

stability, I used a stability assay based on the inhibition of protein synthesis with 

cycloheximide to measure the degradation rate. I observed a significant decrease in the 

degradation rate of Parkin with USP24 knockdown (Figure 3.2E-G). Since Parkin protein 

levels were significantly stabilized over time, I conclude that USP24 is involved in the 

regulation of Parkin stability. 
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(A) Western blot demonstrating increased Parkin protein levels in H4 cells following USP24 

knockdown. (B) Quantification of Parkin:ATCB from figure (A).   (C) shRNA-mediated 

knockdown of USP24 leads to increased Parkin protein in human iPSC-DA neurons. iPSC-

DA neurons were transduced with indicated lentiviral shRNA following differentiation and 

processed for western blot after additional 7 days in culture.  (D) Real time q-PCR 

quantification of PARK2:GAPDH mRNA expression following USP24 knockdown. (E) 

Protein stability assay illustrating that USP24 knockdown decreases the rate of Parkin 

degradation. Cells were treated with cycloheximide (50g/L) to inhibit protein synthesis. 

(F) Quantification of Parkin:ACTB from figure (E). (G) Quantification of Parkin:ACTB 

from figure (E) at 0 and 4-hour time points.  All data are presented as +/-SEM. **p<0.01, 

***p<0.01. n=4-9 

Figure 3. 2 USP24 affects Parkin protein levels and stability 
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3.2.3 Knockdown of USP24 leads to increase in mitophagy 

To determine if USP24 knockdown influences mitophagy, I determined the number 

of mitochondria that are associated with autophagosomes. I utilized H4 GFP-LC3 cells 

transfected with USP24 or nt control siRNA. My data show an increase in mitochondria-

associated autophagosomes, as assessed by colocalization of GFP-LC3 with 

immunostaining for the mitochondrial marker, TOM20, in the absence of USP24 (Figure 

3.3A-B). These data suggest that knockdown of USP24 leads to an increase in basal levels 

of mitophagy. 

To investigate mitochondrial delivery to lysosomes in the absence and presence of 

USP24 under conditions when mitophagy is induced, a dual mCherry-GFP-OMP25 (outer 

membrane protein 25) reporter was utilized; this reporter is specific to mitochondria (Wang 

et al., 2015). This reporter, developed by Wang et al. at the University of Toronto, works 

similarly to the mCherry-GFP-LC3 reporter that was described in Chapter 2. Briefly, when 

the mitochondria are in the cytosol, red and green fluorescent signals will both be visible. 

When mitophagy is induced, mitochondria are delivered to the lysosomes and there is a pH 

drop in the local environment. Consequently, the pH-sensitive GFP signal is quenched and 

only the mCherry signal perseveres. Preliminary experiments with this reporter were 

completed by a Master’s student in the lab, Josh Ostovitz, working under my supervision. 

These experiments were performed in HeLa cells transfected with exogenous Parkin-

encoding cDNA (HeLa cells have little to no endogenous Parkin). Our data demonstrate 

an increase in the ratio of red to green (mCherry to GFP) area and intensity when cells 

expressing the mCherry-GFP-OMP25 reporter were treated with the uncoupler carbonyl 

cyanide 3-chlorophenylhydrazone (CCCP) to cause mitochondrial depolarization. When 
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USP24 was knocked down we observed further increase in the red/green signal ratio, both 

under basal conditions and when mitophagy was induced using CCCP (Figure 3.3C-E). 

While these data still need to be repeated the preliminary results suggest, that knockdown 

of USP24 can lead to upregulation of Parkin-mediated mitophagy.  
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 (A) Knockdown of USP24 in GFP-LC3 H4 cells leads to increased co-localization of 

autophagosomes (AP, GFP-LC3+) with mitochondria (TOM20+). (B) Quantification of co-

localization from (A). (C) Representative images of HeLa cells transfected with mCherry-GFP-

OMP25 dual reporter with USP24 knockdown, +/- CCCP treatment. pH-neutral mitochondria are 

positive for both GFP and mCherry; acidified mitochondria are positive for mCherry only. Images 

were acquired at 60X (D) Quantification of mCherry:GFP area from figure (C). (E) Quantification 

of mCherry:GFP intensity from figure (C). (1 experiment) (median cell number 21.3/group).  

Figure 3. 3 Knockdown of USP24 leads to increased mitophagy 
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3.2.4 Creation of USP24 knockout stable cell lines 

In order to further study the role of USP24 and mitophagy we developed USP24 

knockout HeLa cell lines. These cells were developed utilizing CRISPR/Cas9. We 

followed the protocol from the Zhang lab in order to make these cells (Ran et al., 2013). 

Briefly, we inserted our oligo guides targeting the coding region of USP24 around the 

specific rs487230 polymorphism that has been associated with PD, into the PX459 vector 

(Addgene, 48139; Feng Zhang Lab). This was followed by bacterial transformation, 

transfection of the plasmid into HeLa cells, and selection with puromycin. Finally, we 

extracted genomic DNA, performed PCR, and treated cells with T7 Endonuclease I to 

confirm mutations. These cells can be used as a tool to study mitophagy in the complete 

absence of USP24 (Figure 3.4). Therefore, eliminating the step where USP24 must be 

knocked down thus, saving time when completing these experiments and allowing for 

observations in null USP24 cells. 

  

(A) T7E1 assay showing creation of indels (red frame) 

in the USP24 gene in HeLa cells. Cells were transfected 

with PX459 construct targeting USP24 and selected with 

puromycin; genomic DNA was extracted from mixed 

clonal cell populations, followed by PCR with primers 

flanking the targeted site and T7E1 treatment. 

Figure 3. 4 Tools for studying USP24 and mitophagy 
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3.3 Discussion 

 USP24 is located on chromosome 1p within the PARK10 PD-associated locus, but 

the exact gene within PARK10 has not been identified, and it is not known how 

polymorphisms in this region may contribute to PD (Haugarvoll et al., 2009; Oliveira et 

al., 2005). Therefore, the role of USP24 in mitophagy or, more specifically, how USP24 

regulates the function of Parkin, are of great interest (Kalia and Lang, 2015). To the best 

of my knowledge, our data are the first to demonstrate a direct connection found between 

PARK10 and a gene already known to be associated with PD.  

I have shown that in the absence of USP24, Parkin protein levels are upregulated 

in H4 cells and iPSC-derived DA neurons. This is not due to transcriptional upregulation 

as there is no significant difference in Parkin mRNA between control and USP24 

knockdown cells. Rather, Parkin protein is stabilized when USP24 is knocked down. This 

is similar to what we described for USP24-mediated regulation of ULK1 (Chapter 2). The 

pattern of ubiquitin-mediated regulation of both Parkin and ULK1 is interesting due to both 

being regulated by the stabilizing and activating K63-linked ubiquitin chains. This may 

suggest that the DUB USP24 can act on K63-linkages in general. This could be explored 

by utilizing mutant ubiquitin plasmids that express only specific ubiquitin tags (available 

from Addgene). Allowing for the observation of if there is an overall difference in the 

amount of a specific ubiquitination in the absence of USP24. I would expect if USP24 can 

specifically act on K63-linked ubiquitin that with the knockdown of USP24 there would 

be an increase in the K63-linked ubiquitination. 

Our preliminary data also indicate that knockdown of USP24 results in an increase 

in both mitochondria-associated autophagosomes and delivery of CCCP-depolarized 
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mitochondria to lysosomes. Therefore, increased mitophagy may occur in the absence of 

USP24, under both basal conditions and in response to mitochondrial damage. Hence, 

USP24 may be a negative regulator of mitophagy via its regulation of Parkin.  

Numerous questions still need to be answered regarding Parkin and mitophagy 

regulation via USP24. It remains to be determined whether USP24 directly interacts with 

Parkin and removes ubiquitin. If so, does USP24 specifically remove the stabilizing K63-

linked ubiquitin chains? A possible approach to begin answering these questions would be 

to do a co-immunoprecipitation with USP24 and Parkin with pull down of Parkin and 

probing for USP24, allowing us to visualize a potential direct interaction between Parkin 

and UPS24. Next to explore if the knockdown of USP24 leads to a change in the overall 

ubiquitination status of Parkin we can do an immunoprecipitation with Parkin with or 

without USP24 knockdown. By probing for ubiquitin, we will be able to determine if 

Parkin ubiquitination is changed in the absence of USP24. A linkage-specific ubiquitin 

antibody could also help determine if USP24 is removing a particular type of ubiquitin 

linkage off Parkin (for example a K63-linkage – available from Millipore Sigma) (Nazio 

et al., 2013). The effect of USP24 knockdown on mitophagy will need to be widely 

confirmed in other cells types (HeLa and H4 cells, as well as in iPSC-DA neurons) while 

utilizing the mCherry-GFP-OMP25 dual reporter. 

While there are still some important gaps to fill in, the connections these data have 

established among Parkin, PD and USP24 are very intriguing. As stated previously, 

mutations in the mitophagy regulator Parkin are linked to PD. The PARK10 gene USP24, 

(which was shown to be increased in a subset of idiopathic PD patients) may regulate 

Parkin activity by disrupting Parkin stability and function. While this idea clearly requires 
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further substantiation, the preliminary data point to a functional interaction between these 

two PD-associated loci and a potential common pathway contributing to perturbation of 

mitophagy in idiopathic and familial PD. 
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3.4 Materials & Methods 

Cell culture and treatments 

Cell lines: The same methods were used to culture H4 cells that were explained previously 

in chapter 2, and HeLa cells were cultured under the same conditions as H4 cells (Lipinski 

et al., 2010a; Lipinski et al., 2010b). The following drug was used: Carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) (Sigma, C2759: 30 M). 

Transfections: The methods detailed in Chapter 2 were used to transfect H4 and HeLa cells, 

with the following modifications for HeLa cells: HeLa cells were first transiently 

transfected with reverse transfection using HiPerfect Transfection Reagent (Qiagen, 

301705) following manufacturer’s instructions, with siRNA at a final concentration of 20 

nM and 3:1 HiPerfect:siRNA vol:vol ratio. This was followed 48 hours later by transfection 

of 0.5g mCherry-GFP-OMP25 plasmid (a gift from Dr. Peter K Kim University of 

Toronto) utilizing Lipofectamine 2000 (Invitrogen, 11668027), according to the 

manufacturer’s instructions, (Wang et al., 2015). 

siRNAs: USP24 #3 (Dharmacon, D-006073-03), USP24 #6 (Dharmacon, D-006073-06), 

USP24 #7 (Dharmacon, D-006073-07). Control siRNA: MISSION siRNA Universal 

Negative Control #2 (Sigma-Aldrich, 45-SIC002). 

 

iPSC dopaminergic precursor culture and treatment 

Cells were cultured, differentiated, transduced, and collected as explained in Chapter 2.  
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Western Blot Analysis  

Western blotting was performed as described previously in Chapter 2 (Liu et al., 2018; 

Sarkar et al., 2014). 

Primary antibodies: LC3 (Novus Biologicals, NB100-220; 1:1000), USP24 (Proteintech, 

13126-1-AP, 1:1000), ACTB/-Actin (Sigma-Aldrich, A1978; 1:10,000), and Parkin 

(Prk8) (Cell Signaling Technology, 4211S; 1:1000) (Santa Cruz Biotechnology, sc-32282; 

1:1000).  

Secondary antibodies: goat anti-rabbit IgG (H+L) (Seracare, 5450-0010; 1:2500) and goat 

anti-mouse IgG (H+L) (Seracare, 5450-0011; 1:2500). 

 

Immunocytochemistry 

Cells were fixed and stained employing the same techniques described in Chapter 2 with 

the following modification. Hoechst was used as the nuclear stain and was added to the 

PFA during fixation.  

Primary antibody: TOM20 (BD Biosciences, 612278; 1:2000)  

Secondary antibody: Alexa Fluor 633 goat anti- mouse IgG (H+L) (Invitrogen, A21052; 

1:500). 

 

Stability assay 

The same methods were used as explained previously in Chapter 2 with no modifications.  
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Real time q-PCR 

Total RNA was extracted using the RNeasy mini kit (Qiagen, 74104), followed by cDNA 

synthesis using the SuperScript III First Strand Synthesis System for RT-PCR (Invitrogen, 

18080-51). The following primers were used: PARK2 (Thermo Fisher Scientific, Assay ID 

Hs01038318_m1) and GAPDH (Thermo Fisher Scientific, Assay ID Hs02786624_g1). 

 

Image acquisition and quantification 

All images were acquired on a fluorescent Nikon Ti-E inverted microscope at 60X (CFI 

Plan APO VC 60X NA 1.4 Oil) or a fluorescent Nikon Ni-E upright microscope at 60X 

(Plan APO 60X NA 1.4 Oil) as z-stacks and focused using the extended depth of focus 

module of the Nikon Elements software. All images within each experiment were acquired 

at the same microscope settings (magnification, exposure time, light source setting, etc.). 

Images were quantified as explained in Chapter 2. Median cell number for 60X images was 

21.25 analyzed cells/group. 

 

Creation of USP24 knockout cells 

USP24 knockout cells were made utilizing the protocol described by the Zhang lab (Ran 

et al., 2013). Briefly, the PX459 vector (Addgene, 48139; Feng Zhang Lab) was cut with 

BbsI (New England Biolabs, R0539S) and the following CRISPR guide oligos were 

phosphorylated and annealed: USP24_CRISPR_rs487230F 

(CACCGGATTACTAGGCAAGTATGCC) and USP24_CRISPR_rs487230R (AAAC 
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GGCATACTTGCCTAGTAATCC). The newly annealed oligos and cut PX459 plasmid 

were ligated using T4 ligase (New England Biolabs, M0202S), followed by bacterial 

transformation using One Shot Stbl3 Chemically Competent E. coli cells (Thermo Fisher 

Scientific, C737303). Plasmids were then transfected into HeLa cells utilizing 

Lipofectamine 2000 (Invitrogen, 11668027), following the manufacturer’s instructions. 

Cells were bulk selected with puromycin and genomic DNA was extracted from mixed cell 

populations with the GenElute Mammalian Genomic DNA Miniprep Kit (Millipore Signa, 

G1N10) using the kit-provided protocol. This was followed by PCR with primers flanking 

the targeted site USP24_rs487230_161717F (GAAAGCACCCGTGGCTATGA) and 

USP24_rs487230_162152R (CATCAGGGAGTGGCCGTTAG). Finally, T7 

Endonuclease I (New England BioLabs, M0302S) was used to confirm mutations. T7 

Endonuclease I cleaves at the site of mutations by recognizing DNA mismatches and 

nicked double-stranded DNA.  

 

Statistical analysis 

All statistical analyses were performed as explained previously, with a p-value ≤ 0.05 

considered as significant (Liu et al., 2015; Sarkar et al., 2014).   
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

The etiology of PD is still not fully known. Many risk factors and genetic mutations 

are known to be associated with the disease, but the underlying mechanisms are not fully 

understood (Ascherio and Schwarzschild, 2016; Gardner et al., 2018; Klein and 

Westenberger, 2012). There is no treatment to cure or halt the progression of PD, only 

medications or procedures that can mask symptoms to a certain degree. Research that 

investigates possible mechanistic pathways of PD is extremely important because we must 

understand the disease fully for future therapeutic development. Dysregulation of the 

autophagy pathway has been linked to PD (Fujikake et al., 2018; Gasser, 2007; Maiti et al., 

2017). Here, I propose a possible portion of the mechanism as to how autophagy and/or 

mitophagy are dysregulated in PD, focusing on a novel player, USP24.  

4.1 USP24 regulates autophagy by influencing ULK1 protein stability 

 I showed that the PARK10 gene USP24 is a negative regulator of autophagy both 

in cell lines and human iPSC-DA neurons. USP24 regulates autophagy either downstream 

or independently of MTORC1 and via the class III PtdIns3K and ULK1 complexes and 

acts to decrease autophagy. More specifically, in the absence of USP24, ULK1 protein 

levels are stabilized and there is an increase in ULK1 ubiquitination. I speculate that as a 

DUB, USP24 acts to destabilize ULK1 by removing the K63 regulatory ubiquitin linkage, 

thereby leading to a decrease in ULK1 activity and suppression of autophagy.  

4.2 USP24 regulates Parkin protein levels and mitophagy 

 I also showed that USP24 knockdown leads to higher protein levels of Parkin by 

increasing Parkin protein stability. Therefore, USP24 could potentially influence 

PINK1/Parkin-mediated mitophagy. Preliminary data have shown that when USP24 is 
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knocked down, there is a basal increase in the number of mitochondria-associated 

autophagosomes. In addition, the mCherry-GFP-OMP25 dual reporter assay was used to 

demonstrate that there is a greater increase in mitophagy in the absence of USP24 relative 

to its presence when mitophagy is induced. While these mitophagy data need to be further 

confirmed in other systems, this connection between Parkin and USP24 is very intriguing, 

especially with respect to a potential involvement in the pathogenesis of PD.  

4.3 USP24 in iPSC-DA neurons and PD 

My data demonstrate that knockdown of USP24 in iPSC leads to an increase in 

neurite length in aged neurons; no effect is seen at the early neurite measurement time 

points. This suggests that USP24 may be important for regulation of neurite length or 

maintenance, rather than their initial formation. Since neurite length is often used as an 

indicator for overall neuronal health, these data also suggest that USP24 may have broader 

influence on neuronal health and function, including in the context of PD.  

My data also show an increase in the USP24 protein and mRNA levels in a small 

subset of idiopathic PD patients. Increased USP24 mRNA levels were also observed in 

data obtained from the GEO database comparing control and idiopathic PD substantia 

nigra (Moran et al., 2006) (Duke et al., 2007) (Lewandowski et al., 2010). These data are 

consistent with the idea that USP24 levels contribute to the etiology of PD. Based on my 

data, I hypothesize that increased USP24 levels could lead to inhibition of autophagy and 

mitophagy in substantia nigra DA neurons, thus contributing to their dysfunction and the 

ultimate development of PD. 
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4.4 Ongoing work on the biochemical and cellular functions of USP24   

 This project still has many unanswered questions that will need to be explored. One 

of the main areas that is still of interest to me is USP24 protein intracellular localization. If 

USP24 deubiquitinates ULK1 and/or Parkin protein directly, then USP24 should be either 

in close proximity to ULK1 and Parkin or can be easily recruited to those proteins and 

therefore available to act as a deubiquitinase. Both ULK1 and Parkin are cytosolic under 

basal conditions therefore I hypothesize that USP24 is also in the cytosol under basal 

conditions and is recruited from the cytosol to act on its substrates. It is also possible that 

when mitophagy is activated, USP24 can be recruited to mitochondria along with Parkin. 

The obstacle to this portion of the project is that USP24-encoding cDNA is very large and 

therefore is not easily cloned. Unfortunately, our attempts to clone USP24 cDNA together 

with a fluorescent tag for visualization purposes have been unsuccessful thus far.  

Another avenue that remains to be explored is to examine the effect of USP24 

overexpression. When USP24 is overexpressed, do we observe the opposite effect on 

autophagy as we do with USP24 knockdown?  I would predict that overexpression of 

USP24 would result in inhibition of autophagy. However, if this is not observed, this could 

indicate that overexpressed USP24 is not as active as the endogenous form; or that USP24 

may not be working alone in the cell. Alternatively, there could be saturating amounts of 

USP24 already present in the cell.   

An additional area to investigate is the effect of USP24 on the K63 specific 

ubiquitination of ULK1. I have shown that USP24 affects general ubiquitination of ULK1 

and that, in the absence of USP24, ULK1 is stabilized.  This leads me to predict that USP24 

could regulate the stabilizing K63 ubiquitin link on ULK1. Immunoprecipitation using a 
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specific K63 ubiquitin antibody will indicate if this is true. Similarly, an 

immunoprecipitation examining the general ubiquitination of Parkin when USP24 is 

knocked down is essential to determine whether USP24 levels have an effect on Parkin 

ubiquitination. If the absence of USP24 shows a substantial difference in Parkin 

ubiquitination, then the specific ubiquitin linkage that is affected can be assessed in 

subsequent studies. Since Parkin self-ubiquitinates with a K63-linked ubiquitin, I 

hypothesize that USP24 regulates Parkin stability and activity by removing that specific 

regulatory ubiquitin chain (Ashrafi and Schwarz, 2013; Geisler et al., 2010; Swatek and 

Komander, 2016). 

 Regarding the effect of USP24 on mitophagy, our preliminary studies utilizing the 

pH-sensitive, mCherry-GFP-OMP25 dual reporter assay suggest that USP24 knock down 

increases mitophagy. However, these studies need to be confirmed and expanded to other 

cell types such as H4 and human iPSC-DA neurons in order to validate the idea that 

mitophagy levels are indeed regulated by USP24.  

It will also be interesting to determine whether the stability of the outer 

mitochondrial membrane proteins that are ubiquitinated by Parkin is affected by cellular 

USP24 levels. A stability assay utilizing cycloheximide (to inhibit protein synthesis) and 

CCCP (to induce mitophagy) could be used to explore possible differences in the stability 

of outer mitochondrial membrane proteins with USP24 knockdown. I predict that in the 

presence of USP24 knockdown therefore, Parkin is activated and stabilized, that there 

would be an increase in the ubiquitination of Parkin targets. 
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4.5 Future directions to elucidate the function of USP24 in PD 

 Up to this point, I have discussed several experiments that could be performed to 

further expand this USP24 project. However, there is another important avenue to be 

explored: the effect of USP24 knockdown on patient-derived DA neurons. My data indicate 

that USP24 regulates autophagy both in cell lines and WT iPSC-derived DA neurons, and 

that it is able to influence neurite length and maintenance. I am interested in determining 

whether knockdown of USP24 might be sufficient to rescue certain neurodegenerative 

phenotypes such as neuronal cell death, neurite length decrease, and dysfunctional 

autophagy- all of which are observed in patient-derived neurons (Sanchez-Danes et al., 

2012). It will also be especially important to examine the effect of USP24 knockdown on 

patient iPSCs with Parkin (PARK2) mutations, as well as patient cells with PINK1 

mutations and idiopathic PD patient cells. 

We have shown that USP24 influences Parkin protein levels and stability in cell 

lines. The PD-associated Parkin mutations have decreased Parkin activity. These cells will 

allow us to explore the possibility that upregulation of even mutant Parkin upon USP24 

knockdown could rescue neurodegenerative phenotypes. If we observe no changes, we 

would assume that normal Parkin is necessary for USP24 to exert any influence on these 

cells. In this case, we would explore the effect of USP24 knockdown on the PINK1 

mutation patient iPSCs. It has been reported that overexpression of Parkin in flies with 

PINK1 mutations can rescue the neurodegenerative phenotype (Clark et al., 2006; Park et 

al., 2006; Pickrell and Youle, 2015). Thus, we would test the idea that USP24 knockdown 

can upregulate Parkin to a level that would rescue the deleterious phenotypes observed in 

PINK1-mutated PD patient iPSCs (Rakovic et al., 2015; Sanchez-Danes et al., 2012). In 
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light of our data showing increased protein and mRNA levels of USP24 in a subset of 

idiopathic PD patients, it would also be of interest to explore the effect of USP24 

knockdown on idiopathic PD patient iPSC. The increase in USP24 levels was observed in 

only a subset of idiopathic patients. Based on our data, I would hypothesize that the 

knockdown of USP24 could potentially rescue the decrease in neurite length, a phenotype 

that is associated with PD patient iPSCs. 

 The etiology of PD is not well understood, and it is necessary to understand the 

mechanism behind a disease to develop safer, more efficient, and targeted drug therapies. 

It is known that PD patients possess cytoplasmic synuclein aggregates in certain neurons 

that are not being degraded; this likely contributes to neurodegeneration (Vives-Bauza and 

Przedborski, 2011). My work is relevant to processes that could interrupt the protein 

degradation pathway in PD. Dysregulation of autophagy and mitophagy and accumulation 

of damaged mitochondria are associated with PD, but the exact mechanism causing these 

dysregulations is not known, particularly in sporadic PD (Maiti et al., 2017). Here I propose 

that USP24 could play a role in the etiology of PD by negatively regulating autophagy and 

mitophagy. I have shown that USP24 acts as a negative regulator of autophagy and may 

negatively regulate mitophagy by decreasing Parkin stability and activity. Since Parkin is 

already linked to PD, Parkin is regulated by ubiquitin, and USP24 is a deubiquitinating 

enzyme this initial characterization of how USP24 affects mitophagy may ultimately 

contribute to discovering the mechanisms of mitophagy impairment in PD. 

 This work provides two potential ways for how USP24 may contribute to the 

development of PD. I have shown that USP24 regulates autophagy via the class III 

PtdIns3K and ULK1 complexes. I have also shown that USP24 may play a role in Parkin-
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mediated mitophagy. These pathways do not have to be mutually exclusive, since ULK1 

can also play a role in Parkin-dependent mitophagy (Egan et al., 2011; Itakura et al., 2012; 

Wu et al., 2014). Therefore, it will be important to examine the influence of USP24 on 

ULK1 when mitophagy is induced.  ULK1 is known to be recruited to damaged 

mitochondria, where it phosphorylates the outer mitochondrial protein FUNDC1 (Itakura 

et al., 2012; Wu et al., 2014). Examining the relationships between the levels of ULK1, 

USP24 and Parkin-mediated mitophagy would constitute yet another avenue to explore 

regarding the role of USP24 in mitophagy. As stated previously, USP24 influences 

stabilization and activity of ULK1 (ULK1 is more stable in the absence of USP24). I would 

predict that USP24 is able to regulate ULK1 in mitophagy similarly to its role in autophagy, 

since it appears that the function of ULK1 in mitophagy requires ULK1 kinase activity 

(Itakura et al., 2012; Wu et al., 2014).  

4.6 Broad impact on science and disease  

Prior to this project, there was minimal published information as to the function of 

the DUB USP24. I have demonstrated that USP24 is a negative regulator of autophagy and 

have described the location of USP24 action within the autophagy pathway. I have also 

shown that USP24 may play a role in mitophagy via its influence on Parkin stability and 

activity. Overall, this project contributes to elucidating the etiology of PD by providing 

information on potential mechanisms of autophagy and mitophagy dysregulation in PD. 

Autophagy and mitophagy are inhibited in PD, and our data indicate that inhibition of 

USP24 can lead to the upregulation of these processes. Due to this link, USP24 could also 

represent a new therapeutic target for PD treatment in the future. 



104 
 

4.7 Final thoughts on project 

 Overall, PD is a devastating disease that has no cure. Current treatments only help 

to mask symptoms for a limited period. Understanding the mechanism of a disease is 

essential to finding a cure. The causes and underlying mechanisms of PD are not fully 

understood, but it is well established that autophagy and mitophagy dysregulation are 

strongly associated with PD. There is also strong evidence that the failure to clear small 

soluble aggregates from the brain contributes to cell death (Singh et al., 2017; Stefanis, 

2012). The present work has characterized the function of USP24 in autophagy and its role 

in the specific clearance of damaged mitochondria by mitophagy. Although additional 

work is needed to support USP24 as a therapeutic target for PD, this work has identified 

novel mechanisms of autophagy and mitophagy dysregulation that may contribute to PD 

in at least a subset of patients.   
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