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Abstract

The ubiquitin proteasome pathway (UPP) is essential for removing abnormal proteins and
preventing accumulation of potentially toxic proteins within the neuron. UPP dysfunction occurs
with normal aging and is associated with abnormal accumulation of protein aggregates within
neurons in neurodegenerative diseases. Ischemia disrupts UPP function and thus may contribute to
UPP dysfunction seen in the aging brain and in neurodegenerative diseases. Ubiquitin carboxy-
terminal hydrolase L1 (UCHL1), an important component of the UPP in the neuron, is covalently
modified and its activity inhibited by reactive lipids produced after ischemia. As a result,
degradation of toxic proteins is impaired which may exacerbate neuronal function and cell death in
stroke and neurodegenerative diseases. Preserving or restoring UCHL1 activity may be an
effective therapeutic strategy in stroke and neurodegenerative diseases.
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1. Ubiquitin proteasome pathway (UPP) in normal brain function

In order to maintain brain function, neurons must survive for the life of the organism since
neuronal mitosis is complete in most neurons by birth. This poses unique challenges for the
neuron and requires efficient systems for maintaining cellular integrity, cellular repair and
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removing potential toxins from the cell (Ciechanover and Kwon, 2015; Jara et al., 2013).
These toxins include abnormally folded or aggregated proteins (Haass and Selkoe, 2007).
Neurodegenerative diseases such as Parkinson’s disease (PD) and Alzheimer’s disease (AD)
are characterized by the accumulation of abnormal protein aggregates within the neurons
(Ciechanover and Kwon, 2015; Sulistio and Heese, 2016). One of the major mechanisms by
which the neuron removes abnormal proteins is the ubiquitin proteasome pathway (UPP)
(Huang and Figueiredo-Pereira, 2010; Schwartz and Ciechanover, 2009). Without continued
effective operation of the UPP, accumulation of toxic intracellular proteins may threaten the
viability of the neuron (Ciechanover and Kwon, 2015). Thus, the life or death of the aging
neuron depends upon continued efficient removal of abnormal protein trash by the UPP.

The UPP serves to identify, label and transport damaged or misfolded proteins to the
proteasome where abnormal proteins are degraded (Schwartz and Ciechanover, 2009). The
UPP has several components which include ubiquitin, the 26S proteasome, ubiquitin
activating enzyme(E1), ubiquitin conjugating enzyme (E2), ubiquitin ligating enzyme (E3),
and deubiquitinating enzymes (DUBs) (Gadhave et al., 2016; McNaught et al., 2001).
Ubiquitin (Ub), a 8.5 kD protein with 76-amino acids, is activated by E1 and then
transferred to E2 before it is conjugated to the substrate proteins by E3 ligase (McNaught et
al., 2001; Moore et al., 2003; Scheffner et al., 1995). Additional ubiquitin molecules are
linked to the initial ubiquitin, forming poly-ubiquitin (poly-Ub) chains. The poly-Ub chains
associated with protein degradation via the proteasome are formed by linkage of Ub at its
lysine 48 amino acid (K48) (Ciechanover and Kwon, 2015; Huang and Figueiredo-Pereira,
2010; Komander, 2009). K48-poly-Ub-linked proteins are then transported to the
proteasome via interactions with cytoskeletal proteins and other enzymes (Finley, 2009).
Prior to entering the proteasome, Ub is removed from the substrate proteins, by way of
deubiquitinating enzymes (DUBs) (Kim et al., 2003). DUBs are grouped into five different
classes, which include 1) ubiquitin C-terminal hydrolases (UCHSs, such as UCHL1, UCHL3
and UCHLYJ5) ; 2) ubiquitin-specific proteases (USPs, such as USP7, USP9x and USP14); 3)
ovarian tumor-like proteases; 4) JAB1/MPN/Mov34 metalloproteases and 5) Machado-Jakob
disease proteases (Komander et al., 2009; Todi and Paulson, 2011). This allows Ub to be
recycled and reused for transport of additional damaged proteins. Once deubiquitinated, the
abnormal protein may enter the proteasome where it is proteolyzed to amino acids
(McNaught et al., 2001; Moore et al., 2003). The 26S proteasome consists of the 19S
regulatory particle (which is responsible for substrate recognition, deubiquitination and
unfolding ) and the 20S core particle which degrades substrate proteins (Fig. 1) (Baumeister
etal., 1998; Braun et al., 1999; DeMartino and Slaughter, 1999; Glickman et al., 1998; Walz
et al., 1998). Thus, normal UPP function is a primary method resulting in misfolded or
damaged protein removal from the neuron, helping assure normal neuronal function and
preventing accumulation of abnormal proteins.

Ligation of Ub to proteins may have other functions in addition to the UPP (Kulathu and
Komander, 2012). For example, poly-Ub chains may also be formed by conjugation at lysine
63 (K63) and other lysine sites (K6, K11, K27,K29 and K33), but these linkages are
associated with other cellular functions such as signal transduction, DNA repair and
autophagy (Erpapazoglou et al., 2014; Moore et al., 2003; Nathan et al., 2013; Silva et al.,
2015). Ubiquitination of proteins may play an important role in axonal transport; mutations
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in or disruption of UCHL1 results in axonal abnormalities and disruption of motor function
(Korhonen and Lindholm, 2004; Mukoyama et al., 1989). Protein ubiquitination also may
play an important role in transport of synaptosomes to the cell membrane (Chen et al.,
2011b; Yin et al., 2015).

2. The role of the UPP in aging and neurodegenerative diseases

2.1 UPP and aging

In order to preserve the function and viability of the neuron throughout its lifespan, it is
essential to degrade and remove abnormal potentially toxic proteins. In addition, neurons are
unique in that they contain axons and dendrites that do not include all of the proteolytic
components of the cell body. Thus, abnormal proteins located in axons and dendrites must
be transported to the cell body for disposal by the proteasome and other systems such as the
lysosome and autophagy (Yerbury et al., 2016). 20S and 26S proteasome substrate
degradation activity is significantly decreased in aged brains compared to young rat brains
(Giannini et al., 2013; Keller et al., 2000; Tydlacka et al., 2008). Hence, a decline in UPP
function may be a component of normal aging and may be an important factor in the
increased incidence of common neurodegenerative diseases associated with accumulation of
abnormal proteins in the brain.

2.2 UPP and Parkinson’s disease (PD)

The pathological hallmark of PD is the presence of abnormal protein aggregations, also
known as Lewy bodies, containing a-synuclein and other proteins within the cytoplasm of
neurons (Goedert and Spillantini, 1998; Goedert et al., 2013; Spillantini et al., 1998). Many
of these proteins are ubiquitinated suggesting that they were destined for degradation via the
UPP (Hasegawa et al., 2002; McNaught et al., 2001; Moore et al., 2003). The aggregates
also contain proteasome components and cytoskeletal elements associated with the UPP and
are termed aggresomes (Choi et al., 2004). These observations suggest that the protein
inclusions found in PD may result from failed attempts by the UPP to remove abnormal
neuronal proteins.

Additional support for the hypothesis that UPP dysfunction is important in the pathogenesis
of PD comes from the identification of several mutations in genes that may have a role in the
neuronal UPP in patients with familial PD. a-synuclein is the most prominent component of
the Lewy body and a mutation has been associated with increased aggregation of this protein
and PD (Engelender, 2008). a.-synuclein aggregates have been shown to inhibit proteasome
function (Ghee et al., 2000; McNaught et al., 2001; Tanaka et al., 2001). Parkin (PARK?2),
another gene mutated in familial PD, is an E3-ubiquitin ligase, which plays an important
role in selecting proteins for ubiquitination (Imai et al., 2001; Shimura et al., 2000; Zhang et
al., 2000). UCHL1 (PARKSD), is a prevalent neuronal protein that hydrolyzes Ub from
proteins prior to their entry into the proteasome and also ligates Ub to its target proteins (Liu
et al., 2002; Nishikawa et al., 2003; Wintermeyer et al., 2000). Thus, UCHL1 may also play
an important role in the neuronal UPP. DJ1 (PARKY) is poly-ubiquitinated by Parkin
(Olzmann and Chin, 2008; Olzmann et al., 2007). A mutation in DJ1 results in abnormal
folding of the protein making it prone to aggregation and accumulation in aggresomes
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(Olzmann et al., 2004; Olzmann et al., 2008). Therefore, a number of the mutations that
produce familial PD are associated with abnormalities in the UPP.

2.3 UPP and Alzheimer’s disease (AD)

AD is characterized by aggregation of amyloid p (Ap) and tau proteins. Ap oligomers
accumulate within neurons and there are extracellular accumulations of high molecular
weight deposits of AB peptides in the fibular form (Deger et al., 2015; Gadhave et al., 2016).
ApPpeptides also form diffuse plaques consisting of beta sheets of Apthat are resistant to
degradation (Ciechanover and Kwon, 2015). AD is also associated with cerebral amyloid
angiopathy, where AP accumulates in the media and adventitia of small and medium sized
arteries in the brain. Ap inhibits the function of the UPP and promotes the formation and
accumulation of hyperphosphorylated tau, a highly soluble microtubule-binding protein
(Ciechanover and Kwon, 2015; Gadhave et al., 2016; Haass and Selkoe, 2007).
Hyperphosphorylated and misfolded tau accumulates at both pre- and post- synaptic
terminals in brains of patients with AD (Brandt et al., 2005; Goedert et al., 1998; Spillantini
and Goedert, 1998; Tai et al., 2012). Abnormally hyperphosphorylated and misfolded tau
accumulates in the cell body of neurons, is associated with neurofibulary tangles and impairs
axonal transport and neuronal function (Gadhave et al., 2016). Tau also accumulates in
dendritic processes and axons and is present in neuritic plaques (Avila et al., 2013; Brandt et
al., 2005).

The UPP may play an important role in the degradation of both abnormally folded or
aggregated tau and AB. Proteasome activity is decreased in the brain of early phase AD
patients (Keck et al., 2003; Keller et al., 2000; Lopez Salon et al., 2000; Sulistio and Heesg,
2016). Downregulation of E1 and E2 enzymes and proteasome subunits have been detected
in AD brains (Lopez Salon et al., 2000). In addition, oligomers of Aphave been reported to
disrupt proteasome function by directly binding to the 20S proteasome and inhibiting its
proteolytic activity (Gregori et al., 1995; Gregori et al., 1997; Oh et al., 2005; Tseng et al.,
2008). Moreover, polymerized tau, but not soluble tau, can also significantly inhibit
proteasome activity (Keck et al., 2003; Lam et al., 2000; Yen, 2011). In turn, impaired
proteasome activity may account for decreased clearance of both hyperphosphorylated tau
and Apsheets (Mawuenyega et al., 2010; Sulistio and Heese, 2016). Thus, the UPP may be
disrupted by a number of mechanisms in AD leading to accumulation of both tau and Ap.

2.4 UPP and other neurodegenerative diseases

Dysfunction of the UPP has also has been associated with other neurodegenerative diseases.
In prion diseases, the constitutive form of the cellular prion protein (PrP®) is converted into a
pathogenic scrapie prion protein (PrPs), which is not a good substrate for the UPP
(Ciechanover and Kwon, 2015). The PrPSC is enriched in B-sheets and tends to aggregate. In
addition, PrPSC binds to and blocks the 20S proteasome, impairing proteasomal degradation
(Deriziotis et al., 2011). Therefore, it has been hypothesized that UPP dysfunction may
underlie prion diseases such as Creutzfeldt-Jacob Disease (Hooper, 2003; Ma et al., 2002).

Abnormal aggregates of ubiquitinated SOD1 are found in neurons bearing the mutation of
SOD1 associated with familial amyotrophic lateral disease (ALS). Consequently, UPP
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dysfunction has been hypothesized to contribute to the pathogenesis of ALS (Cleveland and
Liu, 2000). Recently, conditional knock-out mice of the proteasome subunit Rpt3 in a motor
neuron-specific manner (Rpt3-CKO) exhibited locomotor dysfunction accompanied by
progressive motor neuron loss and gliosis. Moreover, diverse ALS-linked proteins, including
TAR DNA-binding protein 43 kDa (TDP-43), fused in sarcoma (FUS), ubiquilin 2, and
optineurin were mislocalized or accumulated in motor neurons, together with other typical
ALS hallmarks such as basophilic inclusion bodies(Tashiro et al., 2012). Therefore,
impairment of proteasome activity may play an important role in the pathogenesis of ALS.

Huntington’s disease (HD) is caused by expanded polyglutamine (polyQ) repeats in the N-
terminal region of mutant huntingtin gene (mHtt). The resultant abnormal protein mHtt is
resistant to degradation by the UPP and autophagy (Chai et al., 1999). mHtt may also inhibit
proteasome activity either directly by clogging the 20S proteasome core or indirectly
through mitochondrial dysfunction and ATP depletion (Ortega and Lucas, 2014). mHtt
forms aggregates in both intra-neuron and extracellular spaces (Landles and Bates, 2004).
Mutant Htt has been found to be ubiquitinated, suggesting that its aggregates form as a result
of UPP failure (Kalchman et al., 1996). Additionally, abnormal ubiquitin-reactive neurites
have been observed in HD brains (Cammarata et al., 1993; Ciechanover and Kwon, 2015).
Increasing UPP function by overexpressing PA28y, a 26S proteasome activator, has been
shown to improve cell survival of HD-derived neurons (Seo et al., 2007). Accordingly, UPP
dysfunction may contribute to the pathogenesis of HD.

2.5 UPP dysfunction after cerebral ischemia

Dysfunction of the UPP is also exhibited after cerebral ischemia (Liu et al., 2010; Luo et al.,
2013). Protein aggregates accumulate in neurons destined to die after transient cerebral
ischemia (Ge et al., 2007; Hu et al., 2000; Luo et al., 2013). There is depletion of free Ub
and an increase in ubiquitinated (Ub-) proteins after transient focal ischemia suggesting that
there is impairment of the UPP after ischemia (Gubellini et al., 1997; Vannucci et al., 1998).
The 26S proteasome undergoes selective dissociation and inhibition after ischemia.
Furthermore, 26S proteasome ChTL activity is decreased after forebrain ischemia in the
gerbil (Asai et al., 2002). Additionally, the proteasome, including the 19S subunit, are found
in intracellular protein aggregates after cerebral ischemia (Ge et al., 2007). Proteasome
activity is decreased after hypoxia in neurons of aged rats (Gozal et al., 2003). Thus,
inhibition of UPP function after ischemia contributes to aggregation of Ub-proteins within
vulnerable neurons.

3. Interrelation between UPP dysfunction in ischemia, aging and

neurodegenerative diseases

UPP dysfunction may play an important role in the aging neuron and may underlie the
accumulation of abnormal proteins in neurodegenerative diseases. Epidemiological studies
indicate that vascular risk factors, white matter hyper-intensities and strokes increase the
incidence of cognitive impairment and AD (Jefferson et al., 2015; Nelson et al., 2016;
Zlokovic, 2011). Hypertension, diabetes and hyperlipidemia are associated with small vessel
cerebrovascular disease associated with micro infarctions and small strokes, often referred to

Ageing Res Rev. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Graham and Liu

Page 6

as “lacunes” (Pantoni, 2010). In addition to infarctions, small vessel disease may also result
in oligemia: less severe hypoperfusion that results in mild ischemia but not cell death and
infarction (ladecola, 2003; Koike et al., 2010; Saito and Ihara, 2016; Schneider et al., 2007;
Shang et al., 2016) . Obstructive sleep apnea and diabetes are common in the elderly and are
associated with transient hypoxia and hypopglycemia that may also contribute to brain
injury and insults to the UPP (Balfors and Franklin, 1994; Gozal, 2013; Gozal et al., 2003;
ladecola, 2003). Thus, the epidemiological association between vascular risk factors, stroke
and AD may be due to the effects of chronic ischemia on the UPP resulting in impaired
clearance of abnormal proteins (Gupta and ladecola, 2015; Hohman et al., 2015; Jefferson et
al., 2015; Kapasi and Schneider, 2016).

Cerebral ischemia may impair UPP function via several mechanisms (Ahmad et al., 2014).
Cerebral ischemia results in production of reactive oxygen species (ROS) generated via
induction of free radical generating enzymes and mitochondrial dysfunction (Chen et al.,
2011a; Ruszkiewicz and Albrecht, 2015). ROS generated after cerebral ischemia include
nitric oxide (NO) and superoxide, which have a large array of potential protein targets
(Chung, 2010; Chung et al., 2005; Shang and Taylor, 2011). Proteins modified by ROS may
gain toxic functions and contribute to protein aggregation (Uehara, 2007). The UPP is an
important mechanism by which these abnormal proteins are removed from the neuron
(Davies and Shringarpure, 2006; Grune et al., 2005). A fully functional UPP is required for
cells to manage oxidative stress and the function of the UPP is also regulated by cellular
redox status as sustained oxidative stress can interfere with ubiquitin enzymes and
proteasome activity (Shang and Taylor, 2011).

Cerebral ischemia also results in the formation of a number of reactive lipid species,
including isoprostanes, levuglandins, and cyclopentenone prostaglandins (CyPgs)
(Figueiredo-Pereira et al., 2014; Liu et al., 2013a; Liu et al., 2013c). Many of these reactive
lipids contain reactive carbonyl moieties which can readily adduct cysteine in a number of
proteins (Figueiredo-Pereira et al., 2014; Ishii and Uchida, 2004; Kim et al., 2007;
Koharudin et al., 2010; Kondo et al., 2002; Li et al., 2004; Liu et al., 2015a; Liu et al., 2011;
Ogburn and Figueiredo-Pereira, 2006; Yamamoto et al., 2011). Prostaglandin (PG) J, and
15-deoxy-A2: 14 prostaglandin J, are CyPgs formed via nonenzymatic degradation of
PGD,, the most common prostaglandin in brain (Liu et al., 2013b). These carbonyl moieties
containing CyPgs are produced in ischemic brain (Liu et al., 2013a; Liu et al., 2013c).
CyPgs disrupt the function of the UPP by inhibiting the activity of the 26S proteasome and
by other proteasome-independent mechanisms (Figueiredo-Pereira et al., 2014; Kondo et al.,
2002; Wang et al., 2006). CyPgs induce accumulation of ubiquitinated proteins and induce
cell death in neurons. In addition, CyPgs exacerbate neuronal cell death due to hypoxia /n
vitro (Liu et al., 2011). Infusion of PGJ, into brain induces accumulation of protein
aggregates immunoreactive for ubiquitin and a-synuclein in dopaminergic neurons that
closely resembles some of the pathology found in the brains of patients with PD (Ogburn et
al., 2006; Pierre et al., 2009). The generation of reactive lipids in elderly patients with
microvascular disease, hypoxia due to sleep apnea and other comorbidities may contribute to
UPP dysfunction and the pathogenesis of neurodegenerative diseases.
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4. Ubiquitin C-terminal hydrolase L1 (UCHL1) and the UPP

4.1 Role in neuronal function

UCHL1 is highly expressed in brain, composing > 1% of brain protein and may play an
important role in the neuronal UPP (Larsen et al., 1996). It is selectively expressed in
neurons, suggesting that it may play a role in additional neuron-specific activities. UCHL1
has both ubiquitin E3 ligase and hydrolase activities (Liu et al., 2002). Besides hydrolyzing
Ub from a poly-Ub chain for recycling, UCHL.1 also ligates Ub onto specific proteins,
tagging these proteins for transport for proteasomal degradation and other functions.
Furthermore, UCHL1 binds to mono-Ub and stabilizes ubiquitin to maintain an available
ubiquitin pool in the cell (Cartier et al., 2009). UCHL1 may also play an important role in
regulating other neuronal processes in addition to the UPP (Fig. 2). Unfolded UCHL1 also
may inhibit autophagy under pathological conditions (Hussain et al., 2013; Kabuta et al.,
2008a) UCHL1 closely interacts with proteins of the neuronal cytoskeleton and may regulate
axonal transport and maintain axonal integrity (Liu et al., 2002; Sakurai et al., 2008).
Mutations or deletion of UCHL1 results in axonal and dendritic pathology, particularly
effecting motor systems (Bilguvar et al., 2013; Chen et al., 2010; Kikuchi et al., 1990).
UCHL1 also regulates synaptic function and long-term potentiation (LTP) under normal and
pathological conditions and may play an important role in memory function (Gong et al.,
2006).

4.2 UCHL1 dysfunction in neurodegenerative diseases

UCHL1 dysfunction has been associated with a number of neurodegenerative diseases
including PD, AD and ALS (Setsuie and Wada, 2007). UCHL.1 is a major component in
Lewy bodies associated with PD and neurofibrillary tangles observed in AD (Choi et al.,
2004; Maraganore et al., 2004). UCHL1 levels are down-regulated in idiopathic PD as well
as AD brains as UCHLL1 is a major target of oxidative damage, which is extensively
modified by carbonyl formation, methionine oxidation, and cysteine oxidation (Choi et al.,
2004; Liu et al., 2011; Lombardino et al., 2005).

UCHL1 co-aggregates with a-synuclein in Lewy bodies, the intra-neural fibrillary aggregate
that is the histological hallmark of PD. A familial mutation in UCHLZ1, namely
UCHL1I193M (PARK 5), has been associated with PD (Maraganore et al., 2004;
Wintermeyer et al., 2000). Compared to wild-type UCHL1, UCHL1I93M exhibits structural
changes, increased insolubility and aberrant interactions with multiple proteins such as
tubulin (Kabuta et al., 2008a; Kabuta et al., 2008b). Expression of UCHL1193M in cells
inhibits chaperone-mediated autophagy and increases a-synuclein, a protein whose
accumulation is associated with neurotoxicity and the development of PD (Kabuta et al.,
2008a). Besides its soluble form, UCHL1 also exists in a membrane-associated form
(UCHL1(M)) which has been shown to correlate with intracellular levels of a-synuclein:
decreased UCHL1(M) reduces a -synuclein levels and increases cell viability (Liu et al.,
2009). Furthermore, Kim et al recently discovered that over-expression of an N-terminal 11
amino acid truncated UCHL1 (NT-UCHL1) decreases cellular ROS levels and protects cells
from H,0,- and rotenone- induced cell death. NT UCHL1-expressing transgenic mice are
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less susceptible to degeneration of nigrostriatal dopaminergic neurons seen in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD (Kim et al., 2014).

Deposition of AP to form neuritic plaques in the brain is the pathological hallmark of AD.
UCHL1 may play an important role in B-secretase degradation and Ap deposition. UCHL1
also interacts with APP and regulates AP production (Gong et al., 2006). UCHL1 increases
free ubiquitin levels and accelerates the lysosomal degradation of APP by promoting its
ubiquitination. UCHL1 null mice have higher levels of brain A , and overexpression of
UCHL1 slows the deposition of Ap, inhibits neuritic plaque formation and cognitive decline
in a mouse model of AD (Zhang et al., 2014). Hyperphosphorylated microtubule-associated
protein tau is the major component of neurofibrillary tangles, which is another pathological
feature of AD. Choi et al reported that soluble UCHLL protein levels are inversely
proportional to the number of tangles in AD brains (Choi et al., 2004). Recently, it has been
shown that the expression of UCHL1 can affect the levels of phosphorylated tau:
phosphorylated tau increased after knockdown of UCHL1, and phosphorylated tau
decreased when UCHL1 was overexpressed (Zhao et al., 2014).

UCHL.1 null mice have extensive abnormalities in motor pathways including loss of
dendrites of motor neurons and motor abnormalities (Kikuchi et al., 1990; Saigoh et al.,
1999). Recessive loss of UCHL1 function caused by a homozygous missense mutation
(UCHL1GLUT7ALA), leads to early-onset progressive neurodegeneration in humans
including childhood onset blindness, cerebellar ataxia, nystagmus, dorsal column
dysfunction, and spasticity with upper motor neuron dysfunction (Bilguvar et al., 2013).
These and other observations have led to the hypothesis that UCHL1 may be important in
the pathogenesis of ALS. In addition, UCHL1 expression was significantly decreased in
motor neurons derived from patients of spinal muscular atrophy (SMA), an inherited
neuromuscular disease primarily characterized by degeneration of spinal motor neurons
(Fuller et al., 2015). Corticospinal motor neurons are susceptible to ER stress and display
early, selective, progressive, and profound degeneration in the absence of normally
functioning UCHLL1 (Genc et al., 2016; Jara et al., 2015).

4.3 UCHL1 and cerebral ischemia

Cerebral ischemia generates the formation of a number of reactive lipids, including
carbonyl-containing species such as CyPgs (Ahmad et al., 2014; Figueiredo-Pereira et al.,
2014). CyPgs can covalently modify the cysteine amino acid at 152 (C152) of UCHL1,
reducing its activity and unfolding the enzyme resulting in protein aggregation (Kondo et al.,
2002; Liu et al., 2015b). In addition, UCHL1 may also be covalently modified at C220
resulting in an insoluble membrane-bound form of the protein (Liu et al., 2009). Down-
regulation of endogenous UCHL1 in mouse N2a neuroblastoma cells increases cell death
induced by oxygen-glucose deprivation (Shen et al., 2006). UCHL1 activity protects primary
neuronal cultures from hypoxia /7 vitro and transduction of neurons with a TAT-UCHL1
fusion protein protects neurons from hypoxic injury (Liu et al., 2011). Mutation of the C152
site prevents reactive lipids from binding to UCHL1 and protects neurons from neurite
injury and cell death induced by CyPgs (Liu et al., 2015b). Thus, reactive lipids produced as
a result of cerebral ischemia may disrupt UCHL1 function and exacerbate ischemic injury.
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These findings suggest that the normal function of UCHL1 may be inhibited by cerebral
ischemia, including chronic causes of cerebral ischemia associated with human aging such
as cerebral small vessel disease and chronic hypoxia due to obstructive sleep apnea (Shang
etal., 2016). UCHL1 undergoes extensive carbonyl/oxidative modification in sporadic PD
thought to be the consequence of oxidative stress (Choi et al., 2004). These data suggest that
modification by reactive lipid species does occur /in vivo and may be associated with
Parkinson’s and other neurodegenerative diseases.

4.4 Therapeutic Approaches

The observation that reduced UCHL1 activity due to modification of UCHLL1 by reactive
lipids provides a new potential therapeutic target in diseases associated with decreased
UCHL.1 function. One approach is to replace UCHL1 activity in brain. The prothrombin
domain of the HIV capsid protein trans-activator of transcription (TAT) confers the ability of
HIV to readily enter neurons (Gong et al., 2006; Hill et al., 2012; Kim et al., 2014; Liu et al.,
2011). By fusing the TAT with UCHL, the resultant protein (TATUCHLZ1) readily enters
neurons even when administered systemically. TAT-UCHL1 reverses deficits in long term
potentiation in hippocampal slices from a mouse model of AD, and systemic administration
of TAT-UCHL1 improves memory function (Gong et al., 2006). Thus, TAT-UCHL1
treatment has the potential to be applied to patients with neurodegenerative diseases
including AD and PD. Because UCHL1 may play an important role in axonal integrity and
axonal transport, administration of TAT-UCHLL1 could also be useful in other diseases where
white matter and axonal function is important in recovery such as TBI and stroke (Gong et
al., 2016; Kim et al., 2014). The identification of the C152 site as a critical binding site for
reactive lipids provides a strategy for rational design of agents that would compete for
binding of reactive lipids at this site. The feasibility of this approach is demonstrated by the
development of agents that compete with reactive lipid ligands of PPAR y (Seargent et al.,
2004).

5. Conclusions

UPP function is impaired in the aging brain. Neurodegenerative diseases are associated with
the accumulation of toxic proteins, which may be in part due to dysfunction of the UPP.
Cerebral ischemia results in UPP dysfunction and may contribute to UPP dysfunction found
in the aging brain and in neurodegenerative diseases. Modification of UCHL1 by reactive
lipids produced after cerebral ischemia may be an important mechanism by which the UPP
is disrupted in the aging brain. Preventing modification of UCHL1 by reactive lipids or
restoring UCHL1 activity are novel therapeutic strategies for age-related, stroke and
neurodegenerative diseases.
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Highlights
. The UPP is essential for removing abnormal proteins
from the neuron
. UPP dysfunction occurs in normal aging and
neurodegenerative diseases
. UPP disruption by ischemia may contribute to the risk

of neurodegenerative diseases

. UCHL1 is inhibited after ischemia resulting in UPP
dysfunction

. Restoring UCHL1 activity is a novel therapeutic
approach for these disorders
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Figure 1.
Ubiquitin Proteasome Pathway. Ubiquitin is activated and sequentially linked to the protein

to form a poly-ubiquitin chain, targeting the substrate for: degradation, autophagy and cell
signaling transduction.
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Physiologic functions of ubiquitin carboxy-terminal hydrolase 1 (UCHL1). Besides its role
in the UPP, UCHL lalso regulates synaptic structure and function, protein aggregation and
degradation, and axonal transport in the neuron.
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