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Introduction
　 Parkinson’s disease （PD） is a common 
neurodegenerative disorder characterized by the 
loss of dopaminergic neurons and the presence 
of ubiquitin-positive cytoplasmic inclusions, called 
Lewy bodies1, 2）.  Mutations in α-synuclein, parkin, 
or synphilin-1 have been found in patients 
with familial or sporadic PD3-6）.  Recently, both 
α-synuclein and synphilin-1 were shown to be 
ubiquitinated by E3 ubiquitin ligase activity 
of wild-type parkin, but not by familial-linked 
mutant parkin.  Moreover, the coexpression of 
α-synuclein, synphilin-1, and parkin resulted 
in the formation of Lewy body-like, ubiquitin-
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positive cytoplasmic inclusions in cultured 
cells.  Importantly, familial-linked mutations in 
parkin disrupted the formation of the ubiquitin-
positive inclusions7）.  These observations indicate 
that defects in the ubiquitination of Lewy 
body-associated proteins are involved in the 
pathogenesis of PD.
 　During the past 15 years, we have been 
studying NEDD88）, which is a ubiquitin-like 
protein and covalently conjugates to a small 
number of target proteins to modify their 
molecular function.  We recently identified a 
novel NEDD8-binding protein, NUB19）.  Our 
studies indicated that NUB1 recruits NEDD8 
and its conjugates to the S5a subunit of 26S 
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proteasome for proteolyt ic degradation10）.  
Thus, NUB1 seems to function as a potent 
downregulator for NEDD8.  Most recently, 
we performed yeast two-hybrid screening 
to investigate NUB1-binding proteins.  This 
method isolated synphilin-1 cDNA11）.  Further 
studies revealed that NUB1 directly interacts 
with synphilin-1 through its NEDD8-binding 
site .  Furthermore, we found that NUB1 
recruits synphilin-1, as well as NEDD8, to the 
S5a subunit of 26S proteasome for proteolytic 
degradation11）.  In this review, we described how 
NUB1 was discovered and then we discussed 
about recent results to provide a molecular basis 
for the involvement of NUB1 in the pathogenesis 
of PD and other α-synucleinopathies.  In addition, 
we discussed about another neurodegenerative 
disease, Leber congenital amaurosis, which is 
related to NUB1.

Ubiquitin, NEDD8, and other ubiquitin-
like proteins

　 Ubiquitin is a 76-amino acid protein present 
in all eukaryotic cells12）.  When this protein 
covalently conjugates to cellular proteins, it results 
in an ATP-dependent proteolysis of ubiquitinated 
proteins by the 26S proteasome in most cases13） 

（Fig. 1）.  Ubiquitin is always synthesized in a 
precursor form, with one or more amino acids （tail 
sequence） following a Gly-Gly dipeptide that forms 
the C-terminus of the mature protein.  These tail 
sequences are cleaved off  by ubiquitin C-terminal 
hydrolase called UCH14）.  After cleavage, the 
mature form of ubiquitin conjugates to target 
proteins in the presence of E1 ubiquitin activating 
enzyme, E2 ubiquitin conjugating enzyme, E3 
ubiquitin ligase, and ATP12）.  Several ubiquitin-like 
proteins have also been reported.  These proteins 
contain one or two ubiquitin-like domains at the 
N-terminus followed by a cleavable tail sequence 
at the C-terminus.  These ubiquitin-like proteins 
include ISG15, sumo/sentrin, and NEDD88,15-19）.
 　We previously described a human ubiquitin-

like protein called sumo-1 （also known as 
sentrin-1）, which can covalently modify a 
limited number of cellular proteins in a manner 
analogous to ubiquitin conjugation （ubiquitination）
16,17）.  When we searched the database for proteins 
homologous to sumo-1, we found a sequence 
for a mouse ubiquitin-like protein, NEDD8, that 
has a Gly-Gly dipeptide followed by a short-tail 
sequence at the C-terminus.  We provided the 
fi rst biochemical characterization of the NEDD8 
molecule8）.  We showed that the C-terminal tail of 
NEDD8 is effi  ciently processed by a C-terminal 
hydrolase UCH-L38,20） and that the mature form 
of NEDD8 is covalently conjugated to target 
proteins8）.  Importantly, this NEDD8 conjugation 

（neddylation） system is found in a broad range 
of species, including yeast and Arabidopsis21-23）.  
So far, NEDD8 has been reported to conjugate 
a limited number of target proteins, including 
cullin family members, the von Hippel-Lindau 

（VHL） tumor suppressor gene product （pVHL）, 
and p5324-26）.  Because neddylation modifies the 
function of target proteins, the neddylation 
system seems to regulate many important 
biological events25-27）.  

Proteasomal degradation of 
polyubiquitinated proteins and 

neddylated proteins
　 It has been well known that polyubiquitinated 
proteins are degraded by an ATP-dependent 

Figure 1　Proteasomal degradation of polyubiquitinated 
proteins.  Polyubiquitinated proteins are 
captured by S5a subunit of the 26S proteasome, 
unfoled at PA700, and degraded in the 20S 
proteasome.
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proteolytic complex called the 26S proteasome13, 

28）.  It is a large complex （2000 kDa） composed of 
two 700-kDa subcomplexes, the 20S proteasome 
and PA700 （19S regulatory complex） （Fig. 1）.  
 　The 20S proteasome is composed of a set of 
small subunits of 21-32 kDa, arranged in a stack 
of four rings that form a cylinder13,29） （Fig. 1）.  
This cylindrical structure has a hollow center in 
which all six catalytic ends are located30）.  The 
20S core cylinder is capped at both sides by two 
large V-shaped terminal modules, named PA700.  
Thus, the 26S proteasome has a dumbbell-
shaped appearance （Fig. 1）.  
　 The PA700 complex consists of a set of 
characteristic heterogeneous subunits of 25-110 
kDa.  The structure of PA700 can be further 
subdivided into a base and a lid29）.  The lid is 
thought to recognize the polyubiquitin chain of 
ubiquitinated proteins through its subunit, S5a/
Rpn10.  The ubiquitinated proteins are then 
unfolded by the base and funneled into the 
proteolytic 20S core complex for degradation29） 

（Fig. 1）.
 　In addition to polyubiquitinated proteins, we 
recently demonstrated that neddylated proteins 
are targeted to the 26S proteasome by a 
NEDD8-interacting protein NUB1 for proteolytic 
degradation （see below）.

NEDD8-interacting protein NUB1
　 We previously identified a negative regulator 
of the NEDD8 conjugation system, NUB1, which 
interacts with NEDD8 and downregulates NEDD8 
expression post-translationally9）.  Specifically, we 
showed that NUB1 possesses a ubiquitin-like 
domain （UBL） at the N-terminal region and binds 
to S5a of PA700 of the proteasome10） （Fig. 2A）.  
Interestingly, a GST pulldown assay revealed that 
the overexpression of NUB1 leads to a greater 
precipitation of NEDD8 conjugates with GST-
S5a10）, suggesting that NUB1 have an adaptor 
function between a proteasome subunit S5a and 
NEDD8 （Fig. 2B）.  Furthermore, proteasome 

inhibitors completely block NUB1-mediated down-
regulation of NEDD8 expression10）.  These results 
suggested that NUB1 recruits NEDD8 and its 
conjugates to the proteasome for degradation, 
providing a direct functional link between the 
NEDD8 conjugation system and the proteasomal 
degradation pathway （Fig. 2B）.

NUB1-interacting protein synphilin-1
 　Synphilin-1, a 919-amino acid protein, is an 
α-synuclein interacting protein whose function 
is currently unknown31）.  It is predominantly 
expressed in neurons, localized in the cytoplasm 
and presynaptic nerve terminals, and associates 
with synaptic vesicles.  Thus, synphilin-1 is 
located in the same intracellular compartments as 
α-synuclein and parkin31,32）.  Pathological studies 
have shown that synphilin-1 is a component 
of Lewy bodies in the brains of patients with 
sporadic PD33）.  Experimental studies have further 
revealed that the coexpression of synphilin-1 
and α-synuclein results in the formation of Lewy 
body-like cytoplasmic inclusions in cultured cells 
31,34）.  These observations provide an important 
basis for the involvement of synphilin-1 in the 
pathogenesis in PD.
　 Recently, we found that NUB1 physically 
interacts with synphilin-1 through its NEDD8-
binding site11）, implying that NUB1 also targets 
synphilin-1 to the proteasome for degradation 

（Fig. 3）.  Most recently, we immunostained 
sections of brains from patients with PD and 
other α -synucleinopathies and demonstrated 
that NUB1, as well as synphilin-1, accumulates 
in the inclusion bodies11）.  To define the role of 
NUB1 in the formation of these inclusion bodies, 
we performed a co-transfection assay using 
cultured HEK293 cells.  This assay showed that 
NUB1 suppresses the formation of synphilin-1-
positive inclusions11）.  Further biochemical assays 
revealed that NUB1 overexpression leads to the 
proteasomal degradation of synphilin-111）.  These 
results and our previous observations suggested 
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that NUB1 indeed targets synphilin-1 to the 
proteasome for its efficient degradation （Fig. 
3）, which, because of the resultant reduction 
in synphilin-1, suppresses the formation of 
synphilin-1-positive inclusions.
 　Although we defined that NUB1 promotes 
the proteasomal degradation of synphilin-1 in 
cultured cells, the function of NUB1 in human 
brain has not been elucidated.  However, we 
believe that NUB1 plays the same role in 
cells of human brain. Because both NUB1 and 
synphilin-1 are expressed in the normal brain, 
NUB1 should also promote the proteasomal 
degradation of synphilin-1 in the cells of normal 
brain through its interaction with synphilin-1.  In 
the brains of patients with α-synucleinopathies, 
such as PD, dementia with Lewy bodies （DLB）, 
and multiple system atrophy （MSA）, NUB1 
should also reduce the expression of synphilin-1 
and thereby downregulate the formation of 
synphilin-1-positive inclusions.  Thus, NUB1 
seems to play an important role in brain cells 
under both physiological and pathological 
conditions.

NUB1 as a pathological marker for 
α-synucleinopathies

　α - synuclein and synphi l in -1 are major 
components of Lewy bodies found in the brains 

of patients with PD and DLB, as well as of 
glial cytoplasmic inclusions seen in the brains 
of patients with MSA35-37）.  Because NUB1 
interacts with synphilin-1, we hypothesized that 
NUB1 is also present in the inclusion bodies in 
the brains of patients with α-synucleinopathies.  
To determine this ,  immunohistochemica l 
investigations were performed on normal brains, 
brains from patients with α-synucleinopathies 

（PD, DLB, and MSA）, and brains from patients 
with non-α-synucleinopathies using anti-NUB1 
antibody.  The anti-NUB1 antibody weakly 
immunostained the neuronal cytoplasm and 
processes in the normal brains.  Glial cells were 
not immunolabeled with anti-NUB1 in the normal 
brains38）.  In PD and DLB, cortical and brainstem-
type Lewy bodies were strongly immunolabeled 
with anti-NUB138）.  Interestingly, the brainstem-
type Lewy bodies showed intense staining in 
their peripheral portions.  In the substantia nigra 
and locus ceruleus, pale bodies （known as the 
precursor of Lewy bodies）39） were also positive 
for NUB1.  Intraneuritic Lewy bodies in the 
brainstem and peripheral sympathetic ganglia 
were NUB1-positive. Glial inclusions observed 
in the midbrain40） were positive for NUB1.  In 
MSA, in addition to glial cytoplasmic inclusions, 
anti-NUB1 antibody immunolabeled neuronal 

Figure 2　Structure of NUB1. （A） Location of binding site 
of NEDD8 and synphilin-1.  The binding site is 
indicated by arrows.  （B） Relationship between 
NUB1 and the 26S proteasome.

Figure 3　Model for NUB1-mediated targeting of ubiq-
uitinated synphilin-1.  In this model, NUB1 
efficiently targets synphilin-1 to the 26S 
proteasome for degradation, resulting in the 
reduction of synphilin-1-positive inclusions.

A
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cytoplasmic inclusions, neuronal nuclear inclusions 
and swollen neurites38）.  Although oligodendroglial 
nuclear inclusions were occasionally found 
in sections stained with anti-phosphorylated 
α-synuclein, no obvious NUB1-positive intranuclear 
inclusions were noted in the glial cells.
　 As reported previously, anti-NEDD8 immuno-
labeled neuronal and glial inclusions in various 
neurodegenerative diseases41,42）.  In our recent 
studies38）, however, no NUB1 immunoreactivity 
was detected in the following structures of 
non-α-synucleinopathies: neurofibrillary tangles 
and neuritic plaques in Alzheimer’s disease; 
tau-positive neuronal and glial inclusions in 
progressive supranuclear palsy, corticobasal 
degeneration, and Pick’s disease; Bunina bodies 
and skein-like inclusions in amyotrophic lateral 
sclerosis （ALS）; ubiquitinated inclusions in 
ALS with dementia; and neuronal intranuclear 
inclusions in Machado-Joseph disease and 
dentatorubral-pallidoluysian atrophy.  Hirano 
bodies and granulovacuolar degeneration in aged 
patients were also NUB1 negative38）.
 　In Fig. 4 , we summarized the percent 
presence of α-synuclein and NUB1 in inclusion 
bodies of brains11,38）.  In PD, 95% of brainstem-
type Lewy bodies were positive for NUB1.  
In DLB, 82% of cortical Lewy bodies were 
positive for NUB1.  In MSA, 98% of glial 

cytoplasmic inclusions were positive for NUB1.  
Thus, the vast majority of inclusions in human 
α-synucleinopathies contained NUB1.  We believe 
that NUB1 could be detected in all α-synuclein-
positive inclusions if a better antibody to 
NUB1 would be available.  In contrast, NUB1 
was not detected in pathological inclusions of 
non-α-synucleinopathies.

Another neurodegenerative disease 
related to NUB1

　 Leber congenital amaurosis （LCA） is a 
genetically heterogeneous, typically autosomal 
recessive retinal degenerative disease and is 
responsible for approximately 5% of all inherited 
retinopathies43）.  LCA is often considered the 
most severe form of childhood retinopathy, and 
infants with this disease are usually blind at 
birth.  Previously, Sohocki et al.44） identifi ed the 
LCA-associated gene, aryl hydrocarbon receptor-
interacting protein-like 1 （AIPL1）.  Mutations 
in the AIPL1 gene account for about 7‒9% of all 
LCA cases worldwide and result in autosomal 
dominant dystrophy of cone‒rod photoreceptors45）.  
The AIPL1 gene encodes a 384-amino acid 
protein that contains three tetratricopeptide 

（TPR） motifs44,46）.  To investigate the function 
of the AIPL1 protein, we performed yeast two-
hybrid cDNA screening of a retinal cDNA library 

Figure 4　Presence of α-synuclein and NUB1 in inclusion bodies of brains.  α-synucleinopathies are shaded, 
non-α-synucleinopathies are not.
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using AIPL1 as bait47）.  This showed that NUB1 
strongly interacts with AIPL1.  Importantly, 
previous studies have shown that NUB1 and 
AIPL1 are expressed within the developing cone 
and rod photoreceptors and colocalize within 
the rods of the mature retina44,47-49）.  Recently, we 
investigated the interaction between NUB1 and 
AIPL1 mutants associated with LCA and found 
that this interaction is affected in some AIPL1 
mutants （such as W278X, A197P, and C239R）, 
but not in other mutants （such as I206N, G262S, 
R302L, and P376S）50）.  These results suggested 
that the abolished interaction between NUB1 
and AIPL1 mutants might be involved in the 
pathogenesis of LCA, but the pathogenesis is not 
just due to the abolished interaction.  Molecules 
other than NUB1 must also be involved in the 
pathogenesis.

α-synucleinopathies and LCA as 
“nubopathies”

 　So far, no one has reported that LCA is 
related to α - synucleinopathies .  However, 
because LCA results from degeneration of 
retinal neurons called photoreceptors, LCA 
belongs to neurodegenerative diseases, as well as 
α-synucleinopathies.  Interestingly, as described 
above, LCA and α-synucleinopathies are caused 
by mutations of NUB1-related proteins AIPL1 and 
α-synuclein, respectively.  Thus, it is possible that 
NUB1 is involved in the pathogenesis of both 
neurodegeneration.  Therefore, here we propose 
a new nomenclature “nubopathies” for NUB1-
related neurodegenerative diseases such as LCA 
and α-synucleinopathies.  In “nubopathies,” we 
believe that protein complexes containing NUB1 
have dysfunction due to a mutation of AIPL1, 
α-synuclein, or other proteins.  To elucidate this, 
we need to characterize the function of NUB1-
containing protein complexes.  The outcome 
of this research will potentially lead to the 
development of new therapeutic targets for 
“nubopathies.”
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