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Abstract 

Ubiquitin C-terminal hydrolase L1 regulation and dysfunction in neurodegenerative 
disease pathogenesis  

By Jeanne E. McKeon 

Mutations in the gene encoding ubiquitin C-terminal hydrolase L1 (UCH-L1) are 

linked to familial Parkinson disease (PD) and neurodegeneration with optic atrophy in 

humans as well as gracile axonal dystrophy in mice. UCH-L1 is observed in Lewy body 

deposits and soluble UCH-L1 protein is reduced in sporadic PD brain. However, 

mechanisms regulating the UCH-L1 level and the role UCH-L1 loss-of-function plays in 

neurodegenerative disease pathogenesis remain unknown. In my dissertation work, I 

investigated the association between UCH-L1 and parkin, an E3 ubiquitin protein ligase 

commonly mutated in autosomal recessive PD. I found evidence in vitro and in vivo 

showing that parkin regulates the lysosomal degradation of UCH-L1 via 

polyubiquitination. Next, to examine the effect of UCH-L1 loss-of-function on the 

maintenance and structure of peripheral nerves, I assessed axonal distributions in the L4 

dorsal root, L4 ventral root, and sciatic nerve of UCH-L1 deficient mice. I also assessed 

sensory and motor nerve conduction from these animals. My data support an age-

dependent distal-to-proximal mode of primary axonal degeneration in the peripheral 

nervous system of UCH-L1 deficient mice. Together the work described in this 

dissertation reveals a novel mechanism regulating UCH-L1 protein level with relevance 

to PD pathogenesis, and demonstrates, for the first time, functional deficits in peripheral 

nerves corresponding with axonal degeneration and phenotype severity resulting from 

UCH-L1 loss-of-function. 
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Opening Comments 
 

Neurodegenerative disorders, including Parkinson disease (PD), Alzheimer 

disease (AD), amyotrophic lateral sclerosis (ALS), and Charcot-Marie-Tooth (CMT) 

disease affect the central and/or peripheral nervous systems and are broadly 

characterized by progressive region-specific neuronal cell death and degeneration.  The 

biggest risk factor for all neurodegenerative disorders is aging making these diseases a 

rising concern due to increased life expectancies among the general population.  The 

economic and societal impacts of neurodegenerative diseases are substantial, as are 

the physical and emotional toll for both patients and their caregivers (Young, 2009, 

Dorsey et al., 2013).  Current treatments for neurodegenerative diseases are palliative 

but ultimately unable to halt disease. Thus, it is critical to understand underlying disease 

mechanisms in order to facilitate development of targeted and effective therapeutics. 

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is a neuronal deubiquitinating 

enzyme that plays a critical role in the regulation of monomeric ubiquitin levels (Osaka et 

al., 2003).  Autosomal dominant UCH-L1 mutation has been identified in a familial PD 

kindred (Leroy et al., 1998) and more recently, an autosomal recessive loss-of-function 

mutation has been identified as causative of neurodegeneration with optic atrophy 

(NDGOA), a disorder characterized by childhood-onset blindness, muscle spasticity, 

somatosensory ataxia, as well as cortical, cerebellar, and  optic nerve atrophy (Bilguvar 

et al., 2013).  UCH-L1 is found in Lewy bodies (Lowe et al., 1990), the proteinaceous 

inclusions typical of postmortem PD brain, and we have also shown that the level of 

soluble UCH-L1 protein is reduced in PD brain compared to age-matched controls (Choi 

et al., 2004).  Moreover, loss-of-function mutations in UCH-L1 cause gracile axonal 

dystrophy in mice, a progressive neurodegenerative disorder characterized by 
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somatosensory ataxia, hindlimb paralysis, and premature death (Yamazaki et al., 1988, 

Saigoh et al., 1999, Walters et al., 2008, Chen et al., 2010).  Together these studies link 

UCH-L1 abnormalities to PD and peripheral neuropathy disease etiology, but the role 

UCH-L1 dysregulation plays in disease pathogenesis remains unknown.  In addition, 

aberrant upregulation of UCH-L1 has been reported in several cancers (Tezel et al., 

2000, Chen et al., 2002, Mastoraki et al., 2009, Hurst-Kennedy et al., 2012), further 

underscoring the importance in gaining insight into mechanisms regulating UCH-L1 

protein level.  

In the first part of my thesis work, I examined biochemical mechanisms regulating 

UCH-L1 protein level and found that parkin, an E3 ubiquitin protein ligase commonly 

mutated in autosomal recessive PD, mediates ubiquitination and UCH-L1 degradation 

via the autophagy-lysosomal pathway.  My findings described in Chapter 2 are the first 

demonstrating UCH-L1 as a substrate of parkin-mediated ubiquitination and to define a 

novel link between these disease-associated proteins.  For the second part of my 

dissertation research, I examined the effect of UCH-L1 loss-of-function on peripheral 

nerve maintenance and transmission.  In Chapter 3, I describe my findings of axonal 

degeneration in the sciatic nerve of aged symptomatic animals as well as reduced 

sensory nerve and compound muscle action potentials. However, sciatic nerve 

degeneration and electrophysiological alterations were not found in young 

presymptomatic animals, supporting an age-dependent mode of degeneration. I also 

provide evidence to suggest that a population of large caliber axons is reduced in the 

dorsal and ventral roots of aged UCH-L1 null mice which may be indicative of axonal 

atrophy.   However, in symptomatic mice, the nerve conduction velocities in sensory and 

motor nerves, action potential onset latencies, and structural appearance of the nodes of 

Ranvier were not altered. Together, these data demonstrate distal-to-proximal 
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degeneration in the PNS of UCH-L1 deficient mice and support a role for UCH-L1 in 

peripheral axonal maintenance and in the initiation, but not propagation, of action 

potentials in sensory and motor nerves.  In the final chapter of my thesis, I discuss the 

significance and implications of my findings within the broader context of 

neurodegenerative disease and propose future studies toward gaining a better 

understanding of the role UCH-L1 plays in nervous system health and disease. 

 

1.1 The ubiquitin system and regulation of protein turnover 
 

Ubiquitination machinery and ubiquitin signaling 
  

Ubiquitin-dependent signaling is required for myriad cellular functions, and 

disruptions in this system are associated with human disease, including 

neurodegenerative disorders and cancer (Hussain et al., 2009, Kowalski and Juo, 2012, 

Satija et al., 2013, McKinnon and Tabrizi, 2014).  The ubiquitin system is a complex and 

tightly regulated pathway that participates in diverse cellular signaling events through the 

addition or removal of ubiquitin moieties to target proteins.  Protein ubiquitination is a 

post-translational modification that requires the coordinated and sequential action of 

three proteins – E1-activating, E2-conjugating, and E3-ligating enzymes (Fig. 1.1) 

(Pickart and Eddins, 2004, Pickart and Fushman, 2004, van Tijn et al., 2008).  The E1-

activating enzyme catalyzes formation of a thioester bond at the C-terminus of a 

ubiquitin molecule in an ATP-dependent manner.  In the subsequent reactions, the 

activated ubiquitin is transferred from the E1 to an E2-conjugating enzyme which then 

recruits an E3-ligating enzyme for the final conjugation of ubiquitin to the substrate.  The 

E3-ligases are the most diverse and largest class (>500) of the ubiquitination machinery 
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and provide specificity to the ubiquitination cascade through selective interaction with 

substrates (Metzger et al., 2012). 

The ubiquitination reaction proceeds through fusion of the ubiquitin C-terminal 

glycine with a substrate lysine (K) residue via isopeptide bond or nontraditionally at 

internal cysteine residues or the substrate’s N-terminus.  Substrates can be 

monoubiquitinated or further modified by the joining of additional ubiquitin moieties at 

one of ubiquitin’s seven internal lysine residues to form a polyubiquitin chain joined by 

isopeptide bonds (Pickart and Eddins, 2004, Pickart and Fushman, 2004, van Tijn et al., 

2008). The nature of the ubiquitin linkage mediates substrate fate, with many cellular 

processes mediated through linkage-specific ubiquitin signaling (Fig. 1.1).  K48-linked 

polyubiquitin chains with 4 or more ubiquitins serve as the canonical signal for substrate 

degradation by proteasomes, whereas the addition of K63-ubiquitin chains has been 

implicated in several cellular events, including DNA repair, endocytic trafficking, and 

autophagic degradation  (Olzmann et al., 2007, Olzmann and Chin, 2008, Chen and 

Sun, 2009).  K11-polyubiquitination has also been shown to target proteins for 

proteasomal degradation, whereas outcomes governed by other polyubiquitin linked 

chains (K6, K27, K29, K33) are not well understood (Sadowski et al., 2012).  

Monoubiquitination, on the other hand, has been shown to mediate non-proteasomal 

processes including receptor endocytosis, DNA repair, and gene transcription 

(Sigismund et al., 2004, Chen and Sun, 2009). 

 

Deubiquitinating enzymes (DUBs) 
 

Ubiquitin moieties can be removed from target proteins to regulate ubiquitin 

dependent signaling events; the removal of monomeric or polymeric ubiquitin from target 
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proteins can block their degradation or alter protein function or localization. Removal of 

ubiquitin moieties from target proteins is achieved through a class of proteases 

collectively known as deubiquitinating enzymes (DUBs).  DUBs are critical for ubiquitin 

processing, ubiquitin recycling, polyubiquitin chain cleavage, and ubiquitin chain editing 

(Fig.1.2) (Reyes-Turcu et al., 2009, Eletr and Wilkinson, 2014). There are approximately 

90 DUBs encoded by the human genome (Love et al., 2007, Eletr and Wilkinson, 2014).  

Like the E3 ubiquitin ligases, DUB enzymes participate in the regulation of multiple 

cellular pathways, and DUB dysfunction and genetic mutations have been implicated in 

several human cancers (Hussain et al., 2009) as well as in neurological diseases 

including spinocerebellar ataxia and PD  (Singhal et al., 2008, Kowalski and Juo, 2012). 

In mammals, ubiquitin is encoded by four genes as either a linear chain of 

tandem repeats or as a ribosomal fusion protein and processing by DUBs is required to 

generate ubiquitin monomers (Wiborg et al., 1985, Baker and Board, 1987).  DUBs also 

cleave polyubiquitin from protein targets and further process freed ubiquitin chains to 

generate monomeric ubiquitin (Wilkinson et al., 1995, Piotrowski et al., 1997).   

Additionally, DUBs regenerate monomers from C-terminally modified ubiquitin molecules 

which are produced by nucleophilic attack of amides or esters with ubiquitin thiol ester 

intermediates during the ubiquitination cascade (Pickart and Rose, 1985).  

 

DUB Families 
 

There are five families of DUBs which are classified by their ubiquitin protease 

domain homology: the ubiquitin specific proteases (USPs), the ubiquitin C-terminal 

hydrolases (UCHs), the Machado-Josephin domain (MJD) containing family, the ovarian 

tumor suppressor proteases (OTUs), and the JAB1/MPN/Mov34 metalloenzyme domain 
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(JAMM) containing family (Komander et al., 2009, Reyes-Turcu et al., 2009).  The first 

four DUB families are all cysteine/thiol proteases, while the JAMM family members are 

zinc metalloproteases.   

The USPs make up the largest family of DUBs with approximately 50 proteins 

encoded by the human genome.  The USPs can cleave polyubiquitin chains from 

substrate proteins and also process polyubiquitin chains from either end or internally 

along a polyubiquitin chain. Many of these enzymes demonstrate a preference for either 

K48- or K63-linked chains.  The USP catalytic domain ranges in size from 295 – 850 

amino acids, and contains six conserved motifs interspersed with five non-catalytic 

domain insertions that separate the catalytic core domains (Ye et al., 2009).  The overall 

structure resembles a right hand, including the thumb, fingers, and palm (Hu et al., 

2002). The non-catalytic domain insertions include ubiquitin associated domains (UBAs), 

ubiquitin interacting motifs (UIMs), and B-box domains which are thought to serve a 

regulatory function by affecting USP activity or substrate binding and/or cellular 

localization (Ye et al., 2009).  Mutations and aberrant expression levels of USP enzymes 

have been implicated in tumorigenesis (Sacco et al., 2010), and additionally, mutation of 

Usp14 causes ataxia and synaptic deficits in mice (Wilson et al., 2002). 

The human genome encodes four UCH enzymes: UCH-L1, UCH-L3, UCH37, 

and BRCA1-associated protein-1 (BAP1) (Barrett and Rawlings, 2001). The UCH 

enzymes contain a catalytic domain comprised of approximately 230 amino acids which 

facilitates cleavage of C-terminally modified ubiquitin molecules to regenerate the 

ubiquitin monomer (Eletr and Wilkinson, 2014).  The UCH enzymes are unique to other 

DUBs because the active site is occluded by a crossover loop, the length of which 

dictates specificity as substrates must tunnel under the loop for productive catalysis.  
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Active site accessibility of UCH-L1 and UCH-L3, for example, appears to be limited to 

monomeric ubiquitin containing small C-terminal ubiquitin adducts, such as thioesters 

and amides (Boudreaux et al., 2010). UCH-L1 and UCH-L3 are highly homologous, but 

UCH-L1 is primarily expressed in neurons whereas UCH-L3 is ubiquitously expressed 

and can also cleave C-terminally modified molecules of the ubiquitin-like protein Nedd8 

(Larsen et al., 1998, Wada et al., 1998).    Whereas UCH-L1 and UCH-L3 cannot cleave 

diubiquitin or polyubiquitin (Larsen et al., 1998, Boudreaux et al., 2010), the longer 

crossover loops in UCH37 and BAP1 facilitate active site accessibility to larger 

molecules, including di-ubiquitin and polyubiquitin chains (Lam et al., 1997, Zhou et al., 

2012).  As described in the opening comments, UCH-L1 abnormalities have been linked 

to neurological disease and tumorigenesis.  UCH-L3 and UCH37 are also upregulated in 

some human cancers, while BAP1 has been identified as a putative tumor suppressor 

(Fang et al., 2010). 

The human genome encodes four MJD domain proteins which contain a 180 

amino acid catalytic domain: ataxin-3, ataxin-3L, josephin-1, and josephin-2. Josephin-1 

and josephin-2 do not contain additional functional domains, but ataxin-3 and ataxin-3L 

contain ubiquitin interaction motifs (UIMs) and a polyglutamine expansion in the C-

terminus. The MJD enzymes demonstrate a preference for long K63-polyubiquitin 

chains, but they can also cleave K48-polybiquitin chains and peptide adducts of ubiquitin 

(Weeks et al., 2011).  Autosomal dominant mutations in ataxin-3 that result in 

polyglutamine expansion at the C-terminus cause spinocerebellar ataxia (also called 

Machado-Joseph disease), a rare disorder characterized by spasticity, gait impairment, 

muscle atrophy, as well as pain and numbness in the limbs (Paulson et al., 1997, Durr 

and Brice, 2000). 
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The human genome encodes fifteen 180 amino acid containing OTU DUBs 

divided into three classes (OTUs, otubains, and the A20-like OTUs) (Komander et al., 

2009).  These enzymes which process ubiquitinated substrates and polyubiquitin chains 

have been implicated in the regulation of cellular signaling cascades, including NF-ĸB 

signaling, interferon signaling, and DNA repair (Wertz et al., 2004, Kayagaki et al., 2007, 

Nakada et al., 2010). Finally, eight zinc-dependent JAMM metalloproteases are encoded 

by the human genome. JAMMs cleave polyubiquitin from substrates and also 

disassemble chains. (Yao and Cohen, 2002, Komander et al., 2009).  This family 

includes AMSH (associated molecule with SH3 domain of STAM), an important regulator 

of endocytic sorting (McCullough et al., 2004, Sierra et al., 2010). 

 

Role of ubiquitin signaling in the regulation of protein degradation in mammalian 

cells 

 In mammalian cells, protein degradation occurs via two major pathways – the 

ubiquitin proteasome system (UPS) and the autophagy-lysosomal pathways; both of 

these processes are regulated through ubiquitin system signaling. The UPS is primarily 

responsible for the proteasomal degradation of short-lived cysolic and nuclear proteins 

as well as damaged or unfolded/misfolded proteins resident to the cytosol or dislocated 

from the endoplasmic reticulum (Bernasconi and Molinari, 2011, Amm et al., 2014, 

McKinnon and Tabrizi, 2014).  The autophagy-lysosomal degradation systems are 

responsible for the degradation and recycling of long-lived cytosolic proteins, protein 

complexes, protein aggregates, and whole organelles (Cuervo, 2004, Barrachina et al., 

2006, Mizushima et al., 2008, Eskelinen and Saftig, 2009).     
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Accumulation of misfolded and damaged proteins into aggregates is a common 

feature in many neurodegenerative diseases, including PD, AD, and ALS (Douglas and 

Dillin, 2010).  Inclusion bodies in disease tissue and aggresomes in cellular disease 

models typically contain numerous ubiquitinated proteins, and these structures are 

thought to form as protein quality control systems and the UPS become overwhelmed 

(Chin et al., 2010, McKinnon and Tabrizi, 2014). The 26S proteasome consists of the 

20S barrel-shaped catalytic core and two 19S regulatory capping subunits at either end 

of the barrel (Kish-Trier and Hill, 2013).  Ubiquitinated substrates, typically those 

modified with K48-linked polyubiquitin chains, are recognized by ubiquitin binding 

domains within the regulatory caps, followed by deubiquitination and unfolding before 

threading through the catalytic core for degradation (Amm et al., 2014).  Three DUBs are 

associated with the proteasome – the JAMM containing POH1 which couples substrate 

deubiquitination to core entry, and UCH37 and USP14 which process the released 

polyubiquitin chains into monomers (Yao and Cohen, 2002, Komander et al., 2009).  The 

structure of the proteasome places steric limitations on proteasome substrates such that 

protein complexes, protein aggregates, and whole organelles cannot be accommodated 

by the proteolytic core.   

These large cellular structures as well as long-lived cytosolic proteins are 

degraded by the autophagy-lysosomal degradation system, which is subdivided into 

three distinct pathways: microautophagy, chaperone mediated autophagy (CMA), and 

macroautophagy (Cuervo, 2004, Barrachina et al., 2006, Mizushima et al., 2008, 

Eskelinen and Saftig, 2009).    These pathways are critical to the regulation of various 

cellular processes, including survival and energy production under short-term starvation, 

innate and adaptive immunity, programed cell death, and protection from intracellular 

pathogens (Eskelinen and Saftig, 2009, Boya et al., 2013).  Autophagy-lysosome system 
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dysfunction has been reported in multiple cancers, neurodegenerative diseases, and 

lysosomal storage disorders (Eskelinen and Saftig, 2009).    

Microautophagy, which has predominantly been studied in yeast, is a 

nonselective lysosomal degradation system that involves the direct engulfment of 

cytoplasmic contents by the lysosomal membrane for their subsequent degradation 

(Mijaljica et al., 2011, Li et al., 2012). Chaperone mediated autophagy (CMA) is a 

selective autophagy pathway responsible for the degradation of soluble proteins 

containing a lysosomal targeting motif (KFERQ or other biochemically related 

pentapeptide).  Substrates are recognized by the chaperone molecule Hsc70 (heat 

shock cognate protein of 70 kDa) and then transferred to the lysosomal membrane as a 

complex where the lysosomal receptor LAMP-2A facilitates translocation of the target 

protein into the lumen for degradation (Cuervo, 2004, Kiffin et al., 2004, Kaushik and 

Cuervo, 2006).  The PD-associated proteins α-synuclein and LRRK2 (leucine rich repeat 

kinase 2) are degraded by CMA. α-Synuclein mutations and gene multiplication are 

associated with familial PD (Polymeropoulos et al., 1997, Kruger et al., 1998, Singleton 

et al., 2003, Chartier-Harlin et al., 2004), and aggregated α–synuclein is the major 

component of Lewy bodies observed in PD patient brain (Spillantini et al., 1997, Baba et 

al., 1998). Reduced CMA activity and blockade of CMA through aberrantly tight binding 

of mutant α-synuclein and LRRK2 with LAMP-2A have been implicated in disease 

pathogenesis (Cuervo et al., 2004, Orenstein et al., 2013, Cuervo and Wong, 2014). 

Additionally, the PD-linked mutant UCH-L1 protein also interacts strongly with CMA 

machinery and has been shown to inhibit α-synuclein degradation (Kabuta et al., 2008a, 

Kabuta and Wada, 2008), although UCH-L1 has not itself been identified as a CMA 

substrate. 
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Macroautophagy is an evolutionarily conserved bulk recycling and degradation 

pathway that involves the engulfment of cytoplasmic content or whole organelles into 

autophagosome vesicles which are then targeted to the lysosome for degradation of 

their contents (Eskelinen and Saftig, 2009, Boya et al., 2013).  Cargo-selective forms of 

autophagy including mitophagy (mitochondrial autophagy) and aggrephagy (aggresome 

autophagy) have recently been described, challenging the traditional view of 

macroautophagy as a nonselective process.  Macroautophagy is initiated by formation of 

a double layer isolation membrane (phagophore) around cargo intended for degradation.  

The isolation membrane then elongates around the cargo until the inner and outer 

bilayers fuse to form the autophagosome vesicle.  The autophagosome then fuses 

directly with a lysosome to form the autolysosome where cargo degradation occurs, 

although sometimes autophagosomes fuse with late endosomes prior to autolysosome 

formation (Ravikumar et al., 2010, Nixon, 2013).  Macroautophagy is regulated by the 

mammalian target of rapamycin (mTOR) and Class III phosphatidylinositol-3-OH kinase 

(PI(3)K) signaling pathways (Tanida et al., 2004, Kim et al., 2011, Nixon, 2013). 

Regulation of cargo selection and targeting to the macroautophagy pathway is 

not well understood, but recent evidence has a revealed a critical role for dual ubiquitin-

binding and  microtubule-associated protein 1 light chain 3 (LC3) interacting adaptor 

proteins, such as p62/SQSTM1 and NBR1 (neighbor of BRCA 1) which are thought to 

serve as autophagy receptors (Pankiv et al., 2007, Kirkin et al., 2009a, Lamark et al., 

2009).  These proteins contain a ubiquitin associated (UBA) domain and LC3-interacting 

region (LIR) which mediates simultaneous binding of ubiquitinated cargoes (typically 

K63-linked) and LC3 on autophagosomes, facilitating targeting of the cargo to the 

autolysosome where the cargo and adaptor proteins are both degraded.    
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1.2 Disrupted ubiquitin signaling in neurological diseases 
 

Disruption of ubiquitin signaling and subsequent altered protein quality control 

and degradation is implicated in the pathogenesis of many human diseases, including 

cancer and neurodegenerative disease (Hussain et al., 2009, Kowalski and Juo, 2012, 

Satija et al., 2013, McKinnon and Tabrizi, 2014).  With particular relevance to my thesis 

work, ubiquitin system dysfunction has been implicated in Parkinson disease and 

sensory and motor neuropathies and ataxia, as discussed below. 

 

Parkinson disease 
 

Parkinson disease (PD) is the most common neurodegenerative movement 

disorder (Savitt et al., 2006, Dorsey et al., 2007), affecting 1-3% of the population over 

age 65.  Clinically, PD is characterized by motor deficits including bradykinesia, resting 

tremor, and postural instability (Fahn, 2003, Hamani and Lozano, 2003).  Non-motor 

deficits are also commonly seen in PD patients, and include gastrointenstinal discomfort 

and dysfunction, cognitive decline, depression, and sleep disruption (Bernal-Pacheco et 

al., 2012).  Pathologically, PD is characterized by the presence of Lewy bodies and the 

progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc).  

Lewy bodies are thought to develop from disruptions in protein quality control and 

degradation pathways (Fahn, 2003) including dysfunction in ubiquitin signaling in both 

UPS and autophagy pathways (Matsuda and Tanaka, 2010). Lewy body deposits have 

also been observed in non-nigral brain regions, including the locus coeruleus and 

cerebral cortex which may underlie many of the non-motor features of the disease 

(Wolters, 2009).   
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PD is widely recognized as a multifaceted and multisystem disorder with both 

genetic and environmental components that interact to trigger disease onset and 

influence progression.  Mutations in several genes (summarized in Table 1) have been 

linked to familial PD and account for approximately 5-10% of PD cases (Farrer, 2006, 

Sun et al., 2007, Lesage and Brice, 2009, Shulman et al., 2011).  Importantly, genetic 

studies have identified mutations in proteins involved in the ubiquitin signaling pathway, 

namely UCH-L1 (Leroy et al., 1998) and parkin (Kitada et al., 1998), in familial PD 

patients suggesting that disruption of ubiquitin signaling contributes to PD pathogenesis. 

My thesis work demonstrates that parkin-mediated ubiquitination regulates UCH-L1 

degradation and that disruption of this process may contribute to PD pathogenesis.   

However, the majority (90-95%) of PD cases are of unknown etiology, although 

increasing age has been identified as the most prominent disease risk factor.  Several 

epidemiological studies have also identified oxidative stress and environmental toxicant 

exposure, in particular exposure to pesticides and heavy metals which increase levels of 

reactive oxygen species (ROS), as major disease risk factors (Semchuk et al., 1991, 

1992, Le Couteur et al., 1999, Priyadarshi et al., 2000, Kanthasamy et al., 2005, Hatcher 

et al., 2008). Oxidative stress is elevated in post mortem PD patient brain and PD-linked 

proteins including UCH-L1 and DJ-1 are oxidatively modified by ROS (Butterfield, 2004, 

Choi et al., 2004, Choi et al., 2005, Choi et al., 2006) which may pathologically alter their 

structure or function and contribute to disease.  

The standard treatment strategies for PD target the dopaminergic system of the 

basal ganglia and can reduce some symptoms, but cannot halt disease progression.  

Typically, PD patients are treated with the dopamine precursor levodopa (L-Dopa) to 

increase dopamine levels within the nigrostriatial circuitry.  However, L-Dopa treatment 

loses efficacy over time and is associated with unwanted side effects including motor 
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fluctuations and dyskinesias (Lewitt, 2008, Hickey and Stacy, 2011).  Advanced stage 

patients with reduced response to pharmacotherapy concomitant with disabling motor 

fluctuations and/or dyskinesias are candidates for deep brain stimulation (DBS) surgery.  

This procedure involves placement of a stimulating electrode in the internal segment of 

the globus pallidus or the subthalamic nucleus to modulate activity within the basal 

ganglia thalamocortical circuitry and can improve some motor symptoms (Okun, 2012, 

Miocinovic et al., 2013).  Elucidating mechanisms underlying PD pathogenesis will 

facilitate the development of more effective pharmacotherapeutics and provide additional 

treatment options prior to invasive DBS brain surgery. 

 

Peripheral sensory and motor neuropathies 
  

Peripheral neuropathy is a general term that refers to a family of acquired and 

hereditary disorders that affect peripheral nerves and cause disabling sensory and motor 

impairment. The overall prevalence of peripheral neuropathy among the general 

population is around 2.4% and increases to almost 8% for individuals over age 55 

(Martyn and Hughes, 1997).  Neuropathy patients typically exhibit with a common family 

of symptoms which worsen over time, and include reduced sensation, tingling, 

numbness, and pain in distal extremeties, as well as muscle weakness, atrophy, and 

impaired gait. In some patients, autonomic functions are also effected causing bowel 

and bladder dysfunction (Azhary et al., 2010). Underscoring the importance of gaining  a 

better understanding of underlying disease mechanisms, there are no current treatments 

that restore or prevent further nerve damage. Patient care is geared toward easing 

symptoms and improving quality of life through pain medication, use of orthotics, and 

physical and occupational therapy (England and Asbury, 2004, Azhary et al., 2010). 
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Peripheral neuropathies are clinically classified in several general ways: by type 

(acquired, hereditary); number of nerves affected (one or more); and modality affected 

(sensory, motor, autonomic).  The most common cause of acquired peripheral 

neuropathy is diabetes mellitus, with other cases resulting from a variety of factors 

including kidney disease, renal failure, autoimmune disorders, vitamin deficiencies, 

physical trauma such as nerve compression, and exposure to various drugs and toxins 

including chemotherapeutics (England and Asbury, 2004, Azhary et al., 2010).  

Hereditary sensory and motor neuropathies, collectively referred to as Charcot-Marie-

Tooth (CMT) disease, encompass a family of peripheral neuropathies caused by 

mutations in over 40 Schwann cell specific and/or neuronal genes.  Autosomal 

dominant, autosomal recessive, and X-linked modes of inheritance have been reported 

(Jani-Acsadi et al., 2008, Patzko and Shy, 2011).  Clinically and pathologically, most 

CMT cases are subdivided into those that result from demyelination (CMT1) and cases 

resulting from axonal degeneration (CMT2).  Nerve conduction velocity (NCV) analyses 

are commonly used to differentiate demyelinating and axonal forms of CMT, as CMT1 

patients typically have characteristically slowed NCV (<38 m/s) whereas CMT2 patients 

have NCV above this cutoff but demonstrate significantly reduced action potential 

amplitudes (Jani-Acsadi et al., 2008, Patzko and Shy, 2011). Ataxia refers to the loss of 

balanced and coordinated movement and is commonly observed in peripheral 

neuropathy patients.   Ataxic individuals have difficulty with tasks requiring fine motor 

control, as well as impairments in standing, walking, and making saccadic eye 

movements.  Typically, ataxia is caused by cerebellar degeneration and atrophy or 

proprioceptor degeneration in the limbs (Barsottini et al., 2014).   

There is evidence of ubiquitin system dysfunction in peripheral neuropathy and 

ataxia pathogenesis.  Ubiquitin positive inclusions have been observed in patient 
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cerebellum and nerves and in rodent models of neuropathy  (Fortun et al., 2005, Dueñas 

et al., 2006, Iwahashi et al., 2006, Seidel et al., 2010, Seidel et al., 2012, Vital et al., 

2014), indicating the likely disruption of ubiquitin-dependent protein degradation 

mechanisms in disease.  Genetic mutation in the ubiquitin protein ligase LRSAM1 

(leucine rich repeat and sterile alpha motif 1) has been implicated in autosomal 

recessive CMT2 (Guernsey et al., 2010).  Additionally, mutation in the E3 ligase TRIM2 

(tripartite motif containing 2) gene has been identified in a patient with early-onset 

axonopathy (Ylikallio et al., 2013), and mice deficient in TRIM2 expression demonstrate 

progressive neurodegeneration and early-onset ataxia (Balastik et al., 2008).  Autosomal 

dominant mutation in the putative E3 ligase RNF170 has been implicated in hereditary 

sensory ataxia (Valdmanis et al., 2011).   As previously mentioned, spinocerebellar 

ataxia results from autosomal dominant mutations in the DUB enzyme ataxin-3 (Paulson 

et al., 1997, Durr and Brice, 2000), and spontaneous mutation in Usp14 causes ataxia 

and synaptic deficits in mice (Wilson et al., 2002).  In mice and humans, UCH-L1 loss-of-

function mutations cause a neurodegenerative phenotype with symptoms consistent with 

neuropathy and sensorimotor ataxia (Yamazaki et al., 1988, Saigoh et al., 1999, Walters 

et al., 2008, Chen et al., 2010, Bilguvar et al., 2013).  

 

1.3 Role of UCH-L1 in neurodegenerative disease pathogenesis 

 
 
UCH-L1 abnormalities are associated with neurodegenerative disease in humans 
 
 

UCH-L1 is a DUB predominantly expressed in neurons that accounts for 1-2% of 

soluble brain protein (Wilkinson et al., 1989).  UCH-L1 cleaves small C-terminal thioester 

and amide  adducts of ubiquitin to regenerate the ubiquitin monomer (Larsen et al., 
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1998, Case and Stein, 2006, Boudreaux et al., 2010), and plays an important role in 

regulating monomeric ubiquitin pool homeostasis (Osaka et al., 2003, Kyratzi et al., 

2008).  Mice deficient in UCH-L1 expression have a significantly reduced monomeric 

ubiquitin level in brain (Osaka et al., 2003, Walters et al., 2008) and sciatic nerve (Osaka 

et al., 2003). UCH-L1 also has a reported dimerization-dependent E3 ubiquitin ligase 

activity in vitro (Liu et al., 2002) but the physiological relevance of this activity is 

presently unclear.   

Recently, a novel homozygous loss-of-function mutation in UCH-L1 was 

identified in three children from a consanguineous first cousin pairing demonstrating 

progressive neurodegeneration as well as motor and somatosensory abnormalities 

(Bilguvar et al., 2013).  The pathogenic E7A mutation is located within the ubiquitin 

binding surface of UCH-L1 and significantly reduces the UCH-L1 hydrolase activity by 

approximately 90% (Bilguvar et al., 2013).  The disorder has since been classified in the 

Online Mendelian Inheritance in Man (OMIM) database as neurodegeneration with optic 

atrophy, childhood onset (NDGOA) (http://www.omim.org/entry/615491).  The patients’ 

clinical features included childhood onset blindness, nystagmus, ataxia, head tremor, 

and muscle spasticity.  Subsequent analyses via magnetic resonance imaging (MRI) 

revealed atrophy of the optic nerve and optic chiasm as well as diffuse cortical and 

cerebellar atrophy (Bilguvar et al., 2013).  Electrophysiological recordings revealed 

reduced flash visual-evoked potentials and reduced somatosensory-evoked potentials 

upon peripheral nerve stimulation.  Nerve conduction velocities were within the normal 

range, but myokymia, or spontaneous contractions, was detected in multiple muscles 

during EMG analysis.  These findings indicate upper motor neuron dysfunction as well 

as signal transduction deficits between proprioceptors in the periphery and the 

somatosensory cortex, which is indicative of dysfunction in the dorsal column medial 
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lemniscus (DCML) pathway. The DCML is a major afferent pathway that carries 

somatosensory information from the lower extremities to the somatosensory cortex via 

the spinal cord.  In particular, the DCML pathway primarily carries signals for 

mechanosensation, proprioception, texture, fine touch, and two-point discrimination 

(Gilman, 2002).  

UCH-L1 abnormalities have also been reported in other neurodegenerative 

diseases.  For example, downregulation of UCH-L1 mRNA has been reported in the 

sciatic nerve from the pmp22 overexpressing CMT1a mouse model (Vigo et al., 2005) 

and in human sporadic ALS motor cortex (Lederer et al., 2007).  UCH-L1 was first 

implicated in familial PD after identification of the I93M mutation in a family with 

autosomal dominant PD (Leroy et al., 1998).  The I93M mutant UCH-L1 has ~50% 

reduced deubiquitinating activity (Leroy et al., 1998, Nishikawa et al., 2003) as well as 

decreased solubility (Setsuie et al., 2007).   Moreover, in a transgenic mouse model, 

overexpression of human I93M mutant UCH-L1 results in dopaminergic cell loss in the 

substantia nigra, reduced striatal dopamine, and increased susceptibility to the 

dopaminergic toxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) (Setsuie et al., 

2007). A potentially neuroprotective S18Y polymorphism of UCH-L1 has been 

associated with decreased sporadic PD risk in certain cohorts (Satoh and Kuroda, 2001, 

Elbaz et al., 2003, Maraganore et al., 2004, Carmine Belin et al., 2007), but this link has 

not been found in all studied populations (Healy et al., 2006, Hutter et al., 2008, Zhang 

et al., 2008), leaving the protective designation of the S18Y variant controversial.  The 

S18Y form of UCH-L1 may have unique antioxidant properties, as its overexpression 

has been shown to protect cultured neurons from oxidative insults (Kyratzi et al., 2008, 

Xilouri et al., 2012). 
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Postmortem soluble UCH-L1 protein levels are reduced in cortex from sporadic 

PD and AD patients (Choi et al., 2004) as well as in cortex from patients with dementia 

with Lewy bodies (Barrachina et al., 2006) compared to age-matched controls.  The 

soluble UCH-L1 level is also reduced in medulla oblongata and substantia nigra tissues 

derived from PD patients, although this study did not find reduced UCH-L1 expression in 

cortex (Barrachina et al., 2006).  UCH-L1 has also been identified as a component of 

Lewy bodies (Lowe et al., 1990) and neurofibrillary tangles (Lowe et al., 1990, Choi et 

al., 2004), a neuropathological hallmark of AD.  Thus, UCH-L1 degradation may be 

disrupted in these diseases and contribute to pathogenesis.  Additionally, our lab has 

previously reported that in postmortem PD and AD cortical tissues, the UCH-L1 protein 

is altered by oxidative modifications, namely extensive carbonylation and methionine 

and cysteine oxidation (Choi et al., 2004).  Oxidative carbonyl modification of UCH-L1 

has also been observed in spinal cord from the SOD1-G93A mouse model of ALS (Poon 

et al., 2005).   Carbonylation decreases UCH-L1 solubility and increases its association 

with binding partners in a manner similar to the I93M disease mutant protein (Kabuta et 

al., 2008b).  For example, both I93M mutant and carbonyl-modified wild type UCH-L1 

demonstrate a reduced association with monomeric ubiquitin and an enhanced 

interaction with α- and β-tubulins, with evidence that the enhanced tubulin interactions 

may alter microtubule dynamics (Kabuta et al., 2008b).  UCH-L1 also interacts with the 

CMA components LAMP-2A, Hsc70, and Hsp90 (Kabuta et al., 2008a, Kabuta and 

Wada, 2008) and these interactions are enhanced by I93M mutation of UCH-L1 (Kabuta 

et al., 2008a) as well as by alkenal-induced carbonylation (Kabuta and Wada, 2008).  

Oxidative modification can also alter the deubiquitinating activity of UCH-L1.  Reduced 

hydrolase activity was reported following incubation of recombinant UCH-L1 with 4-HNE 

(4-hydroxynonenal), a lipid peroxidation byproduct (Nishikawa et al., 2003).  Partial 
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recovery of activity was achieved with addition of the reducing agent, N-acetylcysteine 

(Nishikawa et al., 2003) suggesting that UCH-L1 activity is subject to redox control.  

Thus, oxidized and I93M disease-linked mutant UCH-L1 proteins may contribute to PD 

pathogenesis through both reduced catalytic activity (loss of function) and aberrant 

protein interaction dynamics (toxic gain of function). 

 

Neurodegeneration observed in UCH-L1 null mice  
 

In 1988, Yamazaki and colleagues described a spontaneously occurring 

homozygous mutant mouse displaying progressive neurodegeneration, hindlimb muscle 

wasting, and sensory and motor ataxia (Yamazaki et al., 1988).   Histopathological 

analyses revealed abnormalities in the DCML pathway, particularly dystrophic axons in 

the gracile nucleus of the medulla and nerve fiber degeneration along the gracile 

fasicules of the spinal cord (Yamazaki et al., 1988) which contains the nerve fibers 

connecting dorsal root ganglia (DRGs) and the gracile nucleus.  Accordingly, this mouse 

model was dubbed the gracile axonal dystrophy (gad) mutant. Several years after the 

first report, the gad mutation was mapped to the UCH-L1 gene and found to encode a 

truncated, nonfunctional enzyme due to in-frame deletion of exons 7 and 8 (Saigoh et 

al., 1999).   

Since the gad mutant was originally described, a second spontaneous UCH-L1 

mutant mouse, the nm3419 mouse, arose in a separate colony.  The nm3419 allele 

contains a partial deletion of exon 6 and encodes a truncated form of UCH-L1 that lacks 

catalytic activity (Walters et al., 2008).  The nm3419 mutant mice display a similar 

neurological and biochemical phenotype as gad mutants, including motor impairment, 

reduced life span, and reduced monomeric ubiquitin level (Walters et al., 2008).  Mice 
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containing targeted deletion of the UCH-L1 gene are now commercially available and 

have similar phenotypic profiles as the gad and nm3419 spontaneous mutants.  

Hereafter, the above mouse models will be referred to generically as UCH-L1 null. 

Signs of neurological dysfunction in UCH-L1 null mice first present around day 30 

in the form of abnormal hindlimb clasping when animals are suspended by the tail 

(Yamazaki et al., 1988). The mice progressively develop sensorimotor ataxia, footdrop, 

hunched posture, and reduced grooming behavior. Although weighing less on average, 

UCH-L1 null mice gain weight at a similar rate as controls until day 40 when weight gain 

begins to plateau (Oda et al., 1992).   Muscle weakness, atrophy, and paralysis progress 

rapidly over time, with mice eventually losing functionality of the hindlimbs in advanced 

stages of disease (Yamazaki et al., 1988, Oda et al., 1992).     Survival rates drop 

dramatically beyond 5-6 months of age (Yamazaki et al., 1988, Chen et al., 2010) and 

null mice that live beyond this period (requiring nutritional enrichment) eventually also 

develop forelimb paralysis (Chen et al., 2010). 

 Within the gracile tract, nerve fiber degeneration and reduced nerve bundle 

number are evident by 80 days of age (Yamazaki et al., 1988, Mukoyama et al., 1989).  

In the gracile nucleus, dystrophic axons, spheroids (focally swollen axons), and 

astrocytic proliferation are also present after day 80 and increase in severity with age.  

Axonal spheroids are detected first in the gracile nucleus and rostral gracile fasiculi and 

then increase in number along the gracile tract in a retrograde manner corresponding 

with disease progression, indicating distal-to-proximal degeneration from synaptic 

terminals in gracile nucleus toward their DRG cell bodies.  Spheroid bodies are also 

present in spinal cord grey and white matter, and in the peduncles and vermis of 

cerebellum, indicative of spinocerebellar tract degeneration (Kikuchi et al., 1990).  The 
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spinocerebellar tract is an afferent pathway that relays proprioceptive information from 

the limbs to the cerebellum (Bosco and Poppele, 2001).  Electron microcopy analyses 

have shown that dystrophic axons in the CNS are characterized by an abnormal 

accumulation of neurofilaments, mitochondria, dense bodies, and tubulovesicular 

structures (Mukoyama et al., 1989).  Additionally, immunohistochemical studies 

indicated an increased immunoreactivity for GFAP (glial fibrillary acidic protein), 

substance P (Yamazaki et al., 1993), ubiquitin-positive puncta (Wu et al., 1995), amyloid 

precursor protein and β-amyloid (Ichihara et al., 1995), as  well as  β- and γ-synucleins 

(Wang et al., 2004) along the gracile tract.  Such aberrant accumulation of organelles 

and proteins in degenerating axons suggests that protein degradation and/or axonal 

transport may be impaired in these animals.  In support of the latter, experiments from 

cultured neurons revealed that pharmacological inhibition of UCH-L1 activity impaired 

retrograde trafficking of BDNF signaling endosomes (Poon et al 2013), providing 

evidence that UCH-L1 loss of function can disrupt cargo transport along axons which 

may contribute to disease pathogenesis. 

Synaptic terminal degeneration is also evident in the PNS of UCH-L1 null 

animals at muscle spindles and neuromuscular junctions (NMJs) of sensory and motor 

nerves, respectively. In extensor digitorum longus (EDL) muscles of 20 day old UCH-L1 

mice (before onset of symptoms), degeneration is apparent at muscle spindles, the 

sensory receptor terminals of Ia afferent fibers that signal changes in muscle length. 

Although some axons appear to regenerate from new nerve fibers until day 60, these too 

eventually degenerate leaving the majority of muscle spindles in EDL denervated by day 

100 (Oda et al., 1992).  This sensory terminal loss precedes motor terminal loss, as 

significant motor endplate degeneration is not observed until day 60.  In anterior gracillis 

(AG) muscle, terminal degeneration of NMJs occurs first at the distally innervated portion 
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of AG, which is followed by progressive degeneration in the proximally innervated zone 

beginning around day 80 (Miura et al., 1993).  Additionally, within the nerve zone 

between AG distal and proximal endplates, the quantity of myelinated axons decreased 

over time, with large diameter axons degenerating first (Miura et al., 1993).  Age-

dependent motor endplate denervation has also been reported in triangularis sterni (TS) 

muscles, with evidence of degeneration beginning at day 60 (Chen et al., 2010). The 

DRG cell bodies have not yet been examined in situ in this animal model.  However, 

dissociated DRG cultures derived from adult UCH-L1 null mice are more susceptible to 

lipid peroxidation-induced cell death, indicating an increased vulnerability of this 

neuronal population (Nagamine et al., 2010). 

Synaptic terminal degeneration occurs largely before involvement of other axonal 

structures and occurs first at distal sites, supporting a “dying back” or distal-to-proximal 

mode of axonal degeneration in UCH-L1 null animals. Although axonal degeneration in 

the gracile tract of the CNS has been described in UCH-L1 null mice, the effect of UCH-

L1 loss-of-function in peripheral nerves has not been well characterized, as only terminal 

loss and peroneal nerve degeneration have been reported in aged UCH-L1 mice (Chen 

et al., 2010).  My studies examined pathological alterations in dorsal roots, ventral roots, 

and sciatic nerves of UCH-L1 deficient mice, and support a distal-to-proximal mode of 

axonal degeneration in the PNS, implicating a role for UCH-L1 in general axon 

maintenance. 

 

Potential role of UCH-L1 in synaptic function 
 

Recent studies have demonstrated electrophysiological and synaptic 

abnormalities in the CNS and PNS of UCH-L1 null mice, suggesting that UCH-L1 may 
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play a key role in normal neurotransmission and synaptic plasticity.  The UCH-L1 protein 

localizes to synapses at both pre- and postsynaptic sites, suggesting possible global yet 

distinct roles for UCH-L1 at the synapse (Cartier et al., 2009, Chen et al., 2010).  

Additionally, pharmacological inhibition of UCH-L1 activity leads to increased size but 

decreased density of some dendritic spine populations both pre- and post-synaptically, 

suggesting UCH-L1 may regulate synaptic structure or maintenance which is consistent 

with the synaptic terminal degeneration observed in UCH-L1 null mice as described 

above. 

UCH-L1 activity has also been identified as a regulator of hippocampal long-term 

potentiation (LTP), a cellular correlate of learning and memory.  UCH-L1 null mice have 

deficits in learning behavior as well as in theta burst stimulated LTP (Sakurai et al., 

2008), although in a separate study LTP deficits were not observed in hippocampi from 

UCH-L1 null mice (Walters et al., 2008).  In further support of a role for UCH-L1 in 

synaptic transmission, hippocampal slices treated with the UCH-L1 inhibitor LDN-57444 

demonstrated reduced LTP following tetanic stimulation.  Moreover, basal synaptic 

activity was reduced following LDN-57444 treatment, indicating a role for UCH-L1 in 

normal synaptic function (Gong et al., 2006).  Exogenous UCH-L1 expression also 

rescued deficits in hippocampal LTP in the amyloid precursor protein/presenilin-1 

(APP/PS1) mouse model of AD and in hippocampal slices treated with β-amyloid (Gong 

et al., 2006). 

UCH-L1 also plays a critical role in NMJ transmission within the peripheral 

nervous system, but the mechanism remains unclear. In addition to the NMJ 

degeneration reported in UCH-L1 null mice (Miura et al., 1993, Chen et al., 2010), age-

dependent decreases in spontaneous and evoked synaptic activity at the NMJ have 
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been reported (Chen et al., 2010).  In ex vivo muscle tissues, miniature endplate 

potential (mEPP) frequencies were significantly reduced in UCH-L1 null mice, but mEPP 

amplitudes were not affected.  However, summated EPP amplitudes were reduced in 

tissue from diseased mice, together suggesting fewer acetylcholine release events at the 

NMJ (reduced quantal content) rather than alterations in quantal size, or the amount of 

neurotransmitter released per synaptic vesicle (Chen et al., 2010).  Presynaptic 

denervation and reduced synaptic vesicle density were also observed at the NMJ of 

UCH-L1 null mice via EM, providing further supporting evidence of reduced acetycholine 

release.  Together these data suggest UCH-L1 may be involved in the trafficking of 

synaptic vesicles to the terminal or actively participates in neurotransmitter release 

(Chen et al., 2010).  However, it is unknown whether motor endplate deficits are due to 

disrupted signaling at the NMJ or if they occur as a consequence of motor axon 

degeneration or some combination of these factors.  The structural integrity of the 

peripheral axons associated with these motor terminals remains undefined and it is also 

unknown whether EPP deficits measured in isolated muscle preparations correspond 

with alterations in the in vivo compound muscle action potential.  Sensory nerve 

transmission has not previously been reported in this model. 

 

1.5 Role of parkin in neurodegenerative disease pathogenesis 
 

Parkin is commonly mutated in autosomal recessive PD 
 

Parkin is a ubiquitously expressed RING (really interesting new gene) finger 

containing E3-ubiquitin ligase comprised of 465 amino acids (~52 kDa).  Parkin-

mediated ubiquitin signaling regulates multiple cellular processes, including UPS-

mediated protein turnover (Rankin et al., 2011), the aggresome-autophagy pathway 
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(Olzmann et al., 2007, Olzmann and Chin, 2008), mitophagy (Narendra et al., 2008, 

Wang et al., 2011), nuclear factor-ĸB signaling (Henn et al., 2007, Sha et al., 2010), and 

endocytic trafficking (Fallon et al., 2006).  Parkin-mediated monoubiquitination, K48- and 

K63-linked have all been reported, which highlights the ability of parkin to regulate 

diverse cellular pathways through its association with different substrate proteins 

(Dawson and Dawson, 2009). 

Parkin mutations account for almost half of all autosomal recessive PD cases 

(Kitada et al., 1998, Lucking et al., 2000, West and Maidment, 2004), with the others 

resulting from mutations in DJ-1 and PTEN-induced putative kinase 1 (PINK1) (Valente 

et al., 2001, Bonifati et al., 2003a, Bonifati et al., 2003b, Valente et al., 2004).  Over 200 

human parkin mutations have been reported, including exonic deletions and duplications 

as well as point mutations.  At least 70 pathogenic mutations are causative of autosomal 

recessive juvenile onset PD (ARJP) and can be homozygous or compound 

heterozygous mutations (PD mutant database: http://www.molgen.vib-

ua.be/PDMutDB/default.cfm?MT=0&ML=0&Page=Home).  Patients with ARJP have a 

similar clinical presentation as sporadic PD patients, except that disease occurs with a 

much earlier onset, occurring before age 20 and as early as during childhood (Lucking et 

al., 2000).  The pathology observed in postmortem parkin-mutant ARJP patient brain is 

markedly different from that seen in sporadic or other monogenic forms of the disease.  

In particular, Lewy bodies are not present in patient samples suggesting that parkin may 

mediate inclusion body formation (Takahashi et al., 1994, Mori et al., 1998).  Parkin has 

also been identified as a Lewy body component in sporadic PD brain (Schlossmacher et 

al., 2002, Murakami et al., 2004) and parkin inactivation by oxidative and nitrosative 

stress is thought to contribute to sporadic PD pathogenesis (Chung et al., 2004, Yao et 

al., 2004). 
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Interestingly, parkin loss of function mutations are also observed in several 

human carcinomas, suggesting that parkin separately functions as a tumor suppressor 

(Poulogiannis et al., 2010, Tay et al., 2010, Yeo et al., 2012, Sun et al., 2013, Xu et al., 

2014).  It is unclear how loss of parkin function contributes to cell death in the case of 

neurodegeneration but cell proliferation in certain cancers.  It is possible that unique 

complements of tissue-specific parkin interactors and substrates contribute to these 

differences. 

 

Parkin structure and catalytic mechanism 
 

Parkin is a RING-In-Between-RING (RBR) E3-ubiquitin ligase comprised of an N-

terminal ubiquitin like domain (UBL), a linker domain, a parkin-unique RING0 domain 

(Hristova et al., 2009), and two RING finger domains flanking an in-between-RING (IBR) 

domain region (Kitada et al., 1998, Morett and Bork, 1999). RING fingers are Zn2+ 

coordinating motifs comprised of conserved cysteine and histidine residues, and have 

been shown to facilitate binding of E2-ubiquitin conjugases during the ubiquitination 

cascade (Metzger et al., 2012).  Thus, mutations that disrupt RING structure and/or Zn2+ 

coordination can have profound effects on catalytic activity.  Parkin and other RBR 

ligases function as HECT/RING hybrids (Wenzel et al., 2011) in regards to ubiquitin 

transfer.  While RING E3s directly transfer Ub from the E2 to a substrate lysine residue 

without an intermediate RING~Ub reaction, HECT E3s form a thioester-linked ubiquitin 

intermediate at the active-site cysteine before transferring the Ub to the substrate. The 

N-terminal region of HECT E3s binds the E2 while the C-terminal region contains the 

active site cysteine residue (Metzger et al., 2012).  Parkin has been classified as an 

HECT/RING hybrid because it binds E2s at the RING1 domain, but in a HECT-like 
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fashion forms a thioester intermediate at the active site cysteine (Cys-431) of the RING2 

domain before ubiquitin transfer to the substrate (Wenzel et al., 2011).   

The crystal structures of full length rat parkin (Trempe et al., 2013) and rat and 

human parkin C-terminal to RING0 (aa 138-465) (Trempe et al., 2013, Wauer and 

Komander, 2013) have recently been solved, revealing that complex intramolecular 

interactions render parkin in an autoinhibited state.  The first report of parkin 

autoinhibition implicated the N-terminal UBL in impeding ligase activity through an 

intramolecular interaction with the  PUB (parkin UBL/Ub-binding) site located within the 

IBR and RING2 linker region (Chaugule et al., 2011).  The crystal structure of rat parkin 

indicated that the UBL actually binds RING1 which brings it into close proximity of this α-

helical linker region (aa 378-410), dubbed the repressor element of parkin (REP) 

(Trempe et al., 2013). The crystal structure indicates that the REP linker spans between 

the IBR and RING2 which blocks the E2 binding site in RING1 and renders parkin in an 

autoinhibited state that could be affected by mutations that effect the structural integrity 

of the UBL (Trempe et al., 2013, Wauer and Komander, 2013).  The higher resolution 

partial structures of C-terminal human and rat parkin support this overall conformation 

and reveal an additional mechanism of activity regulation.  In particular, the catalytic 

Cys-431 in RING2 is occluded by interactions between RING0 and RING2 rendering 

Cys-431 buried inside the RING structure rather than readily accessible (Trempe et al., 

2013, Wauer and Komander, 2013).  The structure of the drosophila parkin RBR 

indicates that global parkin structure is conserved across species (Spratt et al., 2013). 

The autoinhibited structure suggests that parkin activation requires significant 

conformational rearrangement and is likely facilitated by interactions with binding 

partners and/or post-translational modifications that “open” the parkin protein to a 

catalytically competent structure.  Such activation mechanisms are not well understood, 
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but PINK1-mediated phosphorylation has emerged as a prevailing method of parkin 

activation, particularly in regards to parkin’s role in mitophagy.  Following mitochondrial 

depolarization, PINK1 phosphorylates parkin and recruits it to damaged mitochondria 

where parkin ubiquitinates outer mitochondrial membrane proteins to signal their 

proteasomal degradation and promote mitophagy (Narendra et al., 2008, Matsuda et al., 

2010).  PINK1 phosphorylation of parkin at Ser-65 activates E3 ligase activity and is 

critical for mitophagy initiation (Kondapalli et al., 2012, Shiba-Fukushima et al., 2012, 

Kane et al., 2014). Additionally, we have previously shown that PINK1 phosphorylated 

parkin robustly ubiquitinates the cytosolic substrate IKKγ (Sha et al., 2010), but it is 

currently unknown if parkin activation toward this substrate (and other cytosolic 

substrates) is also mediated by Ser-65 phosphorylation as has been reported for 

mitochondrial substrates. 

 

Mutant parkin pathogenicity 
  

UBL mutants – Some pathogenic parkin mutations disrupt parkin autoinhibition, 

resulting in aberrant self-ubiquitination and subsequent degradation by proteasomes, 

which effectively reduces functional parkin availability.  For example, several mutations 

in the N-terminal UBL (R33Q, R42P, K48A, and V56E) have been shown to destabilize 

parkin and result in their rapid degradation by the proteasome (Henn et al., 2005).  In 

support of this, some pathogenic mutant parkin proteins (K27N, R33Q, R42P, and A46P) 

do not autoinhibit and indeed self-ubiquitinate more robustly than wild type parkin.  

Truncated ΔUBL-parkin has been shown to have higher self-ubiquitination activity than 

wild type, further indicating a regulatory role for this region (Chaugule et al., 2011).  It is 

important to note, however, that other studies have indicated that the ΔUBL-parkin 
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truncation mutant mediated reduced substrate ubiquitination compared to wild type 

(Corti et al., 2003, Cha et al., 2005, Henn et al., 2007) and demonstrated weak 

autoubiquitination activity as well (Wauer and Komander, 2013). Structural analyses via 

NMR spectroscopy have shown that some mutations (A31D, R42P, A46P, and V56E) 

cause misfolding of the UBL while most others maintain a normal folded structure 

(G12R, V15M, D18N, K32T, R33Q, P37L, and K48A) (Safadi et al., 2011).  These 

studies suggest that UBL structural integrity per se does not confer pathogenicity, and 

thus clarifying the role of the UBL in regards to regulation of parkin activity warrants 

further study. 

RING0 mutations – The RING0 domain is involved in parkin inhibition through 

interaction with RING2 which causes occlusion of the active site cysteine residue.  Thus, 

mutations in this region are predicted to disrupt the hydrophobic RING0/RING2 interface 

and alter active site accessibility or protein solubility (Trempe et al., 2013, Wauer and 

Komander, 2013).  Synthetic mutations at the RING0/RING2 interface (F146A, F463A) 

disrupt the hydrophobic interaction and activate parkin autoubiquitination, validating the 

role of this region in autoinhibition.  Some pathogenic RING0 mutations (K161N, M192V) 

reduce parkin activity which is likely due to their close proximity to the active site 

cysteine in the folded structure (Trempe et al., 2013).  Additionally, pathogenic mutations 

at RING0 cysteine residues (C166Y, C212Y) are predicted to disrupt Zn2+ coordination 

and thus alter ligase activity, although this has not been directly tested (Wauer and 

Komander, 2013).  

RING1 mutations – The RING1 domain contains the E2 binding site, so 

mutations in this region are predicted to alter E2/parkin binding dynamics, and therefore 

catalytic activity.  For example, the T240R mutant protein has no ligase activity (Sriram 

et al., 2005) and is unable to bind the E2 conjugase UbcH7 (Shimura et al., 2000).  The 
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T240 residue is located in a zinc binding loop required for E2 binding, therefore 

accounting for the observed loss of function (Trempe et al., 2013, Wauer and Komander, 

2013).  Several RING1 mutations likely disrupt Zn2+ coordination (C238Q, C253Y, 

R256C, H257R, and C289), affecting solubility and ligase function (Wauer and 

Komander, 2013).   

RING2 mutations and C-terminal truncations – Point mutations in RING2 have 

been shown to alter Zn2+ coordination, solubility, and activity of parkin.  The T415N 

mutation abolishes ligase activity (Sriram et al., 2005), but the mechanism is unclear 

particularly as this residue is surface exposed on RING2 away from the active site 

(Trempe et al., 2013).  Mutation of the catalytic cysteine residue (C431F) reduces parkin 

solubility and reduces substrate binding and ubiquitination (Sriram et al., 2005).  Other 

cysteine mutations (C418R, C441R) are predicted to disrupt Zn2+ coordination and have 

previously been shown to reduce solubility (Sriram et al., 2005, Wauer and Komander, 

2013).  C-terminally truncated disease mutants (E453X, E409X, Q331X, and K211X) are 

catalytically inactive, have reduced solubility, and are prone to aggregation (Henn et al., 

2005). 

 

1.6 Summary and organizational overview 
  

UCH-L1 is an abundant neuronal deubiquitinase implicated in neurodegenerative 

disease and cancer pathogenesis. Loss-of-function mutations in UCH-L1 cause 

progressive neurodegeneration with somatosensory and motor deficits in humans and 

mutant mouse models (Chen et al., 2010, Bilguvar et al., 2013).  UCH-L1 mutation, 

down-regulation, and oxidative modification have also been reported in Parkinson 

disease (Leroy et al., 1998, Choi et al., 2004).  Several other studies indicate an 
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oncogenic function of UCH-L1 in cancer tumorigenesis (Hurst-Kennedy et al., 2012).  

Despite these clear links between UCH-L1 and human disease, the cellular function and 

mechanisms regulating the UCH-L1 level remain unclear.  In my dissertation work, I 

examined a novel regulatory mechanism mediating UCH-L1 degradation, and I also 

assessed the effect of UCH-L1 loss-of-function on peripheral nerve structure and 

electrophysiology.  My studies have demonstrated that degradation of UCH-L1 is 

regulated by the PD-linked E3 ubiquitin ligase parkin, which K63-polyubiquitinates UCH-

L1 and signals for its lysosomal degradation.  I have also demonstrated in mice that loss 

of UCH-L1 causes age-dependent sciatic nerve degeneration and electrophysiological 

deficits in peripheral nerves, supporting a role of UCH-L1 in axonal maintenance and 

function. 

In Chapter 2, I describe a novel parkin-dependent mechanism for regulating 

UCH-L1 expression level.  UCH-L1 binding is mediated by the C-terminal catalytic 

domain of parkin spanning aa 237-465.  Three representative pathogenic parkin 

mutations abrogated binding with UCH-L1 whereas neurodegenerative disease-linked 

UCH-L1 mutations had no effect on the interaction.  Moreover, parkin retained binding 

with a catalytic dead mutant of UCH-L1, indicating that their interaction is not dependent 

on UCH-L1 DUB activity.  In cooperation with the Ubc13/Uev1a E2 conjugating complex, 

parkin mediated the K63-linked polyubiquitination of UCH-L1.  I also show that UCH-L1 

degradation is promoted in the presence of parkin, and that its degradation is mediated 

through the autophagy-lysosomal pathway.  In parkin deficient mouse brain, UCH-L1 

ubiquitination is decreased while the protein level is significantly increased, further 

supporting a role for parkin-mediated ubiquitination in regulating UCH-L1 turnover.  This 

is the first study reporting a functional relationship between parkin and UCH-L1, and 

reveals novel insight into ubiquitin system disruption in PD pathogenesis. 
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In Chapter 3, I describe the effect of UCH-L1 loss-of-function on the peripheral 

nervous system using electrophysiological and histological analyses of peripheral nerves 

from UCH-L1 null mice.  I found evidence suggesting that a population of large caliber 

axons is reduced in the dorsal and ventral roots of diseased mice, although it remains 

unclear whether this is due to axonal degeneration as gross pathological changes were 

not apparent in the nerve samples.  I also found that age-dependent axonal 

degeneration occurred in the sciatic nerve of UCH-L1 deficient mice, as well as age 

dependent reductions in sensory nerve and compound muscle action potential 

amplitudes with preserved conduction velocities and action potential latencies.  Taken 

together, these data indicate a role for UCH-L1 in axonal maintenance and support a 

disease model of primary distal-to-proximal axonal degeneration without demyelination 

in the absence of the UCH-L1 protein.  

Overall, my thesis work provides new information about UCH-L1 regulation and 

the effect of loss-of-function mutations on neurodegenerative disease pathogenesis. In 

Chapter 4, I will describe the significance of my research and discuss future directions 

for further study of the UCH-L1 protein. 
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1.7 Figures and Tables 
 

 

 

Figure 1.1.  Signaling by the ubiquitin system mediates multiple cellular 

processes.  (A) The ubiquitination cascade.  Substrate ubiquitination is an ATP-

dependent process mediated by the coordinated action of E1-activating, E2-conjugating, 

and E3-ligating enzymes.  Ultimately, the C-terminal glycine of ubiquitin is attached to a 

lysine residue of the substrate protein via isopeptide bond.  Additional ubiquitin moieties 

can be ligated to one of seven internal lysine residues on ubiquitin to form a polyubiquitin 

chain.  Proteins can be multi-monoubiquitinated, and ubiquitin can also be attached to 

the N-terminus of the substrate via peptide bond.  (B) Different modes of ubiquitination 

mediate distinct cellular processes.  Monoubiquitination typically serves as a signal for 

DNA repair and gene transcription.  Monoubiquitination and multi-monoubiquitination 

regulate receptor internalization and endocytic trafficking.  Polyubiquitin chains differ in 
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structure which mediates the downstream binding by ubiquitin receptors, a family of 

proteins containing ubiquitin binding domains (UBDs).  K48-linked polyubiquitination 

signals proteasomal degradation of substrates, whereas K63-linked polyubiquitination 

regulates multiple processes including DNA repair, trafficking, kinase signaling, and 

targeting of substrates to the autophagy-lysosomal degradation pathway. 
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Figure 1.2.  Deubiquitinating enzymes (DUBs).  The DUBs comprise a family of 

cysteine proteases and zinc metalloproteases that cleave ubiquitin from substrates; they 

are also critical for ubiquitin monomer generation and ubiquitin chain disassembly and 

editing.  (A)  During the ubiquitination cascade, ubiquitin thiol ester intermediates are 

often adventitiously attacked by nucleophiles which results in covalent modification at 

the C-terminus (represented as Ub-X where X represents the ubiquitin adduct bound to 

the C-terminal glycine residue).  The ubiquitin C-terminal hydrolases regenerate ubiquitin 

monomers by cleaving the Ub~X bond.  (B)  DUB enzymes process ubiquitin precursors 

synthesized de novo as tandem repeats or as ribosomal fusion proteins, and also 

disassemble polyubiquitin chains released from substrates to generate monomers.  (C)  

DUBs can also cleave substrate-anchored polyubiquitin chains to edit from the distal 
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end.  Polyubiquitin chain editing serves an important regulatory role as it can “save” 

proteins from degradation or alter their localization or function.  (D,E)  Some DUBs 

cleave the proximal isopeptide bond joining ubiquitin and substrate to release polymeric 

ubiquitin (D) or monomeric ubiquitin (E).  Chain removal is necessary for substrate entry 

into the catalytic core of the proteasome and monoubiquitin removal regulates 

downstream signaling events. 
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Table 1.  Genetic PARK loci identified in monogenic PD and related disorders. 

Locus Gene Inheritance Encoded Protein Description 

PARK1,4 α-synuclein AD Synaptic protein of unknown function 

PARK2 Parkin AR E3-ubiquitin ligase 

PARK3 Unknown AD Unknown 

PARK5 UCH-L1 AD Deubiquitinating enzyme 

PARK6 PTEN induced 
kinase 1 (PINK1) AR Mitochondrial serine/threonine 

protein kinase 

PARK7 DJ-1 AR Cysteine protease, chaperone, 
oxidative stress response 

PARK8 Leucine-rich repeat 
kinase 2 (LRRK2) AD Serine/threonine protein kinase 

PARK9 ATP13A2 AR Putative lysosomal ATPase 

PARK10 Unknown Risk factor Unknown 

PARK11 
Grb-10-Interacting 

GYF protein 
(GIGYF2) 

AD Regulation of kinase signaling 

PARK12 Unknown Risk factor Unknown 

PARK13 Omi/HTRA2 AD Mitochondrial serine protease 

PARK14 Phospholipase A2 
(PLA2G6) AR Cleaves fatty acids from 

phospholipids 

PARK15 F-Box only protein 7 
(FBXO7) AR Component of SKP1-cullin-F-box 

family of ubiquitin ligases 

PARK16 Unknown Risk factor Unknown 

PARK17 
Vacuolar protein 

sorting-associated 
protein 35 (VPS35) 

AD Endosome to Golgi protein trafficking 

PARK18 EIF4G1 AD Regulation of protein translation 
initiation 
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Chapter 2: Parkin-mediated K63-

polyubiquitination targets ubiquitin C-
terminal hydrolase L1 for degradation by the 

autophagy-lysosome system 
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Abstract 
 

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a key neuronal deubiquitinating 

enzyme which is mutated in Parkinson disease (PD) and in childhood-onset 

neurodegenerative disorder with optic atrophy.  Furthermore, reduced UCH-L1 protein 

levels are associated with a number of neurodegenerative diseases, whereas up-

regulation of UCH-L1 protein expression is found in multiple types of cancer.  However, 

very little is known about how UCH-L1 protein level is regulated in cells.  Here, we report 

that UCH-L1 is a novel interactor and substrate of PD-linked E3 ubiquitin-protein ligase 

parkin.  We find that parkin mediates K63-linked polyubiquitination of UCH-L1 in 

cooperation with the Ubc13/Uev1a E2 ubiquitin-conjugating enzyme complex and 

promotes UCH-L1 degradation by the autophagy-lysosome pathway.  Targeted 

disruption of parkin gene expression in mice causes a significant decrease in UCH-L1 

ubiquitination with a concomitant increase in UCH-L1 protein level in brain, supporting 

an in vivo role of parkin in regulating UCH-L1 ubiquitination and degradation.  Our 

findings reveal a direct link between parkin-mediated ubiquitin signaling and UCH-L1 

regulation, and they have important implications for understanding the roles of these two 

proteins in health and disease. 
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2.1 Introduction 
 

Ubiquitin-dependent signaling is required for myriad cellular functions, and 

disruptions in this system are associated with human disease, including 

neurodegenerative disorders and cancer (Hussain et al., 2009, Kowalski and Juo, 2012, 

Satija et al., 2013, McKinnon and Tabrizi, 2014). The ubiquitin system participates in 

diverse cellular signaling events through the addition or removal of ubiquitin moieties to 

target proteins.  Protein ubiquitination involves the coordinated and sequential action of 

three proteins – E1-activating, E2-conjugating, and E3-ligating enzymes that together 

mediate isopeptide bond formation between the ubiquitin C-terminal glycine and 

substrate lysine residue, after which additional ubiquitin moieties can be joined at one of 

ubiquitin’s seven internal lysine residues to form a polyubiquitin chain (Pickart and 

Eddins, 2004, Pickart and Fushman, 2004, van Tijn et al., 2008).  The nature of the 

ubiquitin linkage dictates downstream signaling.  For example, K48-linked 

polyubiquitination is the canonical signal for proteasomal degradation (Thrower et al., 

2000), whereas K63-linked polyubiquitination plays a signaling role in regulation of 

various proteasome-independent cellular processes, including endocytosis, DNA repair, 

and protein trafficking for lysosomal degradation (Olzmann et al., 2007, Olzmann and 

Chin, 2008, Chen and Sun, 2009).  Deubiquitinating enzymes (DUBs) remove ubiquitin 

from ubiquitinated proteins or cleave C-terminal adducts of ubiquitin to regenerate the 

ubiquitin monomer, and therefore play an important role in regulating ubiquitin-

dependent signaling events as well as in ubiquitin recycling (Reyes-Turcu et al., 2009, 

Eletr and Wilkinson, 2014). 

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a neuronal DUB with a critical role 

in the control of cellular ubiquitin homeostasis (Wilkinson et al., 1989, Larsen et al., 

1998, Osaka et al., 2003, Wang et al., 2004, Case and Stein, 2006).  Human genetic 
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studies reveal that UCH-L1 is mutated in a rare form of autosomal dominant Parkinson 

disease (PD) (Leroy et al., 1998) and in the recently described childhood-onset 

neurodegenerative disorder with optic atrophy (NDGOA) (Bilguvar et al., 2013).  The PD-

linked I93M mutation reduces UCH-L1 activity by around 50% (Leroy et al., 1998, 

Nishikawa et al., 2003, Bilguvar et al., 2013) while the NDGOA-linked E7A mutation 

reduces activity by over 90% (Bilguvar et al., 2013).  Furthermore, we have shown that 

UCH-L1 is oxidatively damaged and down-regulated in sporadic PD and Alzheimer 

disease (Choi et al., 2004). In mice, loss-of-function mutations in UCH-L1 cause a 

severe neurodegenerative phenotype dubbed gracile axonal dystrophy which is 

characterized by progressive ataxia and hindlimb paralysis (Yamazaki et al., 1988, 

Saigoh et al., 1999, Walters et al., 2008, Chen et al., 2010).  Although predominantly 

expressed in neurons (Doran et al., 1983, Day and Thompson, 2010), UCH-L1 protein is 

up-regulated in multiple tumors and cancer cells and is likely to have an oncogenic role 

in tumorigenesis (Tezel et al., 2000, Chen et al., 2002, Mastoraki et al., 2009, Hurst-

Kennedy et al., 2012).  Despite these established links between UCH-L1 and human 

diseases, little is known about how UCH-L1 is regulated in cells.   

Another ubiquitin system component involved in PD pathogenesis is parkin, an 

E3 ubiquitin-protein ligase whose mutations cause autosomal recessive juvenile 

Parkinsonism (ARJP) (Kitada et al., 1998, Lucking et al., 2000, West and Maidment, 

2004).  Parkin mutations and down-regulation are also found in several types of cancer, 

supporting a function of parkin as a tumor suppressor (Cesari et al., 2003, Picchio et al., 

2004, Poulogiannis et al., 2010, Veeriah et al., 2010).  Although UCH-L1 and parkin 

have been linked to PD and cancer, the relationship between these two proteins remains 

unknown.   
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In this study, we investigated the interaction of UCH-L1 with parkin and the role 

of parkin in UCH-L1 regulation.  Our results reveal that parkin binds and facilitates K63-

linked polyubiquitination of UCH-L1, and the parkin-mediated ubiquitination promotes 

UCH-L1 degradation through the autophagy-lysosomal pathway.  

 

2.2 Experimental Procedures  
 

Expression constructs and antibodies - Conventional molecular biological 

techniques were used to generate the following expression constructs: N-terminal Myc- 

and His-tagged human wild-type or mutant UCH-L1; N-terminal S-, GFP-, or GST-

tagged human wild-type or mutant parkin.  Other expression constructs used in this 

study include N-terminally HA-tagged Ub-WT, Ub-K48, Ub-K63, Ub-K0 (provided by T. 

Dawson, Johns Hopkins University, Baltimore, MD) and Ub-K48R and Ub-K63R 

(provided by M. Wooten, Auburn University, Auburn, AL).  Polyclonal anti-UCH-L1 

antibody against a synthetic peptide (residues 201-219) of human UCH-L1 was 

generated in rabbit and affinity-purified as described (Chin et al., 2000).  Other 

antibodies used in this study include anti-actin (clone C4, Millipore), anti-HA (clone 

12CA5), anti-Myc (clone 9E10), anti-S-tag (Abcam), anti-ubiquitin (clone P4G7, Abcam), 

anti-GST (clone B14, Santa Cruz), and anti-parkin (Cell Signaling).  Horseradish 

peroxidase-conjugated secondary antibodies were from Jackson ImmunoResearch.  

  
Cell Culture and Transfection - SH-SY5Y or HeLa cells were cultured in DMEM 

(Gibco) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 1% 

penicillin/streptomycin (Fisher).  Cell transfections were performed using LipofectAMINE 
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2000 transfection reagent (Invitrogen) according to the manufacturer's protocol.  Lysates 

were harvested at 24-72 hr post-transfection for subsequent analyses.   

 
Coimmunoprecipitation and S-tag pulldown assays – For coimmunoprecipitation 

analysis of the interaction between endogenous UCH-L1 and parkin, anti-UCH-L1 

antibodies or rabbit serum IgG controls were cross-linked to G-Sepharose agarose 

(Millipore) using 25 mM dimethyl pimelimidate dihydrochloride (Thermo Scientific). 

Immunoprecipitation was carried out as described (Giles et al., 2009) by incubation of 

the cross-linked anti-UCH-L1 or IgG beads with SH-SY5Y cell lysates prepared in Triton 

lysis buffer (50 mM Tris HCl pH 7.6, 150 mM NaCl, 0.1% Triton-X-100, 1% IGEPAL 

CA630 supplemented with proteinase and phosphatase inhibitors).  Immunocomplexes 

were eluted with 100 mM glycine (pH = 2.8) followed by immunoblotting with anti-parkin 

and anti-UCH-L1 antibodies.  For coimmunoprecipitation analyses of the interaction 

between Myc-tagged UCH-L1 WT or mutant and GFP-tagged parkin, lysates from 

transfected HeLa cells were subjected to immunoprecipitation with anti-Myc antibody 

followed by recovery of protein complexes with protein G-Sepharose and subsequent 

immunoblotting analyses.  S-tag pulldown assays were performed as described 

(Hackbarth et al., 2004) by incubation of lysates from HeLa cells coexpressing S-tagged 

parkin WT or mutant and Myc-UCH-L1 with S-protein-agarose (Novagen), and the pulled 

down protein complexes were analyzed by immunoblotting with anti-UCH-L1 and anti-S-

tag antibodies. 

 
Recombinant protein purification and in vitro binding assays – Recombinant His-

UCH-L1, glutathione S-transferase (GST), and GST-tagged parkin proteins were 

expressed in E. coli BL21  or Arctic Express cells and purified as previously described 
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(Li et al., 2001, Lee et al., 2012). In vitro binding assays were performed as described (Li 

et al., 2001, Webber et al., 2008) by incubation of GST-parkin and GST proteins 

immobilized on glutathione agarose with mouse brain lysate or soluble His-UCH-L1 for 2 

hr at 4 °C.  Bound proteins were analyzed by SDS-PAGE and immunoblotting.   

 
In vivo and in vitro ubiquitination assays – In vivo ubiquitination assays were 

performed as previously described (Olzmann et al., 2007, Sha et al., 2010).  In brief, 

lysates from HeLa cells coexpressing S-tagged parkin, Myc-tagged UCH-L1, and HA-

tagged wild type or mutant ubiquitin plasmids as indicated were immunoprecipitated 

under denaturing conditions with anti-Myc antibody, and ubiquitinated UCH-L1 was 

detected by immunoblotting with anti-HA antibody.  In vitro ubiquitination assays were 

performed as described (Olzmann et al., 2007, Sha et al., 2010) by incubation of purified 

His-UCH-L1 (1 µg) with E1 enzyme (18 nM), E2 enzyme (UbcH7, UbcH8, or 

UbcH13/Uev1a; 250 nM), ubiquitin (10 µg) and GST or GST-parkin (1 µg) in reaction 

buffer (50 mM Tris-HCl, pH 7.6, 5 mM MgCl2, 100 mM NaCl, 25 µM ZnCl2, 2 mM 

dithiothreitol, and 4 mM ATP) for 2 hr at 37 °C.  Ubiquitin, E1, and E2 enzymes were 

from Boston Biochem, and the total volume of the reaction was 100 µL.  Ubiquitinated 

UCH-L1 was detected by immunoblotting with anti-ubiquitin antibody. 

 
Parkin-/- mice and analysis of UCH-L1 ubiquitination and protein levels in parkin-/- 

mice – A breeding colony of parkin knockout (parkin-/-) mice was established from 

breeding pairs provided by R. Palmiter, University of Washington, Seattle, WA (Perez et 

al., 2005, Perez and Palmiter, 2005). For assessment of endogenous UCH-L1 

ubiquitination in parkin-/- and parkin+/+ mouse brain, immobilized GST-tagged, tandem 

ubiquitin binding entities (TUBEs, LifeSensors) were used as described (Hjerpe et al., 
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2009) to isolate ubiquitinated proteins from brain extracts from 4-month-old male parkin-/- 

mice and parkin+/+ controls, followed by immunoblotting with anti-UCH-L1 and anti-GST 

antibodies.  For analysis of total UCH-L1 protein levels, brains from 3-month-old parkin-/- 

and parkin+/+ mice were homogenized in 1% SDS and then subjected to SDS–PAGE 

and immunoblotting with anti-UCH-L1 and anti-β-actin antibodies.  The relative level of 

UCH-L1 was determined as described (Giles et al., 2009) by normalizing the immunoblot 

intensity of UCH-L1 against that of β-actin using Image J software.   

 
Treatment of cells with proteasomal and lysosomal degradation inhibitors – SH-

SY5Y cells expressing S-parkin or the S-vector control were subjected to 24 hr 

treatments with the proteasome inhibitor MG132 (20 µM, Sigma), chloroquine (CQ, 100 

µM, Sigma), 3-methyl-adenine (3MA, 10 mM, Sigma), or 0.1% Me2SO (DMSO, Fisher) 

vehicle control. Equal amounts of whole cell lysates were subjected to SDS-PAGE 

followed by immunoblotting with anti-UCH-L1 and anti-β-actin antibodies.  Relative UCH-

L1 levels were quantified as described above. 

 
UCH-L1 degradation assays– For analysis of UCH-L1 degradation, SH-SY5Y 

cells expressing S-parkin or the S-vector control were treated with protein synthesis 

inhibitor cyclohexamide (10 µg/mL) for the indicated lengths of time.  Cells were lysed at 

the indicated time points, and equal protein fractions from each lysate were analyzed by 

immunoblotting with anti-UCH-L1 and anti-S-tag antibodies.  
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Statistical analyses – Data were analyzed by Student’s t-test or 2-way ANOVA 

followed by Tukey’s posttests where p < 0.05 was considered statistically significant.  

Results were expressed as mean ± SEM from three independent experiments. 

 

2.3 Results 
 

UCH-L1 interacts with parkin in vitro and in vivo – UCH-L1 was identified as a 

potential interactor of parkin in a recent proteomic screen (Davison et al., 2009), but this 

result has not yet been validated and it is unknown if these two proteins interact either in 

vitro or in vivo.  To test if UCH-L1 and parkin can physically interact with each other, we 

performed in vitro binding assays with purified recombinant proteins.  We found that His-

tagged UCH-L1 bound selectively to GST-tagged parkin but not to GST alone (Fig. 2.1 

A), indicating a direct interaction between UCH-L1 and parkin.  To confirm this 

interaction, we performed GST pulldown assays and found that purified GST-parkin, but 

not the GST control, was able to pulldown endogenous UCH-L1 from mouse brain 

homogenates (Fig. 2.1 B), further supporting a specific interaction between these two 

proteins.  We then performed coimmunoprecipitation analysis to examine the association 

of endogenous UCH-L1 and parkin in dopaminergic SH-SY5Y cells (Fig. 2.1 C).  Anti-

UCH-L1 antibody, but not the IgG control, was able to coimmunoprecipitate UCH-L1 and 

parkin from cell lysates (Fig. 2.1 C), indicating that UCH-L1 interacts with parkin in vivo. 

The parkin-UCH-L1 interaction is impaired by PD-linked parkin mutations but not 

by UCH-L1 mutations – Because UCH-L1 binds monoubiquitin (Osaka et al., 2003), we 

hypothesized that the parkin-UCH-L1 interaction may be mediated by the ubiquitin-like 

domain (UBL) at the N-terminus of parkin.  To test this hypothesis, we examined the 

interaction of UCH-L1 with N- or C-terminal truncation mutants of parkin (Fig 2.2 A).  We 
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found that parkin ΔUBL, a mutant form of parkin lacking the UBL domain, retained the 

ability to bind UCH-L1 (Fig. 2.2 B), arguing against the involvement of the UBL domain in 

mediating the parkin-UCH-L1 interaction.  In addition, the parkin N-terminal region 

(PKN), which contains the UBL and RING0 domains, was virtually incapable of binding 

UCH-L1 (Fig. 2.2 B), indicating that parkin UBL and RING0 domains are dispensable for 

the parkin-UCH-L1 interaction.  In contrast, the parkin C-terminal region (PKC), which 

contains the RING1, RING2, and in-between RING-finger (IBR) domains, was able to 

bind UCH-L1 (Fig. 2.2 B), indicating that the UCH-L1-binding region is located between 

amino acid residues 237-465 of parkin. 

We next examined the effects of several familial PD-linked parkin mutations (Fig. 

2.2 A) on the parkin-UCH-L1 interaction by performing S-pulldown assays using lysates 

from HeLa cells coexpressing Myc-tagged UCH-L1 and S-tagged parkin WT or 

pathogenic mutant.  We found that the ability of parkin to bind UCH-L1 is abrogated by 

parkin T240R and T415N mutations (Fig. 2.2 B).  Consistent with previous reports that 

parkin R42P mutant is misfolded and rapidly degraded by the proteasome (Schlehe et 

al., 2008), we observed low levels of parkin R42P mutant in cells (Fig. 2.2 B).  Our 

results showed an apparent lack of UCH-L1 binding to parkin R42P mutant (Fig. 2.2 B).  

We then assessed the effects of several UCH-L1 mutations (Fig. 2.3 A) on the 

parkin-UCH-L1 interaction and found that the ability of UCH-L1 to interact with parkin is 

not affected by the PD-linked UCH-L1 I93M mutation or by the NDGOA-associated E7A 

mutation (Fig. 2.3 B).  In addition, UCH-L1 S18Y substitution, a polymorphism in UCH-

L1 which is thought to confer protection against sporadic PD (Satoh and Kuroda, 2001, 

Elbaz et al., 2003, Maraganore et al., 2004, Carmine Belin et al., 2007), also had no 

apparent effect on the parkin-UCH-L1 interaction (Fig. 2.3 B).  Furthermore, the UCH-L1 

catalytic site-specific C90S mutation did not disrupt the ability of UCH-L1 to interact with 
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parkin (Fig. 2.3 B), indicating that the DUB activity of UCH-L1 is not required for its 

interaction with parkin.   

Parkin mediates K63-linked polyubiquitination of UCH-L1 – Our finding of an 

interaction between UCH-L1 and parkin (Fig. 2.1) raises the possibility that UCH-L1 may 

be a substrate of parkin E3 ligase.  To test this possibility, we assessed the ability of 

parkin to promote UCH-L1 ubiquitination in cells by using a well-established in vivo 

ubiquitination assay (Wheeler et al., 2002, Lee et al., 2008). We found that ectopic 

parkin expression in HeLa cells, which lack endogenous parkin, resulted in enhanced 

ubiquitination of Myc-tagged UCH-L1 compared to the vector-transfected control (Fig. 

2.4 A), supporting a role of parkin in facilitating UCH-L1 ubiquitination in vivo.  We next 

performed in vitro ubiquitination analyses with recombinant proteins to test if UCH-L1 is 

ubiquitinated by parkin in the presence of various E2 ubiquitin-conjugating enzymes 

(UbcH7, UbcH8, or the Ubc13/Uev1a complex) which are known to facilitate parkin E3 

ligase activity (Olzmann et al., 2007).  We observed UCH-L1 ubiquitination by parkin in 

the presence of Ubc13/Uev1a, but not in the presence of either UbcH7 or UbcH8 (Fig. 

2.4 B, 2.4 C). These results, together with our previous finding that Ubc13/Uevla is the 

cognate E2 enzyme for parkin-mediated K63-linked polyubiquitination, whereas UbcH7 

and UbcH8 are the cognate E2 enzymes for parkin-mediated K48-linked 

polyubiquitination (Olzmann et al., 2007), suggest that parkin cooperates with the 

Ubc13/Uev1a E2 enzyme to catalyze K63-linked polyubiquitination of UCH-L1.   

To determine if parkin-mediated K63-linked polyubiquitination of UCH-L1 takes 

places in cells, we performed in vivo ubiquitination assays using ubiquitin mutants, Ub-

K48 and Ub-K63, which permit only the formation of K48-linked and K63-linked 

polyubiquitin chains, respectively, because all other lysine residues of ubiquitin were 

mutated to arginine. We detected robust UCH-L1 polyubiquitination by parkin in cells 
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expressing Ub-WT or Ub-K63, but not in cells expressing Ub-K48 (Fig. 2.5 A), 

supporting that parkin-mediated UCH-L1 polyubiquitination occurs via the K63-linkage.  

To further confirm this linkage, we used ubiquitin mutants, Ub-K48R and Ub-K63R, 

which contain a single lysine-to-arginine mutation at the indicated residues and are 

therefore incapable of forming K48-linked and K63-linked polyubiquitin chains, 

respectively.  We found that parkin-mediated UCH-L1 polyubiquitination was abolished 

by replacement of Ub-WT with Ub-K63R but not by the replacement with Ub-K48R (Fig. 

2.5 B). In addition, parkin-mediated UCH-L1 polyubiquitination was not detected in cells 

expressing Ub-K0, an ubiquitin mutant which is incapable of forming polyubiquitin chains 

because all its lysine residues were mutated to arginines (Fig. 2.5 B).  Together, these 

data provide strong support for a function of parkin in facilitating K63-linked 

polyubiquitination of UCH-L1. 

Parkin is required for polyubiquitination of endogenous UCH-L1 in the brain – To 

further assess the role of parkin in regulation of UCH-L1 ubiquitination in vivo, we 

examined the ubiquitination status of endogenous UCH-L1 in brains from wild type 

(parkin+/+) and parkin knockout (parkin-/-) mice (Perez et al., 2005, Perez and Palmiter, 

2005) by using the tandem ubiquitin binding entities (TUBEs) approach.  Previous 

studies have shown that GST-tagged TUBEs, such as GST-tagged TUBE2 based on the 

UBA1 domain from human RAD23A, preferentially capture endogenous polyubiquitnated 

proteins, but bind monubiquitnated proteins at much lower affinity (Hjerpe et al., 2009). 

Our analysis of UCH-L1 ubiquitination with GST-tagged TUBE2 revealed that 

endogenous UCH-L1 in mouse brain was polyubiquitinated and the UCH-L1 

polyubiquitination was significantly reduced by targeted disruption of parkin expression 

in mice (Fig. 2.6 A, 2.6 B).  In addition to polyubiquitinated UCH-L1 forms, we also 

observed a ubiquitinated UCH-L1 species at ~40 kDa, which could represent UCH-L1 
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diubiquitination or monoubiquitination at two different sites (Fig. 2.6 A).  The level of this 

ubiquitinated UCH-L1 species was not significantly changed in the parkin-/- mouse brain 

compared to that in the parkin+/+ mouse brain (Fig. 2.6 A, 2.6 C).  These findings indicate 

that parkin is required for regulation of UCH-L1 polyubiquitination but not UCH-L1 

diubiquitination or monoubiquitination in vivo. 

 Parkin promotes UCH-L1 degradation through the autophagy-lysosome pathway 

– Next, we assessed the effect of targeted parkin deletion on the total level of 

endogenous UCH-L1 in mouse brain by performing quantitative Western blot analysis.  

We found that the total UCH-L1 level in the brain was significantly higher in parkin-/- mice 

than that in the parkin+/+ controls (Fig. 2.7 A, 2.7 B), suggesting a role for parkin in 

regulation of UCH-L1 degradation.  To test this possibility, we analyzed the effect of 

parkin overexpression on the turnover rate of endogenous UCH-L1 protein in SH-SY5Y 

cells.  We found that the UCH-L1 protein turnover rate was increased by parkin 

overexpression (Fig. 7C) and protein half-life reduced (Fig. 7D), supporting a function of 

parkin in promoting UCH-L1 degradation.  

There are two major protein degradation pathways in cells: the ubiquitin-

proteasome pathway and the autophagy–lysosome pathway (Ciechanover, 2005, 

Rubinsztein, 2006). To determine which degradation pathway is involved in the 

clearance of UCH-L1 protein, we assessed the effects of proteasome, lysosome and 

autophagy inhibition on the steady-state level of endogenous UCH-L1 in SH-SY5Y cells 

in the absence or presence of exogenous parkin.  We found that the steady-state level of 

endogenous UCH-L1 was significantly decreased in the presence of exogenous parkin 

as compared with the UCH-L1 level in the absence of exogenous parkin (Fig 2.8), 

consistent with a role of parkin in promoting UCH-L1 degradation. The parkin-induced 

degradation of UCH-L1 was blocked by the lysosome inhibitor chloroquine (CQ) or the 
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autophagy inhibitor 3MA but not by the proteasome inhibitor MG132 (Fig 2.8).  Together, 

these results support that parkin promotes UCH-L1 degradation through the autophagy-

lysosome pathway but not the proteasome pathway.   

 

DISCUSSION: 

 While both parkin and UCH-L1 have both been implicated in the pathogenesis of 

PD and cancer, it is not established whether there is a physical or functional link 

between these two proteins.  Our work described in this study shows that UCH-L1 is a 

substrate of parkin E3 ligase and reveals a function of parkin as a regulator of UCH-L1 

degradation.  

Despite ample evidence indicating the importance of UCH-L1 in health and 

disease, our knowledge of UCH-L1 post-translational modifications and their roles in 

UCH-L1 regulation is limited.  A previous study reported that His-tagged UCH-L1 in 

transfected COS-7 monkey kidney cells is monoubiquitinated, with a ~33 kDa 

ubiquitinated UCH-L1 species which corresponds to monoubiquitination at a single site 

(Meray and Lansbury, 2007).  However, the E3 ligase for mediating UCH-L1 

monoubiquitination remains unidentified, and the ubiquitination status of endogenous 

UCH-L1 is unknown. Our TUBE analysis of endogenous UCH-L1 ubiquitination in mouse 

brain revealed the presence of multiple polyubiquitinated UCH-L1 forms as well as a ~40 

kDa diubiquitinated UCH-L1 species (which could also represent UCH-L1 

monoubiquitination at two sites), but no ~33 kDa monoubiquitinated UCH-L1 species.  

Interestingly, we found that the levels of the polyubiquitinated UCH-L1 forms, but not 

~40 kDa diubiquitinated UCH-L1 species, were significantly reduced by targeted parkin 

deletion in mice, indicating a role for parkin in regulation of endogenous UCH-L1 

polyubiquitination but not UCH-L1 diubiquitination or monoubiquitination.   
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Because ubiquitin has seven internal lysine residues, polyubiquitination can 

occur via different linkages, leading to distinct outcomes. For example, K48-linked 

polyubiquitination targets protein to the proteasome for degradation, whereas K63-linked 

polyubiquitination acts in a proteasome-independent manner to regulate a number of 

cellular processes, including protein trafficking and autophagosome formation (Pickart 

and Fushman, 2004, Chen and Sun, 2009).We and others have previously shown that, 

through its association with different E2 enzymes, parkin is capable of mediating multiple 

forms of ubiquitination, including K48-linked polyubiquitination and K63-linked 

polyubiquitnation(Olzmann et al., 2007, Dawson and Dawson, 2009, Chin et al., 2010). 

Our in vivo ubiquitination studies revealed that, in cells, parkin-mediated UCH-L1 

polyubiquitination occurs via the K63 linkage but not the K48 linkage. Furthermore, by 

using in vitro ubiquitination assays with recombinant proteins, we obtained evidence that 

parkin cooperates with the UbcH13/Uevla E2 ubiquitin-conjugating complex to facilitate 

K63-linked polyubiquitination of UCH-L1. 

Emerging evidence indicates that K63-linked polyubiquitination could serve as a 

signal for targeting protein or other cargo to the autophagy machinery for subsequent 

degradation by the lysosome (Kirkin et al., 2009b, Chin et al., 2010). The recognition of 

this targeting signal is thought to be mediated by adaptor proteins, such as p62, which 

binds simultaneously to K63-polyubiquitinated cargo via its ubiquitin-binding UBA 

domain and to the autophagy machinery component LC3 via its LC3-interacting region 

(LIR) to induce autophagosome formation (Pankiv et al., 2007, Wooten et al., 2008). The 

autophagosome then fuses with the lysosome, leading to degradation of the cargo by 

lysosomal hydrolases.  Consistent with this view, our findings support that parkin-

mediated K63-linked polyubiquitination of UCH-L1 promotes the degradation of UCH-L1 
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by the autophagy-lysosome pathway.  These findings provide new insights into the 

mechanism that control UCH-L1 degradation in cells. 

Protein degradation plays an important role in regulating the expression levels of 

specific proteins and consequently the cellular processes in which these proteins 

participate (Ciechanover, 2005) UCH-L1 has a well-characterized deubiquitinating 

activity for catalyzing the hydrolysis of C-terminal esters and amides of ubiquitin to 

generate monomeric ubiquitin (Larsen et al., 1996) and might also possess dimerization-

dependent E3 ligase activity (Liu et al., 2002). Although the exact function of UCH-L1 

remains unclear, UCH-L1 has been shown to control the cellular pool of free ubiquitin 

(Osaka et al., 2003, Walters et al., 2008), and thereby could affect many ubiquitin-

dependent cellular processes.  Recent studies in Drosophila showed that 

overexpression of UCH-L1 in the eye imaginal discs induces caspase-dependent 

apoptosis and interferes with photoreceptor cell differentiation, resulting in a rough eye 

phenotype (Thao et al., 2012). Our analysis reveals that targeted disruption of parkin 

gene expression in mice causes a significant increase in UCH-L1 protein level in the 

brain.  Taken together, these results suggest that loss of parkin-mediated UCH-L1 

regulation may be a pathogenic mechanism contributing to neurodegeneration in human 

ARJP patients with parkin mutations.  
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2.5 Figures 
 

 

 

Figure 2.1.  Specific interaction of UCH-L1 with parkin. (A) In vitro binding assays 

were performed by incubation of soluble His-tagged UCH-L1 (input) with immobilized 

GST or GST-parkin proteins (shown by Ponceau staining). Analysis of bound UCH-L1 by 

immunoblotting with anti-UCH-L1 antibody reveals direct binding of UCH-L1 to parkin.  

(B) GST pulldown assays were performed by incubation of equal amounts of mouse 

brain lysates with immobilized GST or GST-parkin (Ponceau staining) followed by 

immunoblotting with anti-UCH-L1 antibody to detect binding of endogenous UCH-L1 to 

parkin.  (C) Coimmunoprecipitation of endogenous parkin with UCH-L1.  SH-SY5Y cell 

lysates were subjected to immunoprecipitation with anti-UCH-L1 antibody cross-linked to 

G-protein agarose or with the IgG beads.  The immuoprecipitated proteins were eluted 

and analyzed by immuoblotting with anti-parkin and anti-UCH-L1 antibodies.   
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Figure 2.2.  Pathogenic mutations and C-terminal truncation of parkin disrupt the 

interaction with UCH-L1.  (A)  Schematic representation of parkin and its mutants used 

in this study.  The location of PD-linked parkin mutations are indicated on the domain 

structure.  UBL, ubiquitin like domain; IBR, in between RING-finger domain; PKC, C-

terminal parkin; PKN, N-terminal parkin.  (B)  The interaction of parkin with UCH-L1 

occurs within the C-terminal portion of parkin.  S-pulldown assays were performed with 

lysates from HeLa cells coexpressing Myc-UCH-L1 and S-parkin WT or deletion mutant 
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or the S-vector control, followed by immunoblotting with anti-Myc and anti-S-tag 

antibodies. (C) Impairment of the parkin-UCH-L1 interaction by PD-linked parkin 

mutations.  S-pulldown assays were performed using lysates from HeLa cells 

coexpressing Myc-UCH-L1 and S-vector or S-parkin WT or mutant as indicated, followed 

by immunoblotting with anti-Myc and anti-S-tag antibodies.  Asterisk indicates a 

nonspecific band.   
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Figure 2.3.  Interaction of parkin with wild-type and mutant UCH-L1.  (A)  Schematic 

representation of UCH-L1 and its mutants used in this study.  The locations of 

neurodegenerative disease-linked UCH-L1 mutations (E7A and I93M), protective 

polymorphism (S18Y), and catalytically inactive mutation (C90S) are indicated. (B)  

Lysates from HeLa cells coexpressing GFP-parkin and the indicated Myc-UCH-L1 WT or 

mutant were immunoprecipitated with anti-Myc antibodies followed by immunoblotting 

with anti-Myc and anti-parkin antibodies. 
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Figure 2.4.  UCH-L1 is a substrate of parkin E3 ubiquitin ligase.  (A)  Parkin 

ubiquitinates UCH-L1 in vivo.  Parkin-mediated ubiquitination of UCH-L1 was assessed 

in HeLa cells expressing HA-tagged ubiquitin, Myc-UCH-L1, and S-parkin as indicated.  

In vivo ubiquitination of UCH-L1 was determined by immunoprecipitation with anti-Myc 

antibody followed by immunoblotting with anti-HA and anti-Myc antibodies.  Ubn-UCH-

L1, polyubiquitinated UCH-L1; IgG HC, immunoglobulin heavy chain; IgG LC, 

immunoglobulin light chain.  Asterisk indicates a nonspecific band.  (B and C) Parkin 
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ubiquitinates UCH-L1 in vitro in cooperation with the Ubc13/Uevla E2 enzyme.  In vitro 

ubiquitination assays were performed with recombinant His-tagged UCH-L1 in the 

presence of E1, E2 (UbcH7, UbcH8, or the Ubc13/Uev1a complex), GST-parkin, and 

ubiquitin as indicated. Ubiquitinated UCH-L1 was detected by immunoblotting with anti-

ubiquitin antibody. 
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Figure 2.5.  Parkin-mediated UCH-L1 polyubiquitination occurs via the K63 

linkage.  (A and B)  HeLa cells were transfected with S-parkin, Myc-UCH-L1, and HA-

tagged wild-type or mutant ubiquitin as indicated.  Polyubiquitinated UCH-L1 (Ubn-UCH-

L1) was detected by immunoprecipitation with anti-Myc antibody under denaturing 

conditions followed by immunoblotting with anti-HA and anti-Myc antibodies.  The 

expression of S-parkin, Myc-UCH-L1, and HA-ubiquitin-conjugated proteins (Ubn-
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proteins) in the cell lysates were confirmed by immunoblotting with anti-parkin, anti-Myc, 

and anti-HA antibodies.  Asterisk indicates a nonspecific band.   
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Figure 2.6. UCH-L1 polyubiquitination is reduced in parkin-/- mouse brain. (A)  Brain 

extracts (500 µg) from two individual parkin+/+ or parkin-/- mice were subjected to pull-

down using GST-TUBEs, and ubiquitinated UCH-L1 was detected by immunoblotting 

with anti-UCH-L1 antibodies.  (B and C) The level of polyubiquitinated UCH-L1 (Ubn-

UCH-L1) (B) and the level of diubiquitinated UCH-L1 (Ub2-UCH-L1) (C) were quantified 

using Image J software and expressed as a percentage of the corresponding control 

level in the parkin+/+ mice.  Data represent mean ± SEM (n = 3 animals per genotype).  *, 

p < 0.05 versus the parkin+/+ control, unpaired two-tailed student’s t test. 
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Figure 2.7.  Regulation of endogenous UCH-L1 degradation by parkin. (A and B) 

Total brain UCH-L1 levels are elevated in parkin-/- mice.   Immunoblot analysis of brain 

homogenates from two individual parkin+/+ or parkin-/- mice with anti-UCH-L1, anti-β-actin 

and anti-parkin antibodies (A).  The relative level of total UCH-L1 was normalized to the 

β-actin level and expressed relative to the normalized UCH-L1 level in the parkin+/+ brain 

homogenate (B).  Data represent mean ± SEM (n = 5 animals per genotype).  *, p < 0.05 

versus the parkin+/+ control, unpaired two-tailed student’s t test.  (C) SH-SY5Y cells 

expressing S-tag vector or S-parkin were treated with cycloheximide (10 µg/mL) for 0-72 

hr with lysates collected at 24 hr intervals in 1.1% SDS.  Equal lysate fractions were 

subjected to SDS-PAGE followed by immunoblotting with anti-UCH-L1 and anti S-parkin 

antibodies. (D) UCH-L1 degradation rates were assessed by normalizing UCH-L1 band 
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intensity at each time point to the corresponding t0 timepoint for either vector or parkin 

expressing cells. (E) UCH-L1 t1/2 was calculated from the 48 hr and 72 hr data points 

and analyzed by student’s t-test. Results are displayed as the mean ± SEM determined 

from three independent experiments.   
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Figure 2.8.  Parkin targets UCH-L1 for degradation by the autophagy-lysosome 

pathway.  (A) SH-SY5Y cells expressing S-tag vector or S-parkin were treated for 24 hr 

with the indicated protein degradation inhibitors or vehicle (DMSO), and cell lysates were 

analyzed by immunoblotting with anti-UCH-L1, anti-S-tag, and anti-β-actin antibodies.  

(B) The level of endogenous UCH-L1 was normalized to the β-actin level and expressed 

as a percentage of the normalized UCH-L1 level in the DMSO-treated, vector-

transfected control cells.  Results are shown as mean ± SEM from three independent 

experiments.  *, p < 0.05 versus the DMSO-treated, vector-transfected control; #, p < 

0.05 versus the DMSO-treated, parkin-transfected control, two-way ANOVA with a 

Tukey’s post-hoc test.     
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Abstract 
 

Loss-of-function mutations in ubiquitin C-terminal hydrolase L1 (UCH-L1) cause 

gracile axonal dystrophy (gad) in mice and childhood-onset neurodegeneration with optic 

atrophy (NDGOA) in humans. These disorders are characterized by progressive 

neurodegeneration in the central nervous system (CNS) and sensory and motor ataxia.  

Although UCH-L1 localizes to sensory and motor nerve terminals in the peripheral 

nervous system (PNS) and progressive terminal degeneration is observed in UCH-L1 

deficient mice, the role UCH-L1 plays in the peripheral nervous system remains 

undefined.  Thus, we examined distal (sciatic nerve and tail nerve) and proximal 

peripheral nerves (L4 dorsal and ventral roots) from young and aged animals to 

determine if loss-of-UCH-L1 function causes peripheral nerve degeneration and 

functional conduction deficits.  We report evidence supporting an age-dependent distal-

to-proximal mode of nerve degeneration in the PNS, accompanied by age-dependent 

reductions in sensory nerve and compound muscle potential amplitudes, but preserved 

nerve conduction velocities. We also observed normal myelination and structural 

integrity at the nodes of Ranvier, supporting a disease model of primary axonal 

degeneration without demyelination. Taken together, the data described in this chapter 

support a role for UCH-L1 in the maintenance and transmission of peripheral axons, and 

provide novel insight into PNS pathologies resulting from UCH-L1 loss-of-function. 
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3.1 Introduction 
 

An autosomal recessive mutation in the neuronal deubiquitinase UCH-L1 was 

recently reported in three siblings from consanguineous parents exhibiting 

neurodegeneration with optic atrophy (NDGOA)(OMIM 615491) (Bilguvar et al., 2013).  

Symptoms worsened with age and included childhood onset blindness, nystagmus, head 

tremor, cerebellar ataxia, spasticity, and reduced proprioceptive sense. Cortical, 

cerebellar, and optic atrophy were also apparent.  Additionally, evoked somatosensory 

potential amplitudes were diminished upon electrical stimulation (Bilguvar et al., 2013) 

suggesting degeneration of peripheral fibers.  Moreover, loss of function mutations in 

UCH-L1 cause gracile axonal dystrophy (gad) in mice (Saigoh et al., 1999, Walters et 

al., 2008), a neurodegenerative phenotype characterized by progressive degeneration in 

the gracile nucleus and gracile fasciculi associated with age-dependent sensorimotor 

ataxia and paralysis that first develops in the hindlimbs. (Yamazaki et al., 1988, Kikuchi 

et al., 1990). In UCH-L1 deficient mice, muscle spindle and motor terminal loss has also 

been reported at sensory and motor nerve endings, respectively, with muscle spindle 

degeneration preceding motor terminal loss (Oda et al., 1992, Miura et al., 1993, Chen 

et al., 2010).  Taken together, the pathological findings in both humans and mice 

indicate that the UCH-L1 protein is required for axon maintenance and synaptic terminal 

integrity in the periphery. In support of this hypothesis, UCH-L1 is localized to the 

neuromuscular junction (NMJ) and central synapses (Cartier et al., 2009, Chen et al., 

2010) and mice deficient in UCH-L1 expression demonstrate electrophysiological deficits 

in long term potentiation (Sakurai et al., 2008)  and acetylcholine release at motor 

endplates (Chen et al., 2010).  However, the role UCH-L1 plays in nerve transmission 

and axonal maintenance in the peripheral nervous system remains unknown.  
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 In this study, we used electrophysiological and histological analyses to examine 

the effect of UCH-L1 loss-of-function on distal and proximal peripheral nerves. We 

observed age-dependent axonal degeneration in the sciatic nerve, characterized by 

altered area and diameter distributions in symptomatic animals.  We examined the L4 

dorsal and ventral roots of symptomatic mice, and found selective reductions in the large 

caliber axon population in UCH-L1 null animals suggestive of axonal atrophy. 

Additionally, sensory nerve and compound muscle action potentials were reduced in 

symptomatic animals while conduction velocities and action potential latencies were 

unchanged, supporting a disease model of primary axonal degeneration without 

demyelination. Taken together, these data indicate a critical role for UCH-L1 in axonal 

maintenance and neurotransmission in the PNS, and support a distal-to-proximal mode 

of degeneration in the absence of UCH-L1 expression. This report provides novel insight 

into the role of UCH-L1 in the PNS and is the first to report in vivo functional nerve 

deficits in UCH-L1 deficient mice, which has important implications for understanding 

mechanisms underlying NDGOA pathology. 

 
 

3.2 Experimental Procedures 
 

UCH-L1-/- mice – Heterozygous mice (B6;129P2-Uchl1tm1Dgen,011642-UNC) -

containing targeted deletion of exons 6-8 and a portion of exon 9 in the UCH-L1 gene 

were obtained from the Mutant Mouse Regional Resource Center (MMRRC, University 

of North Carolina at Chapel Hill).  The strain was originally produced by the Deltagen 

Corporation and deposited to the MMRRC.  Mutant mice were generated through 

heterozygous breeding and genotypes were determined via PCR using primers as 

described (Chen et al., 2010).   
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Peripheral nerve histology and morphometric analyses – Mice were deeply 

anesthetized with choral hydrate followed by transcardial perfusion with ice cold 2.5% 

glutaraldehyde in 0.1 M phosphate buffer (pH 7.4).  Sciatic nerves and the L4 dorsal and 

ventral roots were removed and postfixed in 2.5% glutaraldehyde overnight at 4 °C, 

washed with phosphate buffer and then embedded in paraffin.  Semithin sections (0.5 

µm) were cut in longitudinal and cross section followed by toluidine blue staining.  Whole 

slide images were generated via digital scanning of the glass slides with the 

NanoZoomer 2.0-HT digital slide scanner (Hamamatsu Photonics, Shizuoka Pref., 

Japan) and visualized with the NanoZoomer Digital Pathology (NDP) software. Axon 

diameter (minimum Feret’s), axon area, and circularity were measured from 8-10 

randomly selected 100 µm x 100 µm fields at 40x magnification of the toluidine blue 

stained semithin sections. Three mice were examined for each genotype at either 1 

month or 4.5 months of age, with approximately 750-1360 fibers counted per nerve per 

animal. Circularity is defined by the equation (4π x area)/(perimeter2) where a maximum 

value of 1 represents a perfect circle. Measurements were made using the particle 

analysis feature in ImageJ and quantitative analyses were performed after manual 

exclusion of Schwann cell nuclei and other non-axonal structures from the data set.   

 

Nerve conduction studies – Motor and sensory nerve conduction were analyzed 

in UCH-L1 wild type and mutant mice at 1 month (presymptomatic) and 3-5 months of 

age (symptomatic).  Studies were conducted using the Nicolet VikingQuest (Natus 

Medical Incorporated, San Carlos, CA) system as described (Lee et al., 2013). Briefly, 

mice were anesthetized with 4% chloral hydrate dissolved in saline (400 mg/kg of body 

weight, i.p.) and kept under ambient heat to prevent hypothermia.  Compound muscle 
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action potentials (CMAPs) were measured from the interosseous muscles of the left foot 

following stimulation (19.2 mA) at the sciatic notch and ankle.  Motor nerve conduction 

(MNCV) was calculated as the quotient of the distance between stimulus sites over the 

difference between action potential latencies. Sensory nerve action potential (SNAP) 

and sensory nerve conduction velocity (SNCV) were measured from the tail nerve with 

recording electrodes inserted at the base of the tail and stimulating electrodes 30-40 mm 

distal to the recording electrodes.  Amplitude and velocity measurements were 

calculated as the average from 20 repeated stimulations (3.1 mA). 

 

Antibodies and western blot analyses – The UCH-L1 antibody used in this study 

was previously described (Chapter 2).  Other antibodies used include anti-β-actin 

(Millipore), anti-neurofilament H (Millipore), anti-MBP (myelin basic protein) (Millipore) 

and anti-Caspr (contactin-associated protein) (Abcam).  Secondary antibodies were from 

Jackson ImmunoResearch.  For examination of protein expression by western blot, 

soluble protein homogenates of brain and sciatic nerve were prepared from 3 month old 

UCH-L1+/+ and UCH-L1-/- mice in Triton lysis buffer (50 mM Tris HCl pH 7.6, 150 mM 

NaCl, 0.1% Triton-X-100, 1% IGEPAL CA630 supplemented with proteinase and 

phosphatase inhibitors).  Sciatic nerves were combined from 3-4 animals prior to 

homogenization to ensure sufficient protein levels for subsequent analyses. Protein 

expression was assessed using SDS-PAGE followed by immunoblotting with the 

indicated antibodies and detection with enhanced chemiluminescence (ECL).  
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Teased fiber staining and confocal microscopy – Mice were perfused with 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4).  The L4 dorsal roots, L4 

ventral roots, and sciatic nerves were dissected and postfixed in 4% PFA overnight and 

then transferred to 0.1 M phosphate buffer.  To separate individual fibers, samples were 

teased with fine tweezers in glycerol under a dissecting microscope, followed by 

immersion in cold acetone (10 min) and rehydration in PBS. Samples were blocked for 1 

hr at room temperature in PBS containing 10% horse serum and 0.5% Triton X-100 

followed by incubation with primary antibodies in the blocking solution at 4 °C overnight.  

After washing, fibers were incubated with fluorophore-conjugated secondary antibodies 

for 1 hr at room temperature and subsequently mounted on glass slides using ProLong 

Gold (Invitrogen).  Nile red staining was performed as previously described (Lee et al., 

2013).  Confocal images were acquired on a Nikon Eclipse C1 confocal microscope at 

60X magnification and visualized with Nikon EZ-C1 Viewer software. 

 

Statistical analyses – To generate frequency histograms of axon area, diameter, 

and circularity for the dorsal root, ventral root, and sciatic nerve samples, total 

measurements were grouped into bins as indicated and graphed as percentage of total 

fibers corresponding to each bin.  Frequency histograms were compared via chi-square 

goodness-of-fit analysis followed by comparisons of the individual bin means using 

Fisher’s exact tests of the raw data, and statistical significance was assessed after 

Bonferroni correction.  To assess differences between the average axon density, area, 

and diameter, data were analyzed via Student’s t-test where p < 0.05 was considered 

statistically significant. 
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3.3 Results 
  

UCH-L1 is highly expressed in the sciatic nerve – We assessed UCH-L1 

expression in the brain and sciatic nerve of UCH-L1+/+ and UCH-L1-/- mice by western 

blot. As expected, there were no bands detected in UCH-L1-/- lysates probed with anti-

UCH-L1 antibody (Fig. 3.1 A). We also examined the axonal localization of UCH-L1 via 

immunostaining of teased sciatic nerve fibers and found that UCH-L1 colocalizes with 

NF-H, indicating a predominant axonal localization of UCH-L1 (Fig. 3.1 B).  

   

Age-dependent neurodegeneration in the sciatic nerve of symptomatic UCH-L1-/- 

animals – We next examined the structure of sciatic nerves from the 4.5 m/o 

symptomatic animals and observed pathological alterations indicative of axonal 

degeneration in the UCH-L1-/- mice (Fig. 3.2 A, Fig. 3.3). Surprisingly, the average axon 

fiber density was not altered in UCH-L1-/- sciatic nerve (Fig. 3.2 B), but we did find a 

significant reduction in average axonal area (Fig. 3.2 C) and in the distribution of axons 

binned by area (Fig. 3.2 D).  The frequency histogram for axon area shows a greater 

proportion of small caliber axons (0-5 µm2) in UCH-L1-/- sciatic nerve and reduced 

proportions of larger caliber axons compared to the UCH-L1+/+ samples.  These findings 

are supported by our observation of significantly reduced average axon diameter (Fig. 

3.2 E) and a similarly shifted frequency histogram of percentage of axons binned by 

diameter (Fig. 3.2 F).  Fiber shape as measured by axon circularity was similar between 

the genotypes (Fig. 2G).  We observed degenerating axons in the UCH-L1-/- sciatic nerve 

cross sections (Fig 3B) while axons from UCH-L1+/+ sciatic nerve were normal in 

appearance (Fig. 3A).  In the longitudinal plane, we observed densely packed wild type 
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axons that were healthy in appearance (Fig. 3.3 C), whereas myelin debris from 

degenerated axons was evident in the UCH-L1-/- sections (Fig. 3.3 D). 

 To determine whether the pathological alterations in UCH-L1-/- sciatic nerve are 

age dependent, we next examined sections from presymptomatic 1 m/o animals.  We 

did not detect evidence of neurodegeneration (Fig. 3.4 A). The axon densities (Fig 3.4 B) 

and average axon areas (Fig. 3.4 C) were not altered by loss of UCH-L1 expression.  

We also found no significant differences in axon diameter (Fig. 3.4 E) and in the 

distributions of axons binned by area (Fig. 3.4 D) or perimeter (Fig. 3.4 F). There were 

also no differences in the axon circularity distributions (Fig. 3.4 G).  Thus, our data 

suggest that the axonal degeneration observed in UCH-L1-/- sciatic nerve is progressive 

with age and corresponds to disease severity. 

  

Reduction in the proportion of large caliber axons in ventral and dorsal roots of 

symptomatic UCH-L1-/- mice – Because we did not detect evidence of degeneration in 

the 1 m/o sciatic nerve samples, we opted to only examine the L4 dorsal and ventral 

roots from symptomatic animals. Although gross pathological changes were not 

apparent in ventral root (Fig. 3.5 A) and the overall fiber density was unaltered (Fig. 3.5 

B), we found that the average axon area was significantly decreased in the UCH-L1-/- 

samples (Fig. 3.5 C), suggesting a potential decrease in the relative proportion of small 

and large caliber axons in these mice.  We next analyzed the frequency histograms of 

axon area grouped into 5 µm2 incremental bins (Fig. 3.5 D) by chi square goodness-of-fit 

analysis and found a significant difference in the distributions. We next examined each 

bin between UCH-L1+/+ and UCH-L1-/- mice and found that the population of axons over 

50 µm2 was significantly decreased in UCH-L1 deficient animals.  However, we did not 
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find any statistically significant differences in average axon diameter (Fig. 3.5 E) or 

distribution (Fig. 3.5 F).  Axon morphology (circularity) distributions were also not 

significantly different between genotypes (Fig. 3.5 G).   

 We next analyzed the L4 dorsal roots and again found a reduction in the relative 

proportion of a population of high caliber axons in the UCH-L1-/- animals.  Similar to the 

ventral root, gross pathological alterations were not apparent in the dorsal roots of 

symptomatic UCH-L1-/- animals (Fig. 3.6 A) and fiber density was not altered (Fig. 3.6 B).  

However, although the differences in average axon area (Fig. 3.6 C) and diameter (Fig. 

3.6 D) were not statistically significant, we did observe significant differences between 

the area and diameter frequency histograms. In particular, we found that the proportion 

of axons >40 µm2 in area and ≥ 6 µm in diameter were reduced in the UCH -L1-/- dorsal 

root sections (Fig. 3.6 D, 3.6 F).  However, axon circularity distributions were similar 

between genotypes (Fig. 3.6 G).  

  

 Functional deficit of sensory and motor nerves in symptomatic animals – To 

determine whether the degenerative changes observed in symptomatic UCH-L1-/-  sciatic 

nerve were associated with a functional deficit, we assessed CMAPs and MNCVs 

following stimulation at the sciatic notch and ankle.  In presymptomatic UCH-L1-/- 

animals, CMAP amplitude was not significantly different compared to the UCH-L1+/+ 

controls.  In symptomatic UCH-L1-/- animals between 3 and 5 months of age, however, 

the CMAP amplitude was significantly decreased, in accord with our histopathology data 

(Fig. 3.7 A). The MNCV (Fig. 3.7 B) and distal and proximal action potential latencies 

(Fig. 3.7 C, 3.7 D) were not significantly different at either age group.   
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We also recorded from the tail nerve to assess sensory nerve function and found 

that SNAP amplitudes were similar in 1 m/o UCH-L1+/+ and UCH-L1-/- mice, but 

significantly reduced in the symptomatic cohort of mice between 3-5 m/o  of age (Fig. 3.8 

A).  Similar to our motor conduction findings, we did not detect differences in SNCV (Fig. 

3.8 B) or action potential latency (Fig. 3.8 C) between genotypes at either age group.  

Taken together, our electrophysiology and histology data demonstrate age-dependent 

distal-to-proximal degeneration in UCH-L1-/- animals and support a role for the UCH-L1 

protein in peripheral nerve maintenance and transmission. 

 

 Myelin appearance and morphology at the nodes of Ranvier are not altered in 

symptomatic UCH-L1-/- animals – In accord with our conduction velocity data, we did not 

detect pathological changes at the nodes of Ranvier or in the myelination of sciatic 

nerves from symptomatic UCH-L1-/- animals.  We examined structural integrity at the 

nodes of Ranvier using anti-Caspr immunostaining of teased fibers and toluidine blue 

staining of semithin longitudinal sciatic nerve sections.  Caspr/paranodin is a 

transmembrane glycoprotein localized to the paranodal axon compartment of myelinated 

axons and plays a critical role in maintaining nodal structure and facilitating efficient 

salutatory conduction. We found similar Caspr staining in teased fibers from UCH-L1+/+ 

and symptomatic UCH-L1-/- mice (Fig. 3.9 A) and likewise observed normal nodal 

morphologies in the toluidine blue stained semithin sections (Fig. 3.9 B).  These findings 

suggest that although UCH-L1 is localized to axons, it is dispensable for maintaining 

structural integrity at the nodes of Ranvier.  We also observed similar anti-MBP 

immunostaining and Nile red staining patterns in both genotypes (Fig. 3.9 C) suggesting 

that the axons remaining in the sciatic nerve of symptomatic animals are normally 



80 

 

myelinated.  These data support our electrophysiology findings of normal conduction 

velocities but reduced action potential amplitudes.  

 

3.4 Discussion 
 

In this study, we found age dependent sciatic nerve degeneration as well as 

evidence of altered small and large caliber axon distributions in the ventral and dorsal 

roots of symptomatic animals.  The reduced proportion of large caliber axons in the 

dorsal and ventral roots of symptomatic mice was an unexpected finding, particularly as 

there were no overt signs of axonal degeneration.  We speculate that these fibers are 

showing early axonal atrophy, and thus are moderately reduced in size.  However, it is 

unclear how changes in the large caliber axon distribution in the roots may contribute to 

the disease phenotype. We also find alterations in motor and sensory nerve 

transmission, specifically reduced CMAP and SNAP amplitudes in symptomatic animals, 

but normal conduction velocities and action potential latencies, as well as normal myelin 

staining and preserved nodal structure in sciatic nerve.  This is the first report of 

functional nerve deficits in UCH-L1 deficient mice, and together supports a model of 

progressive primary axonal degeneration without demyelination in peripheral nerves in 

the absence of UCH-L1.  Our finding that UCH-L1 expression in sciatic nerve is over 10-

fold higher than in brain is consistent with the pronounced peripheral neuropathy 

phenotype observed in these animals. 

Our findings in motor nerves are consistent with prior electrophysiological studies 

showing age-dependent reductions in mEPP frequency and EPP amplitude in isolated 

leg muscles of UCH-L1-/- animals (Chen et al., 2010).  Progressive denervation at NMJs 

beginning around postnatal day 60 has also been reported (Miura et al., 1993), 
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supporting a role for UCH-L1 in the synaptic initiation of motor transmission. Our studies 

complement these reports as we see age-dependent reductions in CMAP amplitude and 

pathological alterations in the sciatic nerve, indicating motor axon degeneration.  Aside 

from hindlimb clasping when suspended by the tail, 1 m/o UCH-L1-/- mice are 

phenotypically normal and are considered presymptomatic (Yamazaki et al., 1988).  

mEPP frequencies and EPP amplitudes are also normal in 1 m/o mice (Chen et al., 

2010), and in this study we found preserved CMAP amplitudes and no evidence of 

sciatic nerve degeneration at this age.  These findings support a correlation between 

sciatic nerve structure and function and disease severity, but whether transmission 

deficits at the NMJ precede axonal degeneration or occur as a direct consequence of 

axon degeneration remains to be determined.  

The sciatic nerve is composed of both motor and sensory fibers, and although we 

did not examine sensory nerve transmission in the sciatic nerve, we found reduced 

SNAP amplitudes in the mouse tail nerve.  Inferring from these results and prior reports 

of muscle spindle denervation at Ia sensory afferents and proprioceptive deficits 

reported in UCH-L1-/- mice (Yamazaki et al., 1988, Mukoyama et al., 1989, Kikuchi et al., 

1990, Oda et al., 1992), it is likely that both sensory and motor nerve degeneration occur 

in the sciatic nerve of symptomatic animals.  In agreement with our motor nerve findings, 

we found age-dependent reductions in SNAP amplitude but normal SNCV in the tail 

nerve of UCH-L1-/- animals. This is the first report of a functional sensory nerve deficit in 

UCH-L1 deficient animals and is in accord with the reduced somatosensory-evoked 

potentials but normal conduction velocities observed in NDGOA patients (Bilguvar et al., 

2013). 
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Although genetic mutations in UCH-L1 have not been reported in Charcot-Marie-

Tooth (CMT) disease patients, our electrophysiological recordings reveal similarities 

between the UCH-L1-/- mouse phenotype and CMT2, the axonal degenerating subtype 

of CMT without significant demyelination (Jani-Acsadi et al., 2008, Patzko and Shy, 

2011).  CMT2 has been linked to mutations in several diverse genes, including 

neurofilament light chain, mitofusin 2, dynamin 2, kinesin family member 1B (Kif1b), and 

Rab7 (Patzko and Shy, 2011, Shy and Patzko, 2011).  UCH-L1 may function in the 

same pathways as CMT2 disease-linked proteins or may indirectly affect these proteins 

or pathways through the UCH-L1 dependent regulation of monomeric ubiquitin 

homeostasis. Aberrant protein and mitochondria accumulation has been reported in 

dystrophic axons along the gracile tract of UCH-L1-/- animals, which suggests a potential 

axonal transport defect (Mukoyama et al., 1989, Ichihara et al., 1995, Wu et al., 1995, 

Wang et al., 2004). Stagnation in axonal transport has been hypothesized as a major 

contributor to axonal degeneration and many of the CMT2 proteins are linked to altered 

transport (Coleman, 2005, Conforti et al., 2014). In cultured neurons, pharmacological 

inhibition of UCH-L1 inhibits BDNF retrograde trafficking while UCH-L1 overexpression 

rescues transport deficits induced by β-amyloid (Poon et al., 2013), supporting a 

potential role for UCH-L1 in the regulation of axonal transport. Thus, the UCH-L1-/- 

mouse is a robust model for mechanistic studies of age dependent primary axonal 

degeneration in the peripheral nervous system and may also have potential utility as a 

novel model of CMT2 in addition to NDGOA. 
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3.5 Figures 

 

Figure 3.1. UCH-L1 is highly expressed in PNS axons. (A) Whole brain and sciatic 

nerve lysates prepared from 3 m/o UCH-L1+/+ and UCH-L1-/- animals were subjected to 

SDS-PAGE and subsequently analyzed by immunoblotting with anti-UCH-L1 and anti-β-

actin antibodies. (B) Representative images of teased sciatic nerve fibers from 4.5 m/o 

UCH-L1+/+ and UCH-L1-/- animals immunostained with anti-UCH-L1 and anti-NF-H 

antibodies. UCH-L1 colocalizes with NF-H in UCH-L1+/+ sciatic nerve, indicating the 

axonal localization of UCH-L1.  As expected, a fluorescent signal was not detected in 

UCH-L1-/- nerve, demonstrating antibody staining specificity.  Scale bar = 5 µm.  
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Figure 3.2. Sciatic nerve degeneration in symptomatic UCH-L1-/- animals. (A) 

Representative images of toluidine blue stained sciatic nerve sections from 4.5 month 

old UCH-L1+/+ and UCH-L1-/- mice.  (B) The average total fiber density (fibers/1000 µm2) 

was not altered in UCH-L1 deficient animals.  (C)  However, the average axon area 

(µm2) was significantly reduced in UCH-L1-/- mice (Student’s t-test, *p = 0.02).  (D)  

Frequency histograms of the percentage of axons in 5 µm2 incremental bins of axon 

area indicate reduced proportions of large caliber axons in UCH-L1-/- sciatic nerve.  Chi 

square analysis for goodness of fit demonstrated a significant difference between the 

distributions (χ2 = 97.5, df = 8, p < 0.001), and post-tests after Bonferroni correction 

revealed significant differences in the 0-5 µm2, 15-20 µm2, 20-25 µm2, and 25-30 µm2 

bins (*p < 0.001).  (E) The average axon diameter (minimum Feret’s) was significantly 

reduced in UCH-L1-/- animals (Student’s t-test, *p = 0.036).  (F)  The frequency 

histograms of diameter were also significantly different (χ2 = 100.15, df = 5, p < 0.001). 

The percentage of axons between 1-2 µm, 4-5 µm, and >5 µm was significantly 
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decreased in UCH-L1-/- mice. (G) Axon circularity distributions were similar between 

groups.  All data are expressed as average ± SEM from 3 animals per genotype with 

average counts of 1339 fibers/animal for UCH-L1+/+ and 1202 fibers/animal for the UCH-

L1-/- samples). Scale bar = 10 µm. 
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Figure 3.3.  Examples of axonal degeneration observed in sciatic nerve of 

symptomatic UCH-L1 deficient animals. (A) Toluidine blue stained sciatic nerve cross 

sections from 4.5 m/o UCH-L1+/+ showing no evidence of axonal pathology.  (B) 

Degeneration of myelinated axons (arrows) is observed in several UCH-L1-/- sciatic 

nerve cross sections.  (C)  Toluidine blue stained sciatic nerve longitudinal section from 

UCH-L1+/+ mouse showing densely packed axons with no evident pathology.  (D)  Myelin 

debris (arrows) from degenerating axons is apparent in sciatic nerve of UCH-L1-/- 

animals.  Sections are from the same animals used for morphometry analyses described 

in Figure 3.2.  Scale bar = 10 µm. 
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Figure 3.4. Presymptomatic UCH-L1-/- animals show no signs of axonal 

degeneration in the sciatic nerve. (A) Representative images of toluidine blue stained 

sciatic nerve sections from presymptomatic 1 month old UCH-L1+/+ and UCH-L1-/- 

animals.  (B) The average total fiber density (fibers/1000 µm2), (C) axon area (µm2), and 

(E) diameter were not significantly different in the young animals.  The frequency 

distributions for (D) area, (F) diameter (minimum Feret’s), and (G) circularity were also 

similar between groups. All data are expressed as average ± SEM from 3 animals per 

genotype (average counts of 1001 fibers/animal for UCH-L1+/+ and 1018 fibers/animal for 

UCH-L1-/- samples). Scale bar = 10 µm. 
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Figure 3.5. Reduced frequency in a population of large caliber axons in the L4 

ventral root of symptomatic UCH-L1-/- mice. (A) Representative images of toluidine 

blue stained L4 ventral root sections from 4.5 m/o UCH-L1+/+ and UCH-L1-/- animals.  (B) 

The average fiber density (fibers/1000 µm2) was not altered in UCH-L1 deficient animals.  

(C)  The average axon area (µm2) was significantly reduced (Student’s t-test, *p = 0.042) 

in UCH-L1-/- samples.  (D)  The distribution of axons graphed as a frequency histogram 

of the percentage of axons from the total in each 5 µm2 incremental bin.  Chi square 

analysis for goodness of fit demonstrated a significant difference between the 

distributions (χ2 = 101.807, df = 10, p < 0.001), and post-tests after Bonferroni correction 

revealed a significant difference in the >50 µm2 bin (*p < 0.001).  (E) Differences 

between average axon diameter (minimum Feret’s) and frequency histograms of 

diameter (F) were not statistically significant.  (G)  Axon shape as assessed by 

measurement of circularity was normal in the UCH-L1-/- animals.  All data are expressed 

as average ± SEM from 3 animals per genotype with average counts of 746 

fibers/animal for UCH-L1+/+ and 761 fibers/animal for UCH-L1-/- samples. Scale bar = 10 

µm. 
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Figure 3.6. Reduced frequency in a population of large caliber axons in the L4 

dorsal root of symptomatic UCH-L1-/- mice. (A) Representative images of toluidine 

blue stained L4 dorsal root sections from 4.5 month old UCH-L1+/+ and UCH-L1-/- 

animals.  (B) The average total fiber density (fibers/1000 µm2) was not altered in UCH-

L1 deficient animals.  (C)  The average axon area (µm2) was slightly reduced in  UCH-

L1-/- mice, but this difference did not reach statistical significance (Student’s t-test, p = 

0.063).  (D)  Frequency histograms of the percentage of axons in 5 µm2 incremental bins 

of axon area.  Chi square analysis for goodness of fit demonstrated a significant 

difference between the distributions (χ2 = 93.46, df = 8, p < 0.001), and post-tests after 

Bonferroni correction revealed a significant difference in the >40 µm2 bin (*p < 0.001).  

(E) The difference between average axon diameter (minimum Feret’s) was not 

significant but (F) there was a significant difference in the frequency histograms of 

diameter length (χ2 = 80.13, df = 8, p < 0.001) with post-tests revealing significant 

differences at the 6-7 µm, 7-8 µm, and >8 µm bins (*p < 0.001) (G) Axon shape as 
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assessed by measurement of circularity was normal in the UCH-L1-/- animals.  All data 

are expressed as average ± SEM from 3 animals per genotype with average counts of 

1361 fibers/animal for UCH-L1+/+ and 1281 fibers/animal for UCH-L1-/- samples. Scale 

bar = 10 µm. 
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Figure 3.7.  Age-dependent decrease in compound muscle action potential 

amplitude in symptomatic UCH-L1-/- animals. (A) CMAPs were measured from the 

interosseous muscles of the left foot following electrical stimulation at the sciatic notch 

and ankle.  The CMAP measurements were averaged for each animal prior to analysis.  

We did not detect a significant difference in CMAP amplitude in the 1 m/o 

presymptomatic animals (n = 3-4 per genotype) but did find a significant reduction in 

CMAP amplitude in the symptomatic animals ranging from 3 to 5 months of age (n = 8 

per genotype) (B-D) The MNCV and proximal (sciatic notch) and distal (ankle) action 

potential latencies were not significantly different between genotypes at either age.  Data 

were analyzed by Student’s t-test where a p-value < 0.05 (*) was considered statistically 

significant. 
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Figure 3.8. Age-dependent decrease in sensory nerve action potential amplitudes 

in symptomatic UCH-L1-/- animals. (A) SNAPs were measured from the base of the tail 

following electrical stimulation of the tail nerve 30-40 mm distal to the recording 

electrodes.  We did not detect a significant difference in SNAP amplitude in 

presymptomatic 1 m/o animals (n = 3-4 per genotype) but found a significant reduction of 

SNAP amplitude in the 3-5 m/o symptomatic animals (n = 7-8 per genotype).  (C-D) 

SNCVs and action potential latencies were not significantly different at either age group.  

Measurements were made from the averaged trace from 20 repeated stimulations. Data 

were analyzed by Student’s t-test where a p-value < 0.05 (*) was considered statistically 

significant. 
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Figure 3.9.  Nodal morphology and myelination appear normal in symptomatic 

UCH-L1-/- animals. (A) Nodes of Ranvier from 4.5 m/o UCH-L1-/- animals are grossly 

normal in appearance.  Representative images from teased sciatic nerve fibers 

immunostained with anti-Caspr antibody showing similar nodal structure between 

genotypes. (B)  Representative images of toluidine blue stained semithin sciatic nerve 

longitudinal sections, with nodes of Ranvier indicated by arrows.  (C)  Representative 

images of myelin basic protein (MBP) immunohistochemistry and Nile red staining of 

myelinated axons from 4.5 m/o UCH-L1+/+ and UCH-L1-/-  mice demonstrating similar 

staining patterns between genotypes. Scale bars as indicated. 
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Chapter 4: Summary, Implications, and 
Future Directions 
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4.1 Summary of findings 
 

Genetic studies have revealed that missense mutation in UCH-L1 causes 

autosomal dominant PD (Leroy et al., 1998) and loss-of-function mutations in UCH-L1 

trigger progressive neurodegeneration and somatosensory deficits in both mice and 

humans (Yamazaki et al., 1988, Saigoh et al., 1999, Walters et al., 2008, Chen et al., 

2010, Bilguvar et al., 2013), indicating a critical role for UCH-L1 in neuronal health and 

survival.  Additionally, aberrant upregulation of UCH-L1 has been observed in several 

human malignancies (Tezel et al., 2000, Chen et al., 2002, Mastoraki et al., 2009, Hurst-

Kennedy et al., 2012). Thus, elucidating mechanisms that regulate UCH-L1 protein level 

and understanding the pathological consequences of UCH-L1 loss-of-function has 

important implications for understanding the role UCH-L1 plays in human health and 

disease. My thesis work has revealed a novel regulatory mechanism mediating UCH-L1 

degradation and has demonstrated a critical role for UCH-L1 in peripheral nerve 

maintenance and transmission.  

In Chapter 2, I described my work validating UCH-L1 as a substrate of parkin 

ubiquitination and linking parkin-mediated ubiquitin signaling to the regulation of UCH-L1 

degradation.  Prior to these studies, UCH-L1 and parkin had not been functionally linked 

although both proteins operate in the ubiquitin system and are implicated in PD and 

cancer pathogenesis. I found that UCH-L1 interacts with wild type parkin, but does not 

appear to bind representative pathogenic PD mutants (T415N, T240R, and R42P), 

suggesting disrupted parkin and UCH-L1 interaction dynamics may contribute to 

pathogenesis in ARJP.  Disease-associated mutations and catalytic dead mutation in 

UCH-L1, however, did not abrogate binding with parkin indicating that the interaction 

does not require the DUB activity of UCH-L1.  I also found that parkin utilizes the 
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Ubc13/Uev1a E2-conjugating complex to mediate the K63-polyubiquitination of UCH-L1.  

My data indicate that UCH-L1 is a long-lived protein and that parkin-mediated K63-

polyubiquitination of UCH-L1 targets it for degradation by the autophagy lysosome 

pathway.   I also found that UCH-L1 protein expression and ubiquitination are disrupted 

in parkin deficient mouse brain, further supporting an in vivo role for parkin in regulating 

UCH-L1 degradation through ubiquitin signaling. 

In Chapter 3, I examined if the UCH-L1 protein plays a role in the axonal 

maintenance and function of peripheral nerves.  Loss-of-function mutations in UCH-L1 

cause progressive sensory and motor terminal degeneration, axonal dystrophy, and 

sensorimotor ataxia in mice (Yamazaki et al., 1988, Kikuchi et al., 1990, Oda et al., 

1992, Miura et al., 1993, Saigoh et al., 1999, Walters et al., 2008, Chen et al., 2010).  In 

humans, a loss-of-function mutation in UCH-L1 causes NDGOA which manifests with 

progressive neurodegeneration and sensorimotor ataxia along with atrophy of the optic 

nerve, cortex, and cerebellum (Bilguvar et al., 2013).  The findings in both mice and 

humans indicate a critical role for UCH-L1 in relaying motor and proprioceptive signals 

between the peripheral and central nervous systems.  However, although UCH-L1 null 

mice exhibit progressive hindlimb paralysis and somatosensory deficits, it is unknown if 

peripheral motor or sensory nerve action potentials and conduction velocities are altered 

in these animals, and if any observed deficits are progressive with age.  Additionally, 

peripheral nerve histopathology has not been thoroughly examined in this model, so the 

extent and time course of axonal degeneration in the peripheral nervous system is 

undefined.  To address these matters, I performed electrophysiological recordings from 

muscles innervated by the sciatic nerve as well as structural analyses of sciatic nerve 

from cohorts of pre-symptomatic and symptomatic animals.  I also assessed sensory 

nerve conduction using recordings from the mouse tail nerve in these same animals. 
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Additionally, I examined the distribution of small and large caliber axons in the L4 dorsal 

and ventral roots of symptomatic UCH-L1-/- mice.  I observed age-dependent alterations 

in CMAP and SNAP amplitudes which provides evidence of widespread peripheral 

axonal degeneration in UCH-L1-/- animals and is the first report of a functional nerve 

deficit in this model. Degenerating axons were observed in the sciatic nerve from 

symptomatic animals, which was accompanied by an altered distribution of large and 

small caliber axons.  However, we did not find evidence of axonal degeneration in the 

sciatic nerve from presymptomatic mice, supporting the progressive nature of 

neuropathy. Pathological changes were not visually evident in the dorsal and ventral 

roots, but our analyses of axon distributions by size indicated the absence of a small 

population of large caliber axons in these structures, which may be indicative of axonal 

atrophy.  Finally, myelination and nodal structure were normal in appearance and 

MNCVs and SNCVs were not reduced.  Taken together, these data indicate a primary 

age-dependent distal to proximal axonopathy without demyelination, and support a role 

for UCH-L1 in peripheral axon maintenance. 

 

4.2 Insight into UCH-L1 function in health and disease 
 

Implications for Parkinson disease 
 

My thesis work has demonstrated a novel relationship between parkin E3 ligase 

and UCH-L1 which implicates parkin in the baseline regulation of UCH-L1 turnover and 

suggests that this regulatory mechanism may be disrupted in PD.  Prior reports indicate 

that in postmortem sporadic PD and AD brain, the soluble UCH-L1 protein level is 

reduced compared to age-matched controls (Choi et al., 2004, Barrachina et al., 2006). 

UCH-L1 is also found in Lewy bodies (LBs) and neurofibrillary tangles (Lowe et al., 
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1990, Choi et al., 2004), indicating that a subpopulation of UCH-L1 is potentially 

aggregated and insoluble in neurodegenerative disease brain, but it is presently unclear 

if this accounts for the reduced expression levels observed in solubilized brain tissues.  

To our knowledge, the UCH-L1 level in parkin mutant ARJP brain has not been 

examined, but we find elevated UCH-L1 levels in parkin-/- mouse brain suggesting that 

UCH-L1 levels may also be dysregulated in ARJP.  These findings are in accord with a 

prior proteomics study that reported increased UCH-L1 levels in parkin-/- mouse striatum 

(Periquet et al., 2005). We also found altered binding between UCH-L1 and pathogenic 

parkin mutants, but the contribution of dysregulated parkin and UCH-L1 binding 

dynamics to disease pathogenesis remains unknown. Additionally, to better inform on 

the relationship between parkin and UCH-L1 in ARJP, it will be important to determine 

whether the expression of pathogenic PD mutant parkin affects UCH-L1 ubiquitination 

and expression levels.  Future research should also try to determine if altered UCH-L1 

levels resulting from parkin inactivation alter global protein degradation through 

disruptions of the monomeric ubiquitin pool and whether this directly or indirectly 

contributes to inclusion body formation or neurodegeneration in PD. 

Biochemically, how do we reconcile the observed UCH-L1 decrease in sporadic 

PD brain but an increase in the parkin-/- ARJP mouse model, and potentially in ARJP 

itself?  A drawback of the brain studies is that they only examined soluble protein levels, 

so a substantial population of UCH-L1 may be present in insoluble Lewy body structures 

that were not accounted for in these studies. In support of this, we have previously 

shown an inverse correlation between the soluble UCH-L1 level and neurofibrillary 

tangle number in sporadic AD brain (Choi et al., 2004). Whether or not a similar 

correlation exists between soluble UCH-L1 level and LB pathology in PD brain remains 

unknown.  In ARJP brain, however, LB pathology is typically not observed (Takahashi et 
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al., 1994, Mori et al., 1998) suggesting that alterations in UCH-L1 level would not be due 

to UCH-L1 accumulation in aggregates.  Thus, the protein level may be elevated as a 

direct consequence of abrogated parkin-mediated targeting of UCH-L1 for lysosomal 

degradation.   

Another possibility is that in sporadic PD, parkin activity may be reduced by the 

nitrosative and oxidative stress characteristic of PD (Chung et al., 2004, Yao et al., 

2004), but a population of functional ligase is still present to ubiquitinate and signal for 

UCH-L1 degradation.  Elevated oxidative stress may also serve a double blow to the 

parkin and UCH-L1 relationship.  Parkin inactivation resulting from nitrosative and 

oxidative stress may initially contribute to increased UCH-L1 levels.  As UCH-L1 

accumulates, it likely acquires oxidative modifications, as has been observed in sporadic 

PD brain (Choi et al., 2004), potentially causing a toxic gain-of-function.  Carbonyl-

modified UCH-L1 proteins have reduced solubility and demonstrate aberrant binding 

with other proteins, similar to the PD-linked mutant UCH-L1 (Kabuta et al., 2008a, 

Kabuta et al., 2008b). These changes may precipitate inclusion body formation and 

reduce the relative population of soluble UCH-L1. As LBs do not form in ARJP brain, this 

may in part account for the reduced soluble UCH-L1 in PD brains but the increased total 

UCH-L1 observed in our study of parkin-/- mice.  

The absence of LBs in ARJP suggests that parkin is involved in inclusion body 

formation. In support of this, our lab has previously shown that parkin plays an active 

role in recruiting misfolded L166P DJ-1 protein into aggresomes through K63-

polyubiquitination to facilitate lysosomal degradation (Olzmann et al., 2004, Olzmann 

and Chin, 2008, Chin et al., 2010). UCH-L1 is a component of LBs (Lowe et al., 1990) 

and has been found in cellular aggresomes following proteotoxic stress (Ardley et al., 

2004). However, although parkin mediates the normal lysosomal degradation of UCH-L1 
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as demonstrated in this thesis, it is unknown if mutant or damaged UCH-L1 is recruited 

to aggresomes by parkin. It will also be interesting to determine if selective parkin 

mediated degradation of I93M mutant and oxidatively damaged toxic UCH-L1 proteins is 

potentially neuroprotective in cellular PD models. My thesis work examined parkin-

mediated UCH-L1 ubiquitination and degradation under basal conditions; thus, the 

above studies are important lines of future research. Gaining a better understanding of 

how disruptions in parkin-mediated ubiquitination and degradation of UCH-L1 

contributes to altered UCH-L1 distribution and degradation in PD will reveal novel 

mechanisms underlying disease pathogenesis.   

 

 

Implications for peripheral sensory and motor neuropathies  
  

Although neurodegeneration caused by UCH-L1 loss-of-function has been 

described in the CNS, the effect of UCH-L1 loss-of-function on PNS axons was 

undefined. The work described in Chapter 3 provides compelling evidence that supports 

a disease model where neuropathy associated with UCH-L1 loss-of-function is caused, 

at least in part, by progressive axonal degeneration of peripheral nerves.  This inference 

is supported by our observation of degenerating axons and myelin debris, altered axonal 

size (area and perimeter) distributions, and reduced CMAPs in the sciatic nerve of 

symptomatic, but not presymptomatic, UCH-L1-/- animals.  NMJ denervation has 

previously been reported in this mouse model, beginning as early as postnatal day 60 

(Miura et al., 1993), a pathological alteration accompanied by reduced mEPP 

frequencies and reduced EPP amplitudes in isolated EDL muscles of mice aged 2 

months or older (Chen et al., 2010). However, prior to this report, it was unknown 

whether CMAP and MNCV were also affected in the UCH-L1-/- model.  We observed an 
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age-dependent decrease in CMAP amplitude, which is consistent with these previously 

reported progressive reductions in mEPP frequency and EPP amplitude.  We also show, 

for the first time, that the MNCV is not altered in UCH-L1-/- sciatic nerve, indicating a 

primary axonal degenerative phenotype without demyelination. We also find a normal 

structural appearance of the nodes of Ranvier as evidenced by Caspr immunolabeling 

and toluidine blue staining. We also found a normal myelin staining pattern, in support of 

our MNCV findings. 

The first pathological sign in UCH-L1-/- mice is abnormal hindlimb clasping when 

animals are suspended by the tail, beginning around day 30 (Yamazaki et al., 1988).  

Interestingly, mEPP frequency and EPP amplitude are unaffected at this age (Chen et 

al., 2010), and moreover, we find normal CMAP amplitudes and no evidence of sciatic 

nerve degeneration.  These findings support a correlation between sciatic nerve 

structure and NMJ and motor nerve transmission with disease severity. However, it is 

still unclear whether NMJ transmission deficits precede axonal degeneration or if 

reduced NMJ transmission is a direct consequence of axonal degeneration.  A finer 

examination of the time course between CMAP deficits and sciatic nerve degeneration 

would be needed to answer this question, and is certainly an interesting avenue for 

future research. 

The major pathological alterations in UCH-L1-/- mice occur in the gracile nucleus, 

gracile fasiculi, and spinocerebellar tract which is accompanied by muscle spindle 

degeneration at Ia afferent sensory nerve fibers (Yamazaki et al., 1988, Mukoyama et 

al., 1989, Kikuchi et al., 1990, Oda et al., 1992).  Muscle spindle degeneration begins as 

early as postnatal day 20 before the onset of CNS pathology, suggesting that 

degeneration in these brain structures may be driven by reduced proprioceptive inputs 



103 

 

from the periphery (Oda et al., 1992).  However, it was previously unknown whether 

sensory nerve conduction was altered as a result of UCH-L1 loss-of-function. Thus, we 

measured SNAPs and SNCV from the tail nerve in presymptomatic and aged UCH-L1-/- 

mice.  In accord with our motor nerve findings, we found that symptomatic animals have 

significantly reduced SNAP amplitudes and SNCVs within the normal range.  This is the 

first report of a functional sensory nerve deficit in UCH-L1-/- animals and is in accord with 

the reduced somatosensory-evoked potentials but normal conduction velocities 

observed in NDGOA patients (Bilguvar et al., 2013). Our findings are also consistent 

with clinical features seen in CMT2, the axonal subtype of CMT, namely the reduced 

action potential amplitudes but preservation of nerve conduction velocities.  

An interesting and unexpected finding was the reduced proportions of large 

caliber axons in the dorsal and ventral roots of symptomatic mice, particularly as there 

were no overt signs of axonal degeneration. There are several possible interpretations of 

these data. Due to their higher energy demands, large caliber axons typically 

degenerate before small caliber axons, so it is possible that a subpopulation of large 

caliber axons in the dorsal and ventral roots are in the early stages of degeneration, 

which can include axonal atrophy and shrinkage away from the myelin sheath, and thus 

are mildly dystrophic in appearance.  Additionally, as UCH-L1 is localized to the axon 

and colocalizes with the heavy neurofilament subunit, it raises the possibility that UCH-

L1 plays a role in maintaining axonal size.  The neurofilaments are neuronal 

intermediate filament proteins that compose the axonal cytoskeleton and thus their 

proper assembly regulates axon diameter (Hoffman et al., 1984, Yuan et al., 2012).  

Mice with autosomal recessive mutations in the heavy and mid-sized neurofilament 

subunits undergo age-dependent axonal atrophy in the dorsal and ventral roots without 

evidence of axonal degeneration until 2 years of age (Elder et al., 1999). However, we 
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did not find any axonal size differences in the sciatic nerve of the younger 

presymptomatic animals, suggesting that UCH-L1 does not actively regulate the axonal 

cytoskeleton as the neurofilaments do.  

Additional histological studies on presymptomatic animals and mice in more 

advanced stages of the disease would need to be performed to determine whether the 

altered axonal distributions we see in the dorsal and ventral roots result from 

neurodegeneration or are potentially due to developmental or structural differences in 

the absence of UCH-L1. However, as UCH-L1 deficient animals typically die between 5 

and 6 months, the 4.5 m/o UCH-L1-/- animals used for these studies were already 

approaching end stage and thus examination of older mice may not reveal any additional 

differences. Nevertheless, our findings in the sciatic nerve and proximal roots support a 

distal-to-proximal or dying back mode of neurodegeneration in the PNS as has been 

reported in the gracile tract of the CNS. Because we only examined the pathology in 

sciatic nerve from 1 m/o and 4.5 m/o cohorts of UCH-L1-/- mice, it is unclear when sciatic 

nerve degeneration begins in these animals.  However, we have defined a window of 

pre- and post-degenerative changes in the sciatic nerve corresponding with disease 

severity, which opens the possibility of using this mouse model for examining genetic or 

pharmacological interventions that may slow axonal degeneration and delay disease 

progression. 

 

Comments on UCH-L1 gain of function vs loss of function in conferring different 

neurodegenerative disease outcomes 
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 The linking of UCH-L1 abnormalities to diseases with decidedly different CNS 

and PNS phenotypes raises the possibility that UCH-L1 gain of function vs loss of 

function manifests as different pathological conditions.  UCH-L1 loss of function causes 

peripheral nerve terminal degeneration and primary axonal degeneration, whereas gain 

of function through mutation or oxidative modification is likely more pertinent to PD 

pathogenesis. Although the I93M PD mutation causes approximately 50% reduction in 

hydrolase activity in vitro (Leroy et al., 1998, Nishikawa et al., 2003), it is unknown what 

effect this may have on familial PD patient pathology.  The I93M mutation is autosomal 

dominant, so there is one wild type allele encoded in heterozygous individuals which 

may compensate for some of the lost activity.  Oxidative modification by carbonylation of 

UCH-L1 reduces hydrolase activity (Nishikawa et al., 2003) which may be a contributing 

factor in sporadic PD, particularly as we have previously reported extensive oxidative 

modification of the UCH-L1 protein in sporadic PD brain (Choi et al., 2004). Additionally, 

the I93M mutant UCH-L1 and oxidatively modified UCH-L1 proteins undergo abnormally 

increased protein/protein interactions, including aberrant binding with tubulins and CMA 

degradation machinery which may drive a toxic gain of function (Kabuta et al., 2008a, 

Kabuta et al., 2008b). Transgenic mice overexpressing the I93M mutant display 

dopaminergic degeneration and are more susceptible to MPTP treatment, further 

supporting a role for this mutation in PD (Setsuie et al., 2007).  

Autosomal recessive UCH-L1 loss-of-function mutations in mice and humans do 

not result in a PD phenotype but rather sensory and motor nerve terminal retraction and 

axonal degeneration, suggesting an alternate mode of pathogenicity that results from the 

loss of UCH-L1 expression.  UCH-L1-/- mice have reduced monomeric ubiquitin levels in 

neuronal tissues (Osaka et al., 2003, Walters et al., 2008), but it is presently unclear if 

disrupted ubiquitin homeostasis directly causes the neurodegenerative phenotypes 
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observed in these mice. Abnormal protein and organelle accumulation in the dystrophic 

axons of UCH-L1-/- animals suggests that axonal transport may be disrupted which may 

result in aggregation and transport blockages that ultimately contribute to axon 

degeneration (Mukoyama et al., 1989, Ichihara et al., 1995, Wu et al., 1995, Wang et al., 

2004) as has been reported in other peripheral neuropathies (Coleman, 2005, Conforti et 

al., 2014). It is unclear if the hydrolase activity of UCH-L1 is required for normal axonal 

transport, but pharmacological inhibition of UCH-L1 reduces retrograde BDNF trafficking 

in axons of cultured neurons (Poon et al., 2013). Future studies examining axonal 

transport in primary neurons from UCH-L1 null animals will help determine what role, if 

any, UCH-L1 plays in the regulation of axonal transport. 

 

 

Implications for cancer pathogenesis  
 

In recent years, an appreciation for potential alternative roles of PD-linked genes 

in PD and cancer pathogenesis has been recognized, suggesting that one disease 

associated with neuronal cell death and another with aberrant cell proliferation may 

converge on a common pathway that regulates cell health and/or cell cycle.  Parkin and 

UCH-L1 are familial PD proteins that are also implicated in cancer pathogenesis; thus, 

further studying their relationship in PD may have important implications for elucidating 

mechanisms in cellular malignancies. Parkin has a putative tumor suppressor function, 

while UCH-L1 is a putative oncogene.  Thus, these proteins may have opposing roles in 

cancer pathogenesis, and an interesting unexplored possibility is that disruption of the 

parkin mediated regulation of UCH-L1 level is linked to tumorigenesis as well as PD 

pathogenesis.  It is important to note, however, that UCH-L1 is not upregulated in all 
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cancers, as reduced mRNA levels and promoter hypermethylation have been observed 

in some prostrate, breast, and nasopharyngeal cancers (Wang et al., 2008, Li et al., 

2010, Ummanni et al., 2011, Xiang et al., 2012) suggesting a potential tumor suppressor 

function.  However, as UCH-L1 expression is typically low or absent in non-neuronal 

tissues, it is unclear how reduced UCH-L1 levels would exert a tumor suppressor 

function in cells that do not normally express the protein (Hurst-Kennedy et al., 2012).  

The preponderance of evidence points toward UCH-L1 as an oncogene that when 

upregulated in non-neuronal cells promotes cancerous transformation and tumor cell 

invasion, but the mechanisms underlying enhanced tumorigenesis remain unknown 

(Tezel et al., 2000, Chen et al., 2002, Miyoshi et al., 2006, Liu et al., 2009a, Mastoraki et 

al., 2009).  Additionally, transgenic mice expressing UCH-L1 under a ubiquitous 

promoter are prone to spontaneous tumor generation, particularly in the lymph nodes 

and lungs (Hussain et al., 2010) supporting an in vivo oncogenic role for UCH-L1.  The 

manner by which UCH-L1 promotes tumorigenesis and whether this requires the 

hydrolase activity of UCH-L1 remains unclear. Future studies utilizing pharmacological 

inhibitors of UCH-L1 will help determine whether or not the DUB activity is required for 

driving oncogenesis. It will also be interesting to see if in future any UCH-L1 mutations 

are reported that are linked to cancer rather than neurological disease. 

 In contrast to UCH-L1, parkin has a reported tumor suppressor function, meaning 

that parkin mutation and loss of function are linked to both neurodegeneration and 

cancer pathogenesis.  Parkin mutations have been observed in multiple tumor types 

including cervical cancer, lung cancer, and colorectal cancer (Cerami et al., 2012, Gao 

et al., 2013, Xu et al., 2014).  Additionally, parkin promoter hypermethylation, as well as 

mRNA and protein downregulation have also been reported in several transformed cells 

and tumors (Xu et al., 2014), further supporting a role for parkin inactivation in 
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tumorigenesis.  Moreover, parkin null mice develop γ-irradiation-induced tumors at a 

higher rate than control animals (Zhang et al., 2011).  It will be of interest to examine 

whether cancers associated with parkin mutation or reduced expression also 

demonstrate elevated UCH-L1 levels, or vice versa.  Additionally, it would be particularly 

interesting to examine if parkin overexpression is protective in tumors and transformed 

cells associated with elevated levels of UCH-L1. 

 

4.3 Future Directions 
  

I discussed many unknown issues in the previous discussion section, but several 

additional unanswered questions remain. Here I propose experiments that can address 

these unknowns and potentially increase our understanding of UCH-L1 function and 

regulation in health and disease. 

 

Does PINK1 phosphorylation of parkin stimulate the ubiquitination of UCH-L1? 
 

As described in Chapter 1, the crystal structure of parkin indicates that it normally 

exists in an autoinhibited structure (Trempe et al., 2013, Wauer and Komander, 2013) 

that likely requires activation by an external mechanism, such as cofactor binding or 

posttranslational modification which opens the structure to allow E2 and/or substrate 

binding.  For example, the PD-linked kinase PINK1 is upstream of parkin in the 

mitophagy pathway. In response to mitochondrial depolarization, PINK1 phosphorylates 

parkin at Ser-65 in the N-terminal UBL, which activates parkin and leads to the 

ubiquitination and subsequent proteasomal degradation of several outer mitochondrial 

membrane proteins, signaling for mitophagy (Narendra et al., 2008, Matsuda et al., 
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2010, Kondapalli et al., 2012, Shiba-Fukushima et al., 2012, Kane et al., 2014). Thus, 

PINK1 phosphorylation is a required step for parkin activation during mitophagy.  

However, it remains unclear whether PINK1 phosphorylation specifically regulates parkin 

activity toward mitochondrial substrates.  We have previously shown that PINK1 

phosphorylation facilitates robust ubiquitination of the cytosolic protein IKKγ (Sha et al., 

2010).  Together these studies suggest that PINK1 activates parkin activity toward both 

mitochondrial and cytosolic proteins, but whether PINK1 activates parkin-mediated 

ubiquitination of UCH-L1 remains unknown. It is important to determine whether PINK1 

phosphorylation is a global mechanism of parkin activation, or whether parkin targets 

individual substrates in response to different modifications. This information will 

potentially facilitate development of drugs that selectively target, for example, mitophagy 

related substrates without affecting ubiquitination of other proteins. 

 To test whether PINK1 phosphorylation activates the parkin-mediated 

ubiquitination of UCH-L1, several experiments can be performed. Ubiquitination assays 

as described in Chapter 2 can be conducted in the presence and absence of wild type 

PINK1 or kinase-inactive mutants. If PINK1 phosphorylation of parkin is critical for UCH-

L1 ubiquitination, then ubiquitination will be increased following wild type PINK1 

overexpression compared to parkin expression alone, whereas kinase-inactive PINK1 

expression should not elevate UCH-L1 ubiquitination.  Because PINK1 mutations cause 

autosomal recessive PD, it is perhaps of greater interest to examine UCH-L1 

ubiquitination and expression level in PINK1 null mice and/or PINK1 knockdown cells.  

Absent or reduced PINK1 expression is predicted to block parkin activation, thus 

reducing parkin-mediated UCH-L1 ubiquitination, which may cause increased levels of 

UCH-L1 protein in PINK1 deficient cells.  Additionally, as the PINK1 phosphorylation site 

on parkin (Ser-65) has been determined, mutant parkin S65A plasmids can be 
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generated and expressed in cells to determine if UCH-L1 ubiquitination is affected. 

Alternative mechanisms may exist that prompt the parkin-mediated ubiquitination of 

UCH-L1.  For example, a posttranslational modification (PTM) on UCH-L1 may act to 

enhance binding with active parkin which triggers its ubiquitination and lysosomal 

degradation. 

 

What are other mechanisms that regulate the UCH-L1 protein? 
  

Identification of other UCH-L1 regulatory mechanisms has important 

consequences for understanding the role of UCH-L1 dysfunction in disease.  The 

elucidation of such mechanisms may also facilitate the identification of potential drug 

targets that may be therapeutic in neurodegenerative disease or cancer. Aside from 

monoubiquitination (Meray and Lansbury, 2007) and the polyubiquitination described in 

this thesis, other PTMs of UCH-L1 have been described which include farnesylation (Liu 

et al., 2009b) and O-glycosylation (Cole and Hart, 2001). Although a predominantly 

cytosolic protein, farnesylation of C-terminal Cys-220 appears to alter UCH-L1 solubility 

by increasing its association with endoplasmic reticulum membranes.  The role of UCH-

L1 farnesylation on neuronal health is unclear, but blocking farnesylation by mutation or 

pharmacological manipulations reduces toxicity associated with α-synuclein 

overexpression and thus may be a therapeutic target in PD (Liu et al., 2009b).  

UCH-L1 is also O-glycosylated with β-D-N-acetylglucosamine (O-GlcNac) at 

synaptic nerve terminals, but the functional outcome of this modification has not been 

defined (Cole and Hart, 2001). O-GlcNAcylation occurs at serine and threonine residues 

of cytosolic and nuclear proteins, frequently at the same serines and threonines that 

undergo phosphorylation. Depending on cellular health and nutritional status, O-
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GlcNAcylation can block phosphorylation and vice versa, allowing cellular cross talk in 

various signaling pathways (Hart et al., 2011).  The reciprocal relationship between O-

GlcNAcylation and phosphorylation raises that possibility that UCH-L1 is also 

phosphorylated.  However, there have been no reports of UCH-L1 phosphorylation, and 

signaling events mediated by UCH-L1 O-GlcNAcylation have yet to be elucidated. 

What are other PTMs of UCH-L1 and how do we identify them? First, it will be 

important to identify neuronal binding partners of UCH-L1.  This can be achieved using a 

combined immunoprecipitation and mass spectrometry approach.  The UCH-L1 protein 

can be immunoprecipitated from cultured neuronal cells or brain lysates, which will also 

retrieve proteins bound to UCH-L1.  The immunoprecipitated materials can be analyzed 

by mass spectrometry to identify potential binding partners, and then confirmed using 

coimmunoprecipitation assays. If enzymatic binding partners are identified, experiments 

can then be performed to determine if they mediate PTM of UCH-L1 and what the 

functional consequences of the PTM are, such as increased or decreased hydrolase 

activity.  Additionally, these experiments can be performed with wild type and C90S 

hydrolase-dead mutant to potentially identify activity-dependent interactors of UCH-L1. 

Another method toward identifying UCH-L1 PTMs and/or binding partners can be 

achieved through empirical testing of putative modification sites revealed by UCH-L1 

coding sequence analysis. 

 

Does UCH-L1 regulate axonal transport? 
 

 Observations of neurodegeneration associated with UCH-L1 loss-of-function 

mutations have been well characterized.  However, it remains unknown how UCH-L1 
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loss-of-function promotes neurodegeneration which ultimately results in disease.  

Abnormal protein aggregates and mitochondrial accumulation has been described in 

degenerating axons of UCH-L1-/- mice, leading to speculation that UCH-L1 is involved in 

axonal transport.  Reduced quantities of synaptic vesicles have been observed at NMJs 

of UCH-L1-/- animals (Chen et al., 2010), suggesting a potential disruption of synaptic 

vesicle transport to terminals. Additionally, inhibition of UCH-L1 activity reduces BDNF 

trafficking in cultured neurons (Poon et al., 2013), supporting a role for UCH-L1 in axonal 

transport. Although pharmacological inhibitors selectively reduce UCH-L1 activity (Liu et 

al., 2003), it is unknown whether these drugs have off-target effects that may have 

contributed to this phenotype. Thus, in order to directly test whether axonal transport is 

altered by UCH-L1 loss-of-function, transport rates of fluorescently labeled cargos can 

be measured in primary neurons cultured from UCH-L1-/- animals using live cell 

imagining.  If UCH-L1 plays a role in axonal transport as has been hypothesized, then 

we would expect to observe reduced transport rates and potentially evidence of stalled 

cargos in neuronal processes. Assuming a defect is observed, rescue experiments 

should then be conducted to determine whether reintroduction of UCH-L1 protein 

improves transport rates and whether the DUB activity of UCH-L1 is required in transport 

regulation.  Another important issue to address is whether any transport deficits 

observed in UCH-L1-/- neurons results from disruption of the monomeric ubiquitin pool 

or through an independent mechanism.  To assess this, the transport rescue 

experiments should be repeated using ubiquitin overexpression rather than UCH-L1 

overexpression. These experiments have precedent as ubiquitin overexpression has 

been found to rescue dendritic spine structural alterations associated with UCH-L1 

inhibition (Cartier et al., 2009). Additionally, cell based death assays can be conducted in 

primary UCH-L1-/- neurons transfected with ubiquitin to determine whether this confers 
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cytoprotection. Finally, alterations in axonal degeneration and phenotype severity can be 

assessed in vivo by generating and analyzing ubiquitin overexpressing transgenic mice 

crossed with UCH-L1-/- mice.  

 

4.4 Hypothesized model of UCH-L1 dysfunction in neurological disease and 

closing remarks 

 
Although many questions remain unanswered, we can begin to put my thesis 

research into context with previous studies to suggest a potential model of UCH-L1 

dysfunction in neurodegenerative disease (Fig. 4.1). In healthy neuronal cells, UCH-L1 

levels are maintained through basal parkin-mediated K63-polyubiquitination and 

lysosomal turnover. In ARJP, however, parkin activity is lost or severely reduced which 

blocks K63-polyubiquitination of UCH-L1, which in turn reduces the lysosomal 

degradation of UCH-L1 causing elevated UCH-L1 level.  Although it is unclear how 

elevated UCH-L1 promotes neurodegeneration, one possibility is that accumulated 

UCH-L1 may become oxidatively damaged and take on a toxic gain-of-function, thereby 

contributing to pathogenesis.  In sporadic PD, parkin activity itself is reduced by 

oxidative and nitrosative stress which can also inhibit the K63-polyubiquitination of UCH-

L1 and cause a similar chain of events as described for ARJP.  However, in sporadic 

PD, damaged UCH-L1 is sequestered in Lewy bodies (a process potentially mediated by 

parkin) which may account for the reduced soluble UCH-L1 levels observed in sporadic 

PD brain tissues. Loss-of-function mutations in UCH-L1 cause gracile axonal dystrophy 

in mice and NDGOA in humans.  My research has also revealed a critical role for UCH-

L1 peripheral axon maintenance and neurotransmission and shows that loss-of-function 

results in progressive distal-to-proximal degeneration in the PNS. The mechanism by 
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which UCH-L1 loss-of-function results in PNS axon degeneration remains unclear, but 

pathological disruptions in axonal transport have been hypothesized and should be 

tested. Further elucidation of mechanisms that regulate UCH-L1 protein level and 

gaining a better understanding of the pathological consequences of UCH-L1 loss-of-

function will reveal novel insight into the role that UCH-L1 dysfunction plays in 

neurological disease. 
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Figure 4.1. Proposed model of the role of UCH-L1 dysfunction in neurological 

disease. Different neurodegenerative disease outcomes are mediated by disruptions to 

UCH-L1 protein homeostasis. Loss of parkin function through genetic mutation or 

potentially through oxidative stress reduces the K63-polyubiquitination and lysosomal 

degradation of UCH-L1 leading to increased protein level. Dysregulation of UCH-L1 

homeostasis may be a pathogenic mechanism in ARJP. UCH-L1 loss-of-function 

mutations cause sensory and motor neuropathy in mice, which is caused, at least in 

part, by age-dependent distal-to-proximal axonal degeneration in the peripheral nervous 

system. 
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